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PREFACE 

In 1910 F.H.A. Marshall established a land
mark in the history of science when he pub
lished the first edition of The Physiology of 
Reproduction. A revised second edition was 
published by Marshall in 1927 and in this he 
was assisted by a young graduate, A.S. 
Parkes (later Sir Alan), who accepted an invi
tation to organize and edit the third edition, 
the preparation of which was planned in 1939 
and then delayed by the advent of the Second 
World War. It was subsequently completed 
in three volumes, the first of which appeared 
in 1956 and the final volume in 1966. 

For nearly a century succeeding editions of 
Marshall's Physiology of Reproduction have 
provided an advanced reference text for 
reproductive biologists. We hope the current 
volume will maintain this role. 

Organizing and editing the work of the 
Fourth Edition has involved an extension of 
the scope of each succeeding text while 
retaining a comprehensive philosophical 
approach to the review of literature. The 
coverage demanded for such an advanced 
text has expanded exponentially during the 
last decade. 

For the Fourth Edition, Volume 1 The 
Reproductive Cycles of Vertebrates published in 
1984, provided a synopsis of the various 
reproductive patterns. It contains major con
tributions concerning fishes, reptiles, am
phibia, birds, marsupials and eutherian 
mammals. The volume included special 
chapters on Non-human Primates and 
Humans. 

Volume 2 on Reproduction in the Male, pub
lished in 1990, provided a detailed analysis of 
research on male reproductive physiology, 

male life cycles and seasonality, the physi
ology of the testis and accessory sexual 
organs, artificial insemination and the preser
vation of semen. 

The current volume aims to maintain 
Marshall's traditional comparative approach 
with particular emphasis on reviewing re
search data derived from studies of farm and 
laboratory animal species, non-human pri
mates and humans. A major effort has been 
made by contributors in the final revision of 
their texts to present the results of the most 
recent research. However, given the time 
required to receive and edit the manuscripts, 
check the proofs and index the volume, it is 
as fully up-to-date as possible. The increasing 
impact of new information on the repro
ductive physiology of humans is well 
reviewed and this aspect amplifies the valu
able interrelationship which exists between 
those working experimentally with farm and 
laboratory species and those engaged in the 
control of reproduction and assisted concep
tion in humans. The comparative aspects of 
placentation, embryo and fetal development, 
the initiation of parturition and lactation are 
extensively reviewed. 

It is our established editorial policy to seek 
contributions from the most eminent inter
national authorities. This I trust we have 
achieved in full measure. I acknowledge and 
welcome the contributions made by the 
authors from Australia, New Zealand, Israel, 
the United States of America, as well as those 
from the UK. 

G.E. Lamming 
University of Nottingham 



A BIOGRAPHICAL NOTE PREPARED 
BY SIR ALAN PARKES 

(for the Third Edition) 

F. H. A. MARSHALL 
CBE, MA, PhD, DSe, SeD, FRS. 
11th July 1878-Sth February 1949 

Marshall's name is associated, mainly or even 
exclusively, with the study of the physiology 
of reproduction in its many branches. He was 
preceded in this field by another pioneer, 
Walter Heape, who was completing his clas
sic studies of the primate uterus and collect
ing material for his analysis of the oestrous 
cycle at the time when Marshall was an 
undergraduate in Cambridge. The two men 
did not meet until later, but they corre
sponded freely, and Heape's morphological 
studies and extensive knowledge of living 
animals were of great value to Marshall in his 
early days. Heape, however, was not a physi
ologist - he seems, for instance, to have 
regarded the ovary merely as a producer of 
eggs - and it is to Marshall that we owe the 
foundations of our present knowledge of the 

role of internal secretions in the reproductive 
processes. 

Marshall's debut was characteristic of an 
age in which research was a calling rather 
than a profession; a precarious calling to 
which young men were drawn by interest, 
not by ambition. In 1900, the late Lord 
Carmichael gave £200 to Prof. Cossar 
Ewart, Professor of Natural History in 
the University of Edinburgh, to enable a 
Research Student to assist with his long-term 
experiments on telegony, and to undertake 
work on reproduction in farm animals. 
Cossar Ewart's inquiries resulted in Marshall 
accepting an invitation to go to Edinburgh. 
The work on telegony, which involved a 
detailed study of the hair of the Equidae, 
was uninteresting and unproductive, and 



Marshall turned his attention to research on 
the sexual cycle in the sheep, for which he 
was to make use of Ewart's farm at Penicuik. 
This work was the subject of his first import
ant scientific publication, which appeared in 
the Transactions of the Royal Society in 1903. 
Similar studies followed with Schafer on the 
oestrous cycle in the ferret (1904), and with 
Jolly on the oestrous cycle in the dog (1905). 
A communication on the ovary as an organ of 
internal secretion, written in collaboration 
with Jolly and published in the Transactions of 
the Royal Society in 1905, constituted the first 
serious attempt to correlate the changes in 
the uterus during the reproductive cycle with 
the cyclic production of different internal 
secretions by the ovary. 

Marshall returned to Cambridge in 1908, 
and continued his work on the physiology of 
reproduction. During the war, 1914-18, he 
studied, on behalf of the Ministries of Food 
and Agriculture, such problems as the most 
economic age and condition at which to 
slaughter cattle. Subsequently, Marshall's 
researches have dealt mainly with the influ
ence of exteroceptive factors - light, climate, 
etc. - on the reproductive processes, and in 
1936 he made this the subject of his Croonian 
Lecture. He was also intensely interested in 
the courtship and breeding behaviour of 
birds, on which he was a considerable 
authority. 

Marshall spent a great deal of time prepar
ing the first edition of The Physiology of 
Reproduction in which he gathered together all 
relevant knowledge concerning the breeding 
season, cyclic changes in the reproductive 
organs, fertilization, fertility, lactation and so 
on. The book was published by Longmans, 
Green & Co. in 1910, and immediately 
achieved success. A second edition was 
called for after the 1914-18 war. This second 
edition, published in 1922, was necessarily 
much larger than the first, for since 1910 
knowledge of the reproductive processes in 
mammals and lower vertebrates had in
creased considerably. A third edition, largely 

A biographical note xv 

rewritten by Marshall's pupils and col
leagues, and again much enlarged, is now in 
the course of publication. 

Marshall's main contribution to biology has 
been twofold. In the first place, the stimu
lating synthesis of existing knowledge embo
died in the first edition of The Physiology of 
Reproduction gave impetus and balance to a 
branch of biology sadly lacking in both. The 
fact that between the wars the physiology of 
reproduction became a subject of intensive 
study by scientists in all countries was due in 
no small measure to the stimulus given by 
Marshall's writings. In the second place, 
Marshall's remarkable prescience in deduc
ing correctly the existence and respective 
roles of follicular and luteal hormones long 
before either was isolated, or even obtained 
in active extracts, had a profound influence 
on the development of the subject. During 
the early years of the century Ludwig 
Fraenkel in Breslau and P. Bouin in 
Strasbourg, working on the rabbit, concen
trated attention on the corpus luteum; in the 
1920s intensive study of the follicular hor
mone by Edgar Allen and his colleagues in 
the USA swung attention to the follicular 
apparatus. It fell to the English school of 
workers, under Marshall's influence, to hold 
the balance until the final demonstration and 
isolation of the corpus luteum hormone in 
C.W. Corner's Rochester laboratory com
pleted the working out of his early 
predictions. 

Scientists are of many kinds, but inspi
ration flows most fruitfully from those who 
are able, by some gift withheld from lesser 
men, to divine the richness of uncharted 
country and sense the vital landmarks. Thus 
do they avoid the barren places and the mor
asses of unimportant detail which engulf so 
many. To these, discovery is an art rather 
than a science, a matter of instinct rather than 
of intellectual machinery. Such was Marshall. 

20 October, 1948 A.S.P. 
Revised 10 February, 1949. 



xvi A biographical note 

F.H.A. MARSHALL 

CURRICULUM VITAE 

Francis Hugh Adam Marshall was the 
younger son of the late Thomas Marshall, 
J.P., and was born at High Wycombe on 11 
July, 1878. He was educated at St. Mark's 
School, Windsor, and privately. After a short 
time at University College, London, he went 
to Christ's College, Cambridge, in 1896, and 
took the Natural Science Tripos in 1899. 
During the latter part of the time in Edin
burgh Marshall became Carnegie Fellow and 
Lecturer on the physiology of reproduction. 
After his return to Cambridge he was 
Lecturer and then Reader in Physiology, in 
the School of Agriculture, for more than 35 
years, until 1943. For a short period, Marshall 
followed the late Prof. T.B. Wood in directing 
the Institute of Animal Nutrition. He became 
in succession, Fellow, Tutor, Dean, and 
finally, in 1940, Vice-Master of Christ's 

College. He was a Proctor in 1911-12 and 
afterwards served on the Council of the 
Senate. Marshall was an original member of 
the Council of Management of the Journal of 
Endocrinology and was one of the four honor
ary members of the Society for Endocrino
logy. For many years he was an editor of the 
Journal of Agricultural Science, and finally 
became principal editor. Marshall's scientific 
distinctions included D.Sc. (Edin.), Sc.D. 
(Cantab.), D.5c. (Hon. Manch.), LL.D. (Hon. 
Edin.), F.R.S. (1920), C.B.E. (1933), Council 
of the Royal Society (1933-5), Baly Medal of 
the Royal College of Physicians (1935), 
Croonian Lecturer (Royal Society) 1936, and 
Royal Medal (Royal Society) 1940. 

Reprinted from THE 
ENDOCRINOLOGY 

JOURNAL OF 



A BIOGRAPHICAL NOTE PREPARED 
BY G. E. LAMMING 

(for the Fourth Edition) 

PROFESSOR SIR ALAN PARKES 
CBE, FRS. 

Sir Alan Parkes' association with F.H.A. 
Marshall began when he enrolled as an 
undergraduate at Christ's College, Cam
bridge and Marshall became his tutor. Parkes 
describes this first association with Marshall 
as no more than formal since he preferred to 
avoid undue contact with those in authority, 
no doubt prompted by previous experience at 
school and in the army. Parkes read agricul
ture, obtaining a pass degree in 1921 and an 
MA in 1924. After graduating in 1921 he 
applied for a position at the Shirley Cotton 
Research Institute in Manchester which 
(fortunately for reproductive physiology) 
he failed to obtain. However, fortified by 
his father's encouragement and support he 
entered Manchester University as a PhD 
student in the Zoology Department to 

research on the mammalian sex ratio. During 
this period Parkes accepted a request from 
Marshall to help him with indexing the 
second edition of MPR which was published 
in 1922. No doubt Marshall had been 
impressed, not so much by Parkes' enthusi
asm as an undergraduate, but by the initia
tive he had shown in carrying out a literature 
search for his first published paper on 'Sex 
heredity', which appeared in Science Progress 
in 1921. 

At Manchester, Parkes completed his PhD 
in two years having A.V. Hill as an internal 
examiner and Marshall as the external. The 
inclusion of A.V. Hill was fortunate for it 
resulted in Parkes moving with Hill, now a 
Professor, to University College, London, 
where Parkes remained until 1931, holding a 



xviii A biographical note 

series of three research fellowships. Here 
he co-operated in researches with a number 
of famous contemporaries including Jack 
(later Sir Jack) Drummond, Professors F. W.R. 
Brambell, Guy Marrion and Solly (later Lord) 
Zuckerman. From 1932 to 1961 Parkes was a 
member of the MRC's National Institute of 
Medical Research, first at Hampstead and 
later at Mill Hill. He was responsible, with 
others, for organizing a number of research 
programmes in reproductive endocrinology, 
many of which had major influences on 
developments in reproductive physiology as 
applied to agriculture. Detailed research on 
important topics included the induction and 
control of ovulation and lactation, and the 
cryo-preservation of animal tissues. In 1961 
Parkes returned to Cambridge, fittingly as 
the first holder of the newly created Mary 
Marshall Chair in the Physiology of Repro
duction, established under the terms of 
Marshall's will. Here the nature of his work 
changed, for the Marshall position was 
vastly different from his previous MRC post; 
it lacked the fabric for Parkes to continue 
his detailed researches. Nevertheless, the 
change produced benefits which history may 
well judge of equal merit, for Parkes con
tinued to influence the course of reproductive 
physiology by virtue of major roles in organ
izing societies and scientific journals includ
ing the Society for the Study of Fertility, its 
associated Journal of Reproduction and Fertility, 
and also the Journal of Biosocial Sciences, acting 
for a number of years in addition as executive 
editor for both journals. The following is 
abstracted (by kind permission of the pub
lishers, A & C Black (Publishers) Limited) 
from his entry in the 1990 edition of Who's 
Who. 

PARKES, Sir Alan (Sterling), Kt 1968; CBE 1956; FRS 
1933; MA, PhD, DSc, ScD; Fellow of Christ's College, 
Cambridge, 1961--69, Hon. Fellow 1970; Fellow of Uni
versity College, London; Chairman, Galton Foundation, 
since 1969; b 1900; Y s of E. T. Parkes, Purley; m 1933, 
Ruth d of Edward Deanesly, FRCS, Cheltenham; one s 
two d. Educ: Willaston School; Christ's College, 
Cambridge; BA Cantab, 1921, ScD 1931; PhD Man
chester, 1923; Sharpey Scholar, University College, 
London, 1923--24; Beit Memorial Research Fellow, 1924-
30; MA Cantab 1925; Schafer Prize in Physiology, 1926; 
DSc London 1927; Julius Mickle Fellowship, University 
of London, 1929; Hon. Lecturer, University College, 
London, 1929-31; Member of the Staff of the National 
Institute for Medical Research, London, 1932--61; Mary 
Marshall Prof. of the Physiology of Reproduction, Univ. 
of Cambridge, 1961--67, Professor Emeritus 1968. 
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1.1 INTRODUCTION 

The production of a fertilizable ovum is a 
protracted process spanning the embryonic, 
post-natal, prepubertal and sexually mature 
life of the mammalian female. In Figure 1.1 
the life history of the rat ovum is depicted 
schematically on the background of ontogen
etic development. 

In brief, a short period of mitotic activity of 
oogonia is followed by their transformation 
into primary oocytes which embark on 
meiosis. The meiotic process is subject to 
multiple stop-go controls. The term 
'oogenesis' has been used in the literature to 
describe (i) the transformation of oogonia 
into oocytes (Franchi et al., 1962; Zuckerman 
and Baker, 1977; Peters and McNatty, 1980) 
and (ii) the entire process of the formation 
and maturation of the female germ cell 
(Baker, 1982). This wider definition is similar 
to the term spermatogenesis and is presently 
used more frequently and will be adopted 
here. We shall use the term 'oocytogenesis' 
(Kennelly and Foote, 1966; Siracusa et al., 
1985) to indicate the transformation of oogo
nia into oocytes and initiation of meiosis. 

From early stages of germ cell life a close 
association with somatic cells of the ovary is 
established (Mitchell and Burghardt, 1986). 
Oocytes which do not become enclosed 
within granulosa cells, and thus incorporated 
into primordial follicles, usually degenerate 
(Ohno and Smith, 1964). Furthermore, the 
growth of the oocyte and of the follicle are 
closely coordinated and the ovulatory stimu
lus induces changes both in the oocyte and in 
the somatic compartment of the follicle. 
Therefore, normal development of the ovum, 
especially the later stages of its growth 
and maturation, can be properly discussed 
only within the framework of follicular 
physiology . 

In most mammalian species meiotic matu
ration is initiated during prenatal life or 
shortly after birth, but the process is arrested 
(first meiotic arrest) at the diplotene stage. In 
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rodents, the chromosomes become diffuse 
and the stage is referred to as the dictyate 
stage of the prophase of first meiotic division 
(Figure 1.2). 

The meiotic arrest is maintained through
out oocyte and follicular development to the 
Graafian follicle stage. In vivo the meiotic pro
cess is resumed only in fully grown oocytes 
in follicles responding to the preovulatory 
surge of gonadotrophins (Ayalon et al., 1972) 
or in follicles undergoing atresia (reviewed by 
Tsafriri and Braw, 1984). At ovulation, in 
most mammalian species, a secondary oocyte 
arrested at the metaphase of the second 
meiotic division (second meiotic arrest) is 
released. The second meiotic division is com
pleted only after fertilization or a partheno
genetic stimulus and evidenced by abstriction 
of the second polar body. 

The maintenance of first meiotic arrest 
throughout oocyte and follicular growth 
and its termination following the pre
ovulatory surge of gonadotrophins has been 
the subject of many recent studies. While, 
within the follicle, resumption of meiosis is 
strictly dependent upon hormonal stimu
lation, explantation of ova from Graafian 
follicles results in their spontaneous matu
ration in vitro (Pincus and Enzmann, 1935). 
Subsequent studies demonstrated that the 
ability of oocytes to resume meiosis spon
taneously, usually referred to as 'meiotic 
competence', is acquired only during later 
stages of oocyte growth and is related to fol
licular development (Szybek, 1972; Erickson 
and Sorensen, 1974; Bar-Ami and Tsafriri, 
1981). 

In this chapter we shall review the life 
history of the mammalian ovum throughout 
embryonic development to ovulation and 
relate it to follicular development. Attention 
will be given to the following subjects: 
(i) the development of meiotic competence; 
(ii) mechanisms involved in the maintenance 
of meiotic arrest; (iii) the ovulatory changes 
induced by the surge of gonadotrophins, in-
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Figure 1.1 Schematic presentation of oogenesis and its multiple stop-go controls in the rat. (From 
Lindner et al., 1980.) 

cluding resumption of meiotic maturation 
and follicular rupture. 

Most of the investigations to be reviewed 
have been performed using laboratory ani
mals, such as mice, rats and rabbits. Studies 
carried out on other species will be referred to 
when pertinent. 

1.2 THE PRIMORDIAL GERM CELLS 

The origin and biology of mammalian pri
mordial germ cells (PGCs) have been 
reviewed recently (Gondos, 1978; Hardisty, 
1978; Heath 1978a; Eddy et al., 1981; 
McLaren, 1981, 1983a; Siracusa et al., 1985; 
Byskov, 1986). 

Experimental evidence for the extragona
dal origin of germ cells in mammals was 
obtained by Everett (1943). He demonstrated 
that transplantation of genital ridges from 
10.5- to 14-day-old mouse embryos beneath 
the kidney capsule of adult mice resulted in 
normal differentiation of the transplanted 
gonads. By contrast, genital ridges explanted 
from younger mouse embryos, between 9.5 

and 10 days, before germ cells could be dis
cerned, did not develop germ cells. 

The PGCs were first recognized at the base 
of the allantois of human embryos (Witschi, 
1948). This early observation was later 
extended using PGCs' high alkaline phos
phatase activity as a marker (McKay et al., 
1953). In the mouse PGCs were identified in 
the yolk sac endoderm and at the root of the 
allantois as early as the eighth day of ges
tation, around the time of the appearance of 
the first somite (Chiquoine, 1954; Mintz and 
Russell, 1957; Jost and Prepin, 1966; J.M. 
Clark and Eddy, 1975). The progenitors of 
PGCs in the mouse were traced 24 h earlier to 
a small cluster of alkaline phosphatase
positive cells just posterior to the primitive 
streak in the extraembryonic mesoderm 
(Ginsburg et al., 1990). The germ cell lineage 
derives from the epiblast (embryonic ecto
derm; McLaren, 1983a; Gardner et al., 1985) 
and not from the yolk sac endoderm as pre
viously believed. Blastomeres of a two-cell 
embryo (Tarkowski, 1959), or at least three 
blastomeres of a four-cell embryo (Kelly, 
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1977) or at least two cells in fifth day primitive 
ectoderm (Gardner et al., 1985), can give rise 
to both· somatic cells and functional germ 
cells when transplanted into host blastocysts. 
Thus, the segregation of the germ line occurs 
after day 5 of mouse embryonic development 
(Gardner et al., 1985) and before day 7 (see 
discussion in Eddy et al., 1981). 

In the mouse the PGCs migrate from the 
yolk sac and allantois (8- to 9-day embryos), 
throughout the hindgut epithelium (9- to 10-
day embryos) and dorsal gut mesentery (10-
to 12-day embryos), into the developing 
gonads (beginning on day 10.5) (Chiquoine, 
1954; Mintz, 1959; Ozdzenski, 1967). The mi
gration route of PGCs is similar in other 
mammalian species examined. 

The precise mechanism(s) involved in the 
migration of PGCs to the gonad are poorly 
understood. The identification of pseudo
podia-like projections in mouse, rat and 
human PGCs aeon and Kennedy, 1973; 
Spiegelman and Bennet, 1973; Zamboni and 
Merchant, 1973; Chung, 1974; Eddy, 1974; 
Eddy and Clark, 1975; Fujimoto et al., 1977; 
Miyayama et al., 1977; Heath, 1978b; Lin et 
al., 1982; Kuwana and Fujimoto, 1983) 
supports active amoeboid movement. 
Identification of microfilaments in the cyto
plasmic processes of migrating mouse PGCs 
lends further support to this notion (Spiegel
man and Bennet, 1973). Morphogenetic 
movement of the surrounding tissues was 
also suggested for translocation of PGCs 
aeon and Kennedy, 1973; Snow, 1981; Snow 
and Monk, 1983). 

The direction of PGCs' movement is 
attributed to contact guidance or differential 
adhesion of the surrounding tissue. 
Chemotaxis, i.e. movement directed towards 
the developing gonads, which secrete a 
chemical attractant, was suggested by 
Witschi (1948). Transplantation of mouse 
hindguts into developing chick embryos 
resulted in invasion of mouse PGCs into the 
host gonad (Rogulska et al., 1971), thus sup
porting the suggested chemotactic action of 

the gonad. PGCs from 12.5- to 15.5-day-old 
mouse embryos specifically adhered to so
matic cells of mature gonads, but not other 
embryonal and adult cell types (De Felici and 
Siracusa, 1985). 

During their migration and settling in the 
gonad the PGCs divide mitotically. When 
first recognized, the number of PGCs in 
mouse embryos is less than 100, it reaches 
4000 on day 12 (Mintz and Russell, 1957), and 
25 000 by day 13.5 when colonization of 
gonads is completed (Tam and Snow, 1981). 
A doubling time of 16 h was estimated for 
mouse PGCs during migration (Tam and 
Snow, 1981). 

The number of PGCs may be influenced by 
genetic defects and experimental manipu
lation. Thus, in homozygous embryos for the 
mutant genes Steel (Sl) or White-spotting (W), 
the number of PGCs reaching the gonad is 
markedly reduced (Bennet, 1956; Mintz and 
Russell, 1957). Administration of busulphan 
(Merchant-Larios, 1975; Merchant-Larios and 
Coello, 1979) or mitomycin C (Tam and 
Snow, 1981) to pregnant mice or a-irradiation 
of pregnant rats (Beaumont, 1966) decreased 
the number of PGCs. 

1.300GONIA 

The PGCs colonizing the developing ovary 
and undergoing mitotic divisions are termed 
oogonia. When mitotic divisions cease and 
the cells enter meiosis they are termed 
oocytes. As already indicated, very often the 
transformation of oogonia into oocytes was 
referred to as 'oogenesis'. Here, we shall use 
the term 'oocytogenesis' instead. 

Morphologically oogonia are similar to 
PGCs. They are somewhat more rounded 
when compared with PGCs, which are 
amoeboid in appearance (Gondos, 1978). In 
measurements using histological sections 
(probably underestimates due to dehy
dration), oogonia in dog and monkey ovaries 
had a diameter of 13 I-Lm (Andersen and 
Simpson, 1973; Gulyas et al., 1977). In ovaries 



embedded for electronic microscopy in plas
tic, oogonial diameter of 22 f..Lm was reported 
in cat ovaries (Amselgriiber, 1982) and 19 f..Lm 
in the human ovary (Dvorak and Tesarik, 
1980). The major distinction between PGCs 
and oogonia is in their location. Oogonia are 
located within more or less distinct germ cells 
cords or in clusters (Gondos, 1978; Byskov, 
1986). In many species examined oogonia are 
connected by intercellular bridges (see 
Gondos, 1978, and Byskov, 1986, for refer
ences). They are formed by incomplete cyto
kinesis at telophase. The intercellular bridges 
are thought to serve for intercellular com
munication and transfer of metabolites and 
regulatory substances. Synchronization of 
mitoses within conjoined cells has been 
demonstrated in oogonia in the mouse (Ruby 
et al., 1969), rabbit (Peters et al., 1965), cow 
and sheep (Russe, 1982, 1983). 

1.3.1 OOGONIAL PROLIFERATION AND 
DEGENERATION 

The oogonial stage of development is charac
terized by mitotic activity. In some species 
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the oogonial stage occurs entirely during the 
prenatal life (rat, mouse, guinea pig, cow, 
sheep, pig, rhesus monkey and human), 
while in others it extends into the neonatal 
life (cat, rabbit, ferret, mink, vole and ham
ster, see Table 1.1). 

Analysis of oogonial divisions revealed re
semblance with spermatogonial divisions in 
the sheep (Mauleon, 1967) and prespermato
gonia in the rat (Hilscher and Hilscher, 1978). 
The relatively high mitotic index of oogonia 
results in marked increase in their number 
(rat, Beaumont and Mandl, 1962; mouse, 
Tam and Snow, 1981; guinea pig, Ioannou, 
1964; rabbit, Chretien, 1966; pig, Black and 
Erickson, 1968; human, Baker and 0, 1976). 

The proliferation of oogonia is accom
panied by degeneration of large numbers of 
oogonia. Oogonia degenerate at interphase 
or during mitosis. Some authors (Beaumont 
and Mandl, 1962; Ioannou, 1964), used the 
term 'atretic divisions' for the latter. 
Degeneration of oogonia does not include 
conspicuous cha~es in somatic cells of the 
ovary. We prefer to use the term 'atresia' only 

Table 1.1 Time and duration of ooctytogenesis in different mannals. (From Peters and 
McNatty, 1980, by permission of Granada Publishing, London). 

Age of post-partum fetus (days) 

Species (ref a) Onset of meiosis Arrest of meiosis Duration 

Ratl 17 18 2 days 
Mouse2 13 16 4 days 
Guinea pit 30 50 3 weeks 
Pig4 30 100 10 weeks 
EweS 52 82 4 weeks 
Cow6 75 160 12 weeks 
Monkel 2 months At birth 4 months 
HumanS 2 months 7 months 5 months 
Golden hamster9 Day of birth 6 7 days 
Rabbitl° 1 10 10 days 
Ferretl! 6 14-20 8-14 days 
Cat12 40-50 8 18 days 

a References: IBeaumont and Mandl (1952); 2Borum (196W 3Ioannou (1964); 4Black and Erickson 
(1968); 5Mauleon and Mariana (1976); 6Erickson (1966); Baker (1966); 8Baker (1963); "Weakley 
(1967); lOpeters et al. (1965); llDeanesly (1970); 12yon Winiwarter and Sainmont (1909). 
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for elimination of antral follicles by other 
means rather than ovulation (Tsafriri and 
Braw, 1984). Oogonial degeneration, too, 
seems to appear in clusters of oogonia (Gon
dos and Zamboni, 1969; Gondos, 1973). 

1.3.2 PREMEIOTIC DNA SYNTHESIS 

In several mammalian species examined, the 
mitotic activity reaches its peak just before 
the start of meiosis (mouse, Hilscher and 
Hilscher, 1981; Peters and Crone, 1967; rat, 
Hilscher et al., 1974; guinea pig, Ioannou, 
1964; sheep and cattle, Riisse, 1982; pig, Black 
and Erickson, 1968; monkey, Baker, 1966; 
human, Baker, 1963). 

In all mitotically proliferating cells, DNA is 
synthesized during the S phase of the inter
phase of the cell cycle. Likewise, in mitoti
cally dividing germ cells, PGCs or oogonia, 
DNA is synthesized during interphase pre
ceding division. In addition, there is a phase 
of DNA synthesis during the interphase 
preceding the initiation of meiosis and 
transformation of oogonia to oocytes. This 
transition is probably initiated during the G1 

phase of the cell cycle, and the subsequent S 
phase is referred to as 'premeiotic S phase' or 
'premeiotic DNA synthesis'. This premeiotic 
DNA synthesis may extend from interphase 
to leptotene stage of the prophase of the mei
otic division as observed in rabbit oocytes by 
autoradiography (Peters et al., 1965). The 
duration of this phase is similar (9-12 h) in 
mouse and rabbit oocytes (Lima-de-Faria and 
Borum, 1962; Crone et al., 1965; Kennelly et 
al., 1970) and it coincides with the transform
ation of oogonia to oocytes, or oocytogenesis. 
Thus, multiple injections of tritiated thymi
dine between days 13 and 15 in mouse em
bryos and during the neonatal period in 
rabbits result in labelling of almost all oocytes 
in the adult animal (Borum, 1966; Kennelly 
and Foote, 1966). These experiments pro
vided the conclusive evidence for the conti
nuity of the germ cell line from oogonium to 
the ovum and refuted the suggestion of neo-

formation of germ cells after this period of 
DNA synthesis. For further discussion of 
these two alternatives see the reviews by 
Franchi et al. (1962) and Zuckerman and 
Baker (1977). 

Nevertheless, in some species of the 
Lemuroid family, groups of oogonia persist 
in the adult ovary. These oogonia can be 
labelled by tritiated thymidine and may 
transform into oocytes, suggesting oocytoge
nesis in the adult life (Herlant, 1961; Ioannou, 
1967; Anand Kumar, 1968). It is doubted 
whether these oocytes enter the phase of fol
licular growth (David et al., 1974). 

1.4 THE OOCYTE 

The first meiotic maturation is characterized 
by essentially universal and orderly 
sequenced changes in chromosome structure 
during the protracted prophase. These 
were described at the turn of the century in 
histological preparation of rabbit, human and 
cat ovaries (von Winiwarter, 1901; von 
Winiwarter and Sainmont, 1909). In later 
studies squash preparations or spreads 
(Ohno et al., 1961, 1962; Luciani et al., 1974; 
Bakken and McClanahan, 1978; Speed, 1982) 
and electron microscopy were employed 
(Franchi and Mandl, 1962; Tsuda, 1965; Baker 
and Franchi, 1967a, 1972; Comings and 
Okada, 1972; Holm and Rasmussen, 1977; 
Speed, 1982). 

During leptotene, dispersed chromatin 
condenses progressively into regular threads 
containing a proteinaceous axial core. In 
zygotene, the pairing of homologous 
chromosomes starts. The synaptonemal com
plex forms with the appearance of its central 
element between closely opposed chromo
somal axial cores, in effect zipping them up. 
Pairing is completed during early pachytene, 
when the chromosomes reach their most 
compact state and are short and thick. 
Electron microscopic studies revealed lateral 
projections of the chromatin fibres (Baker and 
Franchi, 1967a), and these become more pro-



nounced in early diplotene chromosomes. 
During diplotene the homologous chromo
somes separate, their axes elongate and the 
chiasmata can be recognized. Thus, during 
the meiotic prophase exchange of paternal 
and maternal genes is made possible by 
crossing over. 

In growing oocytes of many animal species 
producing large eggs, with notable examples 
in anuran and urodele amphibia, the pachy
tene-early diplotene chromosomes have 
large lateral loops with appearance of a test
tube brush or lampbrush and hence are 
referred to as 'lampbrush chromosomes' . 
These loops may reach several micrometres 
in length (Miiller, 1974). These loops rep
resent very active transcription units. The 
chromosomes of mammalian prophase 
oocytes cannot be considered as lampbrush 
chromosomes on the basis of their morpho
logical and functional properties (see 
Bachvarova, 1985). 

The duration of leptotene stage is between 
3 and 6 h in the mouse and between 3 and 
8 h in the rabbit. Zygotene is completed in 
the mouse within 12-14 h, and within 
16-44 h in the rabbit. Pachytene takes more 
than 60 h in the mouse and lasts up to 10 
days in the rabbit (mouse, Lima-de-Faria and 
Borum, 1962; Crone et al., 1965; rabbit, Peters 
et al., 1965; Kennelly et al., 1970). At the 
diplotene stage the meiotic process is 
arrested, to be resumed only upon atresia or 
in preovulatory follicles after the surge of 
gonadotrophins. Hence, diplotene is by far 
the longest stage of meiotic prophase. In the 
human it may last about 50 years, i.e. from 
the initiation of diplotene in the fetus to the 
last ovulation in adult life. In many mam
malian species, including the cat, cow, rabbit 
and human, the chromosomes retain their 
diplotene configuration throughout meiotic 
arrest (Ohno et al., 1962; Baker and Franchi, 
1967b; Zybina, 1975). Conversely, the diplo
tene chromosomes of rodents, such as the 
rat, mouse and hamster, become diffuse and 
assume the appearance of elongated fuzzy 
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threads occupying most of the nuclear vol
ume and are currently referred to as dictyate. 
This term is, therefore, equivalent to diffuse 
diplotene. 

During the meiotic prophase the female 
germ cell undergoes morphological changes 
though maintaining spherical shape of the 
cell and the nucleus (see Gondos, 1978). The 
nuclear membrane is sustained throughout 
meiotic prophase. At the leptotene, the 
chromosomes attach to the inner nuclear 
membrane. These attachment sites seem to 
be crucial for the formation of synaptonemal 
complexes (Baker and Franchi, 1972; 
Rasmussen and Holm, 1980). The nucleolus 
remains compacted and relatively small until 
diplotene, when it enlarges and occasionally 
assumes complex reticular structure (Gondos 
et al., 1971). In the human oocyte, multiple 
micronuclei associated with the hetero
chromatin appear during this period (Stahl et 
al., 1973, 1975). The number and size of cyto
plasmic organelles increases during meiotic 
prophase, but these changes differ among 
species (Gondos, 1978). 

1.4.1 REGULATION OF MEIOSIS INmATION 

Meiosis is initiated much earlier in female 
germ cells than in male ones. Thus, in the 
female mouse, all germ cells enter the pro
phase of meiosis nearly a week before birth, 
while in the male the first meiotic germ cells 
do not appear in the testis until a week after 
birth. Two hypotheses were raised to account 
for the early onset of meiosis in female germ 
cells: local influence of the environment or a 
preprogrammed event. At the present it is 
impossible to decide between these two 
alternative hypotheses because of conflicting 
experimental observations and inadequacies 
of the available in vitro systems (see McLaren, 
1984; Byskov, 1986). 

The observation that meiosis starts in the 
central parts of the ovary, close to the meso
nephric tissue (see Gondos, 1978; Byskov, 
1986), gave rise to the hypothesis that cells of 
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mesonephric origin trigger the initiation of 
meiosis (Byskov, 1975). Transplantation ex
periments involving fetal mouse ovaries 
resulted in initiation of meiosis only when 
they were explanted with their attached 
mesonephric tissue (Byskov, 1975). Further
more, meiosis could be induced in fetal 
undifferentiated mouse testes cultured in 
close proximity with ovaries containing the 
attached mesonephros (Byskov and Saxen, 
1976). It was suggested that the 
mesonephric-ovarian complex, rete ovarii, 
secretes a meiosis-inducing substance (MIS) 
which is responsible for the initiation of mei
osis (Byskov, 1978a). Similar results were ob
tained in fetal hamster ovaries transplanted 
in vitro (0 and Baker, 1976; Fajer et al., 1979). 

The delay in the initiation of meiosis by 
male germ cells in the testis was ascribed to 
the action of a meiosis-preventing substance 
(MPS) and, conversely, the initiation of mei
osis at puberty to either cessation of MPS 
secretion (Byskov and Saxen, 1976; Grinsted 
et al., 1979) or to an increase in MIS secretion 
(Parvinen et al., 1982). 

In cultures of fetal rat ovaries initiation of 
meiosis was not dependent on the presence 
of mesonephric tissue (Stein and Anderson, 
1979; Byskov, 1986) and no evidence for MIS 
activity was obtained in co-cultures of fetal 
mouse gonads (Evans et al., 1982). Finally, in 
sheep and in the mouse, germ cells located in 
the adrenals were in meiotic prophase in both 
female and male fetuses (Upadhyay and 
Zamboni, 1982; Zamboni and Upadhyay, 
1983). These findings were confirmed and 
extended in mouse ectopic germ cells. In 
female fetuses both ovarian and ectopic germ 
cells entered meiosis. Conversely, in male 
fetuses only testicular germ cells did not 
enter meiosis, but many germ cells in extra
testicular stroma entered meiosis at days 18 
and 19 of development (McLaren and Hogg, 
cited in McLaren, 1984; Francavilla and 
Zamboni, 1985). These latter findings seem to 
suggest that the autonomous differentiation 
potential of the mammalian germ cells is pre-

dominantly female and this is superseded by 
testicular influence. 

The reactivation of the second X chromo
some in female germ cells occurs prior to 
initiation of meiosis (Monk and McLaren, 
1981). Nevertheless, reactivation of X 
chromosome occurs also in sex-reversed (Sxr) 
XX testes and the germ cells enter meiosis 
well after birth (McLaren and Monk, 1981). 
Reactivation of X chromosome, or chromo
some constitution, therefore, does not seem 
to play a decisive role in the initiation of 
meiosis (see McLaren, 1983b). 

In conclusion, experimental evidence for 
predetermined female-type early initiation of 
meiosis and for local MIS and MPS activity 
has been forwarded. Nevertheless, the pre
cise interaction of any or all of these factors 
during ovarian development of various mam
malian species remains obscure. Initial data 
seem to suggest that MIS is of steroid-like 
nature (Yding Andersen et al., 1981). Work 
aimed at the chemical characterization and 
purification of MIS and MPS is especially 
needed. This would allow direct experimen
tation and determination of the mechan
ism(s) involved in regulation of initiation of 
meiosis. 

1.4.2 DEGENERATION OF OOCYTES 

Onset of meiosis is accompanied by further 
increase in germ cell degeneration. The pro
portion of germ cells surviving degeneration 
ranges from only 5% in the cow (Erickson, 
1966) and human (Baker, 1963) to 50% in the 
pig (Black and Erickson, 1968). Thus, the 
maximal number of germ cells is reached 
upon oogonial mitoses, and from this fetal 
peak there is continuous depletion in their 
number throughout embryonic develop
ment, infancy and sexually mature life (fig
ure 1.3). 

Germ cells degenerate at all stages of devel
opment, but quantitatively three major 
'waves' of degeneration have been reported 
in the human fetal ovary. These 'waves' 
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Figure 1.3 The number of germ cells in (a) the ovaries of fetuses and neonates in monkey, rat and guinea 
pig (from Baker, 1972) and (b) in the human female. (From Siracusa et al., 1985.) 

affect mitotically active oogonial as well as 
oocytes in pachytene and diplotene stages of 
meiotic prophase (Baker, 1963). Degenerating 
zygotene and pachytene oocytes have been 
referred to as 'Z' cells (Beaumont and Mandl, 
1962). Degenerating cells are characterized by 
conspicuous condensation of chromosomes 
and are phagocytosed by somatic ovarian 
cells (see details and references, Gondos, 
1978). 

Genetic factors play an important role in 
oocyte degeneration. Thus, X chromosome 
monosomy results in excessive degeneration 
of oocytes in early meiotic prophase in the 
human (Singh and Carr, 1966) and during 
fetal and neonatal development in the mouse 
(Burgoyne and Baker, 1981). 

The role of extragonadal hormones in 
progression of meiosis and maintenance of 
primary oocytes is obscure. In fetal hypo
physectomized rhesus monkeys germ cell de
generation was increased greatly. The poor 
development of the rete ovarii or their ab
sence was suggested as a possible reason for 
germ cell degeneration, rather than direct 
dependence on fetal pituitary hormones 

(Gulyas et al., 1977). Likewise, thymectomy 
of rhesus monkey fetuses resulted in re
duction in the number of oogonia and meiotic 
oocytes in ovaries observed at term, in addi
tion to increased degeneration of preantral 
and antral follicles (Healy et al., 1985). The 
mechanisms involved remain obscure. As 
thymectomy raised fetal plasma gonado
trophin levels, it is possible that endocrine as 
well as immune mechanisms are involved in 
germ cell differentiation and maintenance. 
Recently, a marked increase in the pro
gression of meiosis in rabbit fetal ovaries cul
tured in vitro with pituitaries was observed 
(Mazur and YoungLai, 1986). The higher FSH 
levels in female fetuses at the time of initia
tion of meiosis, as compared with male 
fetuses of the same age, in sheep (MauIeon 
and Reviers, 1969) and rabbits (YoungLai et 
al., 1981) support the notion that hypo
physeal secretions may be involved in the 
progression of meiosis and maintenance of 
meiotic germ cells. Nevertheless, it should be 
emphasized that meiosis proceeds, albeit in a 
smaller number of germ cells, even in the 
absence of pituitary. It is possible, therefore, 
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that pituitary secretions affect the number of 
germ cells indirectly through trophic action 
on somatic cells of the ovary. 

1.5 OVARIAN DIFFERENTIATION AND 
FOLLICULOGENESIS 

In the previous sections our discussion was 
focused on the ovarian germ cell compart
ment. Now the changes in the germ cells 
will be related with those occurring in the 
somatic compartment(s) of the ovary. 
Ovarian differentiation has been reviewed 
recently (Merchant-Larios, 1978; Peters, 1978; 
Pelliniemi and Dym, 1980; Peters and 
McNatty, 1980; Byskov, 1986; Byskov and 
Hoyer, 1987; Hirshfield, 1991), therefore, 
only a brief overview will be presented. 

1.5.1 OVARIAN DIFFERENTIATION 

In most mammalian species the most con
spicuous early change associated with 
ovarian differentiation is the initiation of mei
otic prophase (Peters, 1970). Nevertheless, in 
some species, such as the sheep, pig, cow 
and rabbit, initiation of meiosis is delayed 
(Mauleon, 1967, 1969) and, hence, a relatively 
long delay period separates the first manifes
tation of gonadal sex differentiation, i.e. rec
ognizable testes in the male and the onset of 
meiosis in the female fetuses. 

In species with delayed onset of meiosis, 
ovarian differentiation includes formation of 
well-defined sex cords containing germ cells 
(horse and cow, Y. Hashimoto and Eguchi, 
1955a,b; Henricson and Rajakoski, 1959; cat, 
mink and ferret, Byskov, 1975; sheep, 
Zamboni et al., 1979; pig, Pelliniemi and 
Lauteala, 1981) or formation of distinctive 
cortex and medulla (human and rabbit, 
Wartenberg, 1983; YoungLai and Byskov, 
1983). By contrast, in species with early mei
osis, like the mouse and the rat, there is no 
formation of distinct germ cell cords or organ
ization of cortex-medulla (Byskov, 1978a). 
Further development of the ovary includes 

formation of follicles, folliculogenesis and the 
differentiation of steroid-producing cells. 

1.5.2 FOLLICULOGENESIS 

In the early stage of ovarian development, 
the nuclei of the oocytes lie closely together 
in nests with only partial separation by a 
plasma membrane. The nests of oocytes are 
usually surrounded by thin stromal cells (see 
Peters, 1978). As the oocytes reach diplotene 
stage, the plasma membrane is completed 
and the bridges between adjacent oocytes 
disappear. Thus, during ovarian differen
tiation the nests of oocytes are transformed 
from a cell syncytium into clusters of naked 
oocytes surrounded by somatic cells. The en
closure of diplotene oocytes with somatic 
cells is called folliculogenesis. The resulting 
small follicles consist of an oocyte, granulosa 
cells and a basement membrane. The time of 
follicle formation varies in different mam
malian species (Table 1.2). 

In most mammals folliculogenesis is lim
ited to a well-defined period. Oocytes which 
do not become incorporated into follicles 
usually degenerate (Ohno and Smith, 1964). 

Three tissues were suggested as the source 
of somatic cells of the follicle: (i) the coelomic 
or surface epithelium; (ii) the central blastema 
(or central stromal cells); (iii) the cells of the 
rete ovarii. The process of folliculogenesis 
starts at the innermost parts of the ovarian 
cortex. The granulosa cells of these follicles 
are initially continuous with rete ovarii, and 
only the formation of the basement mem
brane severs this continuity (mouse, Byskov 
and Lintern-Moore, 1973; Byskov and 
Rasmussen, 1973; rat, Stein and Anderson, 
1979; dog, von K6lliker, 1898; rat, mink and 
ferret, Byskov, 1975). Furthermore, removal 
of the rete ovarii prior to the initiation of 
folliculogenesis prevents formation of fol
licles, while the removal of the surface epi
thelium has no effect on follicle formation in 
the mouse (Byskov, 1974; Byskov et al., 1977). 
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Table 1.2 Ovarian differentiation and folliculogenesis in mammals 

Species Gestation Initiation of Delay Follicular formation begins 
(days)a gonadal sex period 

differentiation (dayd Post coitum Post partum 
(days)" (days)" (days)" 

Hamster 16 11-12 3 7 
Mouse 19 12 0.5 2 
Rat 21 13-14 3 1 
Rabbit 31 15-16 15 14 
Cat 65 30 12 11 
Guinea pig 68 22-23 7 48 
Pig 114 26 18 64 
Sheep 150 35 20 65 
Cow 280 39 45 95 
Rhesus monkey 165 38 10 50 
Human 270 40-42 lOd 56 

aFrom Gondos (1978). 
'"The period separating the time of gonadal sex differentiation, i.e. testicular differentiation which is 
observed earlier, and the beginning of meiosis in the ovary. From Byskov (1986). 
"From Peters (1978). See the original publications for references. 
"According to Gondos et al. (1986), oocytogenesis begins between 11 and 12 weeks of age, hence the 
delay period is > 35 days in the human. 

Thus, a contribution of rete ovarii to follicle 
cells seems well established. The contribution 
of surface epithelium varies between species. 
In the human (van Wagenen and Simpson, 
1965; Gondos, 1975), monkey (van Wagenen 
and Simpson, 1965), dog (Andersen and 
Simpson, 1973), cat (von Winiwarter and 
Sainmont, 1909), rabbit (Gondos, 1969) and 
guinea pig (Jeppesen, 1975) marked prolifer
ation of the surface epithelium is observed at 
the time of follicle formation. Cords of epi
thelial cells extend from the surface and 
penetrate into the ovarian stroma. Some of 
these cords lose their connection to the sur
face, associate with oocytes and form small 
follicles. The ontogeny of thecal cells has 
been discussed recently by Hirshfield (1988). 

Germ cells are required for folliculogenesis. 
Follicle formation is not observed in the 
absence of oocytes. The Turner's syndrome 
(XO constitution) in the human entails loss of 
germ cells and thus ovarian follicles are not 
formed. The resulting ovary, referred to as a 

'streak' ovary, is devoid of follicles and nor
mal endocrine activity (Singh and Carr, 1966; 
Morishima and Grumbach, 1968; Weiss, 1971; 
Reddoch et al., 1986). Likewise, experimental 
destruction of germ cells during fetal devel
opment in the rat by busulphan abolishes 
folliculogenesis. The ovary is made up of a 
network of rete-like cords and tubules. Only 
when occasional oocytes survive do follicles 
form (Merchant-Larios, 1976). The small fol
licles form the pool from which follicles begin 
to grow throughout fetal, prepubertal and 
pubertal life. 

1.6 FOLLICULAR GROWTH 

1.6.1 CLASSIFICATION OF FOLLICLES 

A classificationoffollicles fir~t p~oposed for 
the mouse (T. Pedersen and Peters, 1968) and 
later adapted to the human (Peters et al., 
1978) has proved most useful for analysing 
follicular development (Figure 1.4). 
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Thus, four groups of follicles can be 
distinguished: 

1. Small, non-growing follicles (also called 
primordial or primary follicles) consist of 
a small oocyte, a few flattened granulosa 
cells and a basement membrane. They lie 
in the outer cortex of the ovary and rep
resent the pool of resting follicles. 

2. The preantral follicle (also called second
ary, medium or growing follicle) is the one 
that enters the growing phase. Its oocyte 
begins to grow and granulosa cells enlarge 
and multiple to form two or three layers 
around the oocyte. The zona pellucida 
forms and cells of the ovarian stroma 
organize into the theca layers. 

3. The antral follicle contains a fully grown 
oocyte, several layers of granulosa cells, 
an antrum filled with fluid and, outside 
the basement membrane, well-differ
entiated theca layers. 

4. The large antral follicle (also referred to as 
Graafian follicle), which reaches its maxi
mum diameter and is fully responsible 

to the preovulatory surge of gonadotro
phins. 

1.6.2 FOLLICULAR GROWTH BEFORE 
PUBERTY 

(a) Fetal life 

In man and monkeys follicular growth starts 
during fetal life (van Wagenen and Simpson, 
1965). The first small follicles appear during 
the fourth month of gestation and around the 
sixth month many preantral follicles can be 
located in the innermost part of ovarian cor
tex. Antral follicles often develop during the 
last 2 months of fetal life and the ovary of the 
newborn is often crowded with large antral 
follicles. However, these follicles show signs 
of degeneration or atresia and of irregular 
growth (Peters et al., 1978) . 

Anencephalic human fetuses have a 
greatly reduced pituitary gland which con
tains only about 2% of the normal gonado
trophin content (Grumbach and Kaplan, 
1973). Ovaries of such fetuses at term are 
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Figure 1.4 Classification of mouse follicles in the mouse ovary. (From Pedersen and Peters, 1968.) 



small and contain very few preantral and no 
antral follicles (Baker and Scrimgeour, 1980). 
Also, hypophysectomy in utero of rhesus 
monkeys resulted in impaired growth of 
follicles (Gulyas et al., 1977). These studies 
suggest that gonadotrophins of the fetal 
pituitary are involved in follicular growth 
during fetal life. 

(b) Prepuberty 

In primates, follicular growth, which has 
been begun during fetal life, continues 
throughout childhood (van Wagenen and 
Simpson, 1965; Peters et al., 1976). All the 
follicles beginning to grow before puberty are 
doomed to degeneration. Follicles undergo 
atresia at any stage of their development, but 
the percentage of atretic follicles increases as 
follicular development advances (Vermande
van Eck, 1956; Koering, 1969; Himelstein
Braw et al., 1976). 

In other mammalian species follicular 
growth begins in prepubertal life. In fact, in 
rodents, the number of follicles starting to 
grow in the immature is much higher than 
their number in the mature animal. Follicles 
reach the antral stage and premature ovu
lation can be induced by exogenous gonado
trophins. 

It seems that follicular development in pre
pubertal animals is related to the rise in basal 
levels of gonadotrophins in the blood. 
Administration of gonadotrophin antiserum 
to newborn mice did not prevent the ini
tiation of follicular growth (Eshkol and 
Lunenfeld, 1972; Nakano et al., 1975) but 
such treatment for 2 weeks resulted in poorly 
organized granulosa, ill-defined basal mem
brane and deficient development of the 
thecal layers and of follicular vasculature. 
Furthermore, normal follicular development 
could be restored by substitution with 
exogenous gonadotrophins. While follicle
stimulating hormone (FSH) restored normal 
preantral follicle formation, both FSH and 
luteinizing hormone (LH) were needed for 
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the development of antral follicles (Eshkol et 
al., 1970; Purandare et al., 1976). These data 
seem to indicate that gonadotrophins affect 
the ovary even when the number of gonado
trophin receptors in granulosa cells is very 
low (Presl et al., 1972, 1974) and before 
ovarian responsiveness to LH in terms of 
cAMP formation is established (Lamprecht et 
ai., 1973; Kolena, 1976). 

1.6.3 DYNAMICS OF FOLLICULAR GROWTH 
IN MATURE MAMMALS 

The dynamics of follicular growth in rodents 
has been examined by radiolabelling of gra
nulosa cells (T. Pedersen, 1970; Chiras and 
Greenwald, 1977; Hage et al., 1978). The kin
etic aspects of follicular development in the 
rat have been discussed recently (Hirshfield 
and Schmidt, 1987). In the mature female, the 
growth-initiation rate is constant; in the 
mouse about 20 follicles begin to grow every 
day (T. Pedersen, 1972). Follicular growth is 
continuous and there is no evidence for arrest 
during growth (Peters and McNatty, 1980). 
Likewise, the rate of growth of human domi
nant follicles did not change under hormonal 
stimulation (Kerin et al., 1981; Jacobs et al., 
1985; Templeton et al., 1986; Baird, 1987). In 
the mouse it takes 19 days (i.e. four to five 
cycles) for a follicle that begins to grow to 
reach ovulation (T. Pedersen, 1972). In the 
sheep (Turnbull et al., 1977; Dufour et al., 
1979; Cahill and Mauleon, 1980) and the hu
man (Gougeon, 1982) about 6 months are 
needed for follicular growth. Most of this 
period is preantral development. It takes 
about 24 days for a sheep follicle to reach 
ovulation from the first appearance of the 
antrum (Turnbull et al., 1977; Cahill and 
Mauleon, 1980) and about 60 days in the 
human (Gougeon, 1982, 1986). 

1.6.4 GENERAL FEATURES OF FOLLICULAR 
GROWTH 

The primordial follicle entering the growth 
phase undergoes two major changes: trans-
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formation of the granulosa cells from flat
tened to cuboidal shape and increase in 
oocyte volume (Lintern-Moore and Moore, 
1979). Further development includes mitotic 
proliferation of granulosa cells and their 
transformation into multilayered membrane 
granulosa. The earliest stages of thecal differ
entiation and their timing are obscure (Hirsh
field, 1988). 

In all species examined, follicular growth 
includes two phases. During the first phase 
there is a proportional increase in oocyte and 
follicular volume, while during the second 
one the oocyte increases only slightly, but the 
follicle continues marked growth, primarily 
due to accumulation of follicular fluid (Bram
bell, 1956). In most mammalian species, the 
final size of preovulatory follicles is related to 
body size (see Harrison and Weir, 1977). 

The factors involved in initiation of follicu
lar growth are obscure. Recruitment of fol
licles from the non-growing pool may be in a 
random fashion or orderly, i.e. oocytes enter
ing the meiotic prophase first are recruited 
first into the pool of growing follicles and 
subsequently mature earlier. This latter view 
is referred to as the 'production line hypoth
esis' and was put forward by Henderson and 
Edwards (1968) on the basis of reduced 
chiasma frequency and parallel increase in 
chromosomal univalents in mouse oocytes. 
Data supporting the 'production line hypoth
esis' were obtained by labelling oocytes with 
tritiated thymidine in vitro and examination 
of the maturing oocytes after transplanting 
the ovaries in vivo (Polani and Crolla, 1981, 
1989). However, the available data are not 
sufficient to prove any of these hypotheses. 
The rate of initiation of follicular growth is 
determined genetically and varies with the 
age of the female. Thus, it is highest in the 
young animal and is reduced with the 
approach of puberty. Once follicular growth 
is initiated, it continues until the follicle 
undergoes atresia or ovulates. Only a few of 
the follicles starting to grow reach ovulation 
and the vast majority degenerates. Follicular 

growth is associated with an increase in the 
proportion of atretic follicles (Pincus and 
Enzmann, 1937; Vermande-van Eck, 1956; 
Himelstein-Braw et al., 1976). Various aspects 
of follicular atresia have been reviewed 
(Ingram, 1962; Weir and Rowlands, 1977; 
Byskov, 1978b; Peters and McNatty, 1980; 
Tsafriri and Braw, 1984; Hirshfield and 
Schmidt, 1987) and will not be dealt with. 

Follicular growth entails a multitude of 
morphological and physiological changes in 
all follicular compartments. A brief account of 
some of these follows. 

(a) The formation of zona pellucida 

In growing follicles (type 3a, Figure 1.4) a 
homogeneous material forming pocket-like 
partitions between the oocyte and adjacent 
granulosa cells is deposited. These patches 
coalesce to form a microscopically continuous 
sheath around the oocyte, the zona pellucida. 
It is freely permeable to proteins of high mol
ecular weight such as ferritin (Hastings et al., 
1972) and immunoglobulin M (Sellens and 
Jenkinson, 1975). 

Scanning electron microscopy reveals that 
the surface of zona pellucida of the rat (Phil
lips et al., 1978), the mouse and the hamster 
(Phillips and Shalgi, 1980) is characterized by 
numerous fenestrations rendering it of a 
sponge-like appearance. In transmission elec
tron microscopy the zona appears as a homo
geneous layer (Baca and Zamboni, 1967; 
Kang, 1974; Zamboni, 1974). Staining with 
ruthenium red (an electron-dense stain with 
high affinity for acidic mucopolysaccharides) 
differentiates between the outer and the 
inner layer of zona pellucida of mouse 
(Baranska et al., 1975), pig (Hedrick and Fry, 
1980) and rat (Wolgemuth and Gavin, 1981) 
oocytes. 

The biology and biochemistry of the zona 
pellucida were recently reviewed by P.M. 
Wassarman et al. (1985) and Wassarman 
(1988). Studies in the mouse identified by 
electrophoresis three glycoproteins, desig-



nated ZPl (= 120 kDa), ZP2 (= 120 kDa) and 
ZP3 (= 80 kDa). These account for virtually 
all the mass of the mouse zona pellucida 
(Bleil and Wassarman, 1980a). Competitive 
sperm binding assays demonstrated that 
ZP3, but not ZPl and ZP2, possesses sperm 
receptor activity (Bleil and Wassarman, 
1980b, 1983). Likewise, three major glyco
proteins were identified in the zona pellucida 
of pig and rabbit oocytes (Dunbar et al., 1981). 

The cellular origin of the zona pellucida 
has been controversial (see Tsafriri, 1978). 
Recently, the synthesis of all three zona pro
teins by mouse denuded oocytes was demon
strated in vitro while ovectomized follicles 
(i.e. follicles from which the oocytes were 
removed) did not produce any zona proteins 
(Bleil and Wassarman, 1980c; Greve et al., 
1982; Shimzie et al., 1983). By immunocyto
chemical procedures zona pellucida antigens 
were localized in cumulus cells of the ham
ster and the human (Bousquet et al., 1981) 
and the rabbit (Wolgemuth et al., 1984). It is 
not clear, however, whether this localization 
is indicative of cumulus cell synthesis of zona 
proteins or is a secondary result of endo
cytosis or phagocytosis of zona pellucida ma
terial. In fact, the immunocytochemical 
staining of cumulus cells was limited to the 
innermost layers of cumulus cells, appeared 
appreciably later than in the oocyte or the 
extracellular matrix and diminished once the 
oocyte was fully grown (Wolgemuth et al., 
1984). These findings are compatible with 
secondary distribution of zona proteins in 
cumulus cells, probably associated with for
mation of cumulus-oocyte channels. Thus, 
the available data clearly suggest the oocyte 
as the major source of the proteins of the 
zona pellucida. 

(b) Intercellular communication within the 
follicle 

The ovary, from its early stages of differen
tiation, is characterized by the close associ
ation of cells which allows functional 
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coupling by intercellular communication. 
Groups of oogonia and oocytes are connected 
by intercellular bridges and the associated 
cells undergo developmental changes syn
chronously. These intercellular bridges dis
appear during enclosure of the diplotene 
oocytes by granulosa cells at folliculogenesis. 

Throughout follicular development inter
cellular communication between homologous 
cells (i.e. granulosa or theca cells) and heter
ologous cells (i.e. granulosa-cumulus cells 
and the oocyte) is maintained through gap 
functions. Gap junctions are specialized 
intercellular channels allowing ionic coupling 
and transfer of low molecular weight metab
olites between adjacent cells (Hertzberg et al., 
1981; Loewenstein, 1981; Macdonald, 1985). 
The physiological role of gap junctions, with 
special emphasis on the ovary, was reviewed 
by Schultz (1985). 

The first observed gap junctions in the 
ovary appear between rete ovarii cells (pre
sumptive progenitors of granulosa cells) in 
sex cords of 13-day-old mouse embryos (Mit
chell and Burghardt, 1986). These gap junc
tions persist as the cells differentiate into 
granulosa cells. Furthermore, the number of 
junctional contacts increased during fetal 
development between days 15 and 19. The 
first heterocellular gap junctions were 
detected between oocytes and presumptive 
granulosa cells as early as fetal day 17 (Mit
chell and Burghardt, 1986). 

Gap junctions between conjoining granu
losa cells of primordial follicles were ob
served in mouse embryos (Mitchell and 
Burghardt, 1986) and neonatal rats (Fletcher, 
1979). However, they increase in number and 
size during follicular development (Albertini 
and Anderson, 1974) to form an extensive 
network of communication throughout the 
membrana granulosa compartment of antral 
and preovulatory follicles (Bjersing and 
Cajander, 1974a; Albertini et al., 1975; 
Amsterdam et al., 1976; Anderson and 
Albertini, 1976). Gap junctions were ob
served also in conjoining theca internal cells, 
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but they do not appear to reach the number 
and proportion of those of the granulosa cell 
compartment (Amsterdam et al., 1976; 
Fletcher, 1979). 

Formation of the zona pellucida brings 
about the separation of the oocyte and follicle 
cells. Simultaneously, both the oocyte and 
the surrounding follicle cells facing the 
oocyte develop cytoplasmic projections. 
Those of the follicle cells at first are short and 
bulky, and later on become longer and nar
rower. In the larger processes, cytoplasmic 
organelles can be seen frequently. The 
oolemma develops short microvilli, and the 
number of oocyte microvilli increases with 
follicular growth (Anderson and Beams, 
1960; Hope, 1965; Baca and Zamboni, 1967; 
Hertig and Adams, 1967; Albertini and 
Anderson, 1974; Zamboni, 1974, 1976; 
Anderson and Albertini, 1976). Simultaneous 
appearance of micropapillae on the oolemma 
was described (H. Pedersen and Seidel, 1972; 
Zamboni, 1974, 1976). These appear as hemi
spherical, lens-shaped thickenings of oocyte 
membrane located mainly on the microvilli. It 
was suggested that the micropapillae 
enhance the adhesion of the oocyte microvilli 
to the follicle cell processes (Zamboni, 1974). 
The dilated, bulbous extremities of follicle 
cells terminate at the oocyte surface. In pri
mates, very deep penetration of those pro
cesses into the oocyte was described (Hope, 
1965; Baca and Zamboni, 1967; Zamboni, 
1974, 1976). 

The junctions between the oocyte and 
granulosa cells were identified as gap junc
tions (Amsterdam et al., 1976; Anderson and 
Albertini, 1976). Unlike the gap junctions be
tween granulosa cells (Merk et al., 1973; 
Albertini and Anderson, 1974), those be
tween the oocyte and the follicle cells are 
extremely small in size (Amsterdam et al., 
1976; Anderson and Albertini, 1976). 

The extensive network of gap junctions be
tween follicular granulosa cells and between 
the cumulus granulosa cells and the oocytes 
provides ionic coupling and transfer of regu-

latory molecules between all cells enclosed by 
the basement membrane (Schultz, 1985). 
Thus, in spite of the heterogeny among gra
nulosa cells in terms of morphology (Zoller 
and Weisz, 1978), gonadotrophin binding 
(Amsterdam et al., 1975), biosynthetic (Zoller 
and Weisz, 1979) and mitotic activity (Hirsh
field, 1986), the gap junctions allow physio
logical integration of follicular responses. The 
suggested role of gap junctions and inter
cellular communication in oocyte growth and 
resumption of ovum maturation will be de
scribed below. 

(c) Formation of theca layer 

The formation of follicular theca layer is 
probably the least studied and understood 
(Harrison and Weir, 1977; Bjersing, 1978; 
Peters and McNatty, 1980; Hirshfield, 1988). 
Presumptive theca cells begin to appear in 
follicles with a single layer of cuboidal granu
losa cells (Fletcher, 1979). The theca cells are 
first indistinguishable from fibroblasts and 
become aligned concentrically around the 
basement membrane. As the follicle grows, 
the theca layer thickens, the cells differentiate 
and develop smooth endoplasmic reticulum, 
large Golgi complexes and lipid droplets 
(Gillim et al., 1969). Later, at the time of 
antrum formation, the theca differentiates 
into theca externa and interna (Brambell, 
1928). The endocrine and physiological 
aspects of theca cells were discussed in 
Erickson et al. (1985) and Zlotkin et al. (1986). 

(d) Hormonal correlates of follicular growth 

The hormonal factors involved in follicular 
development, changes in follicle cell respon
siveness to gonadotrophins and steroid
ogenic activity have been reviewed (Richards 
1978, 1980; diZerega and Hodgen, 1981; 
Baird, 1983; Goodman and Hodgen, 1983; 
Baird, 1987; Greenwald and Terranova, 
1988). 

Initiation of follicle growth is apparently 



not dependent upon gonadotrophic stimu
lation but is related to an as yet unknown 
signal, probably of ovarian origin. Thus, gon
adotrophin deprivation by hypophysectomy 
or administration of antisera does not pre
vent growth of preantral follicles, whereas it 
does prevent the development of antral 
follicles (Mauleon, 1969; Eshkol et al., 1970; 
Nakano et al., 1975; Purandare et al., 1976). 
Nevertheless, in the absence of gonado
trophins, the organization of the membrana 
granulosa and the theca layer is not normal 
(Eshkol et al., 1970; Eshkol and Lunenfeld, 
1972). 

In vitro studies with 1- or 4-day-old rat 
ovaries seem to indicate that the ovary 
acquires some degree of steroidogenic 
activity independently of gonadotrophins 
(Funkenstein et al., 1980; Funkenstein and 
Nimrod, 1981). Further development of 
growing follicles is influenced by the steroids 
produced in the ovary. In general, oestrogens 
enhance granulosa cell proliferation in 
rodents, whereas excessive levels of andro
gens are inhibitory and promote atresia 
(Payne and Runser, 1959; Goldenberg et al., 
1972). Follicular steroidogenesis was 
reviewed by Gore-Langton and Armstrong 
(1988). 

Theca and ovarian interstitial cells are the 
major source of androgens (sheep, Seamark 
et al., 1974; hamster, Makris and Ryan, 1980; 
rat, Fortune and Armstrong, 1977; rabbit, 
Erickson and Ryan, 1976a). The main en
zymes necessary for the conversion of 
pregnenolone to androstenedione, C2I ster
oid 17a-hydroxylase and 17-20-desmolase, 
are located in microsomes (Ball and Kadis, 
1965; Inano et al., 1970). Androstenedione, a 
biologically weak androgen, is an important 
precursor of the more potent testosterone. 

Oestradiol and oestrone are the major 
oestrogens synthesized by the follicle. The 
aromatizing enzymes converting CI9 steroid 
(androgen) to CI8 steroid (oestrogen) are 
located in the microsomes (Areco and Ryan, 
1967). It is generally accepted that theca 
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and granulosa cells act synergistically in oes
trogen production. The so-called 'two-cell 
theory' was first proposed by Falck (1959), on 
the basis of his in vivo observations in the rat, 
and later modified and documented by in 
vitro studies in the hamster (Makris and 
Ryan, 1975, 1980), rabbit (Erickson and Ryan, 
1975, 1976a), rat (Fortune and Armstrong, 
1977) and sheep (Baird, 1977; Moor, 1977). 
This theory asserts that the theca interna 
cells, under the influence of LH, produce 
androgens that are transported to granulosa 
cells where they are converted to oestrogen 
by aromatizing enzymes induced by FSH. 
Thus, granulosa cells are the only source 
of follicular oestrogen in these species. 
However, in primate and porcine follicles 
the theca interna has been shown to provide 
an additional minor source of oestrogen 
(human, Channing, 1969; McNatty et al., 
1979a; monkey, Channing and Coudert, 
1976; Channing, 1980; Marut et al., 1983; 
Vernon et al., 1983; sow, Haney and 
Schomberg, 1981; Stoklosowa et al., 1982) and 
granulosa cells can produce androgens 
(human, Channing, 1969; McNatty et al., 
1979a,b; sow: Stoklosowa et al., 1982), 
indicating that steroidogenesis is not rigidly 
compartmentalized in all species and 
throughout follicular differentiation 
(reviewed by Ryan, 1979; Hillensjo, 1981). An 
additional aspect of granulosa-theca cell 
synergism was suggested to include transfer 
of C2I steroids from the granulosa to the 
theca (Lischinsky and Armstrong, 1983; 
Fortune, 1986), thus involving the granulosa 
cells in thecal androgen synthesis. 

It has been shown that theca cells of prean
tral and antral follicles have receptors for LH 
and that granulosa cells of most follicles, in
cluding small preantral ones, have receptors 
for FSH. Only in large preovulatory follicles 
do the granulosa cells also have receptors for 
LH (Eshkol and Lunenfeld, 1972; Presl et al., 
1972; Channing and Kammerman, 1973; 
Zeleznik et al., 1974; Kammerman and Ross, 
1975; Nimrod et al., 1976; Richards et al., 
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1976). Hence the development of receptors to 
LH in the granulosa cells seems to have a 
decisive role in follicle development and will 
be reviewed briefly. 

The use of hypophysectomized immature 
rats has demonstrated the role of oestrogen 
and FSH in the proliferation of granulosa 
cells. Both hormones stimulated granulosa 
cell divisions and differential and their action 
was additive, suggesting action through 
different intracellular mechanism (Richards, 
1975; Rao et al., 1977). Further, oestrogen 
alone did not increase granulosa cell gonado
trophin receptors, but oestrogen priming 
enhanced FSH stimulation of the develop
ment of FSH and LH receptors on granulosa 
cells (Zeleznik et al., 1974; Louvet and 
Vaitukaitis, 1976; Richards et al., 1976; Ireland 
and Richards, 1978). As already mentioned, 
in addition to its effect on the increase of 
granulosa cell LH receptors, FSH enhances 
granulosa cell aromatization of androgen to 
oestrogen (Armstrong et al., 1979). 

LH also plays an important role in early 
follicular development. For example, human 
chorionic gonadotrophin (hCG) enhanced 
the effects of FSH in oestrogen-primed hypo
physectomized rats (Ireland and Richards, 
1978); in pregnant rats in the presence of 
elevated basal FSH sustained increases in 
serum LH (but not FSH) supported the devel
opment of preovulatory follicles (Richards, 
1980; Bogovich et al., 1981). In intact imma
ture rats, small sustained increases in serum 
LH (hCG) stimulated the maturation of small 
antral follicles, and this effect of LH was 
enhanced by elevated concentrations of 
serum progesterone (Richards and Bogovich, 
1982). This requirement for LH appears to be 
related to its stimulation of thecal cell differ
entiation and increase in thecal androgen 
biosynthesis. Thus, the development of ovu
latory follicles· is dependent upon the deli
cately balanced interactions of FSH, LH and 
steroid hormones. Any inappropriate change 
in the levels of gonadotrophins or steroids at 
critical stages of follicular development may 

lead to follicular atresia. Follicular growth is 
initiated continuously and, once follicles are 
recruited from the resting pool, they grow 
sequentially until they either become atretic 
or ovulate (Peters et al., 1975). It seems, there
fore, that from the continuum of growing 
follicles only those reaching a critical stage of 
their development coincident with the appro
priate changes in serum gonadotrophin and 
steroid levels will be rescued and reach ovu
lation rather than atresia. Perhaps the most 
clearly demonstrated case of such selection 
is the rescue of early antral follicles 
(200-400 J.lm in diameter) by the pro-oestrous 
surge of FSH in the rat (Hirshfield and 
Midgley, 1978a,b). Similarly, rescue of fol
licles from atresia by PMSG was observed in 
mice (Peters et al., 1975) and rats (Braw and 
Tsafriri, 1980). Accordingly, administration 
of an antiserum to FSH to pro-oestrous ham
sters did not affect ovulation on the following 
night, but delayed ovulation at the next cycle 
(Sheela Rani and Moudgal, 1977). 

Similar factors seem to be involved in the 
regulation of growth and selection of follicles 
in other species such as sheep, rhesus mon
key and human (Ross and Lipsett, 1978; 
diZerega and Hodgen, 1981; McNatty, 1981; 
Hodgen, 1982; Baird, 1983; Goodman and 
Hodgen, 1983; Webb and Gauld, 1985; Baird, 
1987). In sheep and in primates the preovula
tory follicle becomes dominant a few days 
after the regression of the corpus luteum. The 
dominant follicles are characterized by 
increased secretion of oestrogen, a higher 
number of granulosa cells, measurable FSH 
and reduced androgen levels in follicular 
fluid (McNatty et al., 1976, 1979c,d; McNatty 
and Baird, 1978; diZerega and Hodgen, 
1981). It seems, therefore, that establishment 
of follicular dominance in the sheep and pri
mates is due to an increase in the ability of 
granulosa cells to aromatize androgen pre
cursor synthesized by the theca and thereby 
.secreting large amounts of oestradiol. The 
dominant follicle, in tum, affects the devel
opment· of follicles lower in hierarchy 



towards atresia by suppressing FSH secretion 
by oestradiol (diZerega and Hodgen, 1981; 
Zeleznik, 1981; Zeleznik et al., 1985) and inhi
bin (Schwartz and Channing, 1977; Channing 
et al., 1982, 1985; Findlay and Risbridger, 
1987) or by direct action of paracrine factor( s) 
(diZerega et al., 1983a,b; Goodman and 
Hodgen, 1983; Cahill et al., 1985a,b; Tonetta 
and diZerega, 1986). Nevertheless, the role of 
oestrogen in regulating follicular growth 
locally in primates and the human has been 
questioned recently. Thus, it has been shown 
that ovarian follicular development could be 
induced in a woman with 17a-hydroxylase 
deficiency in spite of extremely low ovarian 
concentrations of androgen and oestrogen 
(Rabinovici et al., 1988). Furthermore, except 
for the ovarian germinal epithelium, oestro
gen receptors were not detected in any other 
ovarian structure (Hild-Petito et al., 1988; 
Stouffer et al., 1993). 

In the sheep, ovulation occurs within 3 
days after natural or induced luteal re
gression, while in the rhesus monkey and the 
human the equivalent period is 14-19 days 
(Goodman et al., 1977; Baird and McNeilly, 
1981; Nilsson et al., 1982; Goodman and 
Hodgen, 1983; Baird et al., 1984). This differ
ence may be attributed to the fact that in 
the sheep development of antral follicles 
(4-6 mm in diameter) continues throughout 
the luteal phase (Turnbull et al., 1977; Cahill 
et al., 1979). By contrast, in the human luteal 
phase, all follicles with a diameter above 
4-6 mm are atretic (McNatty et al., 1983). It 
was suggested that this difference in the pat
tern of follicular development is related to the 
pattern of steroid secretion by the corpora 
lutea (Baird et al., 1975). Thus, in the ewe, the 
corpus luteum secretes only progesterone, 
whereas in the primates the corpus luteum 
secretes both progesterone and oestrogen, 
which suppresses release of gonadotrophins 
and hence further follicular development. 
Details on the hypothalamic-hypophyseal 
gonadal axis during oestrous and menstrual 
cycles can be found in chapters by Rowlands 
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and Weir, Spies and Chappel and Yen and 
Lein in Volume 1 of this series. 

Luteal regression in the sheep is followed 
by a rise in serum levels of LH and oestradiol, 
but not FSH (Baird et al., 1981; Baird, 1983). 
This is accompanied by a marked decline in 
the percentage of healthy antral follicles, and 
by 36 h after luteolysis, except for the preo
vulatory follicle(s) all the antral follicles are 
atretic (McNatty et al., 1982). It seems, there
fore, that in the sheep the selection of the 
ovulatory follicle occurs early in the follicular 
phase. Both LH and FSH seem to be present 
during the luteal phase in minimal concen
trations required for development of large 
antral follicles. FSH may be considered as 
having a permissive role and the rise in LH 
secretion seems to play an essential role in 
follicle selection in the sheep (Baird et al., 
1981). 

Follicular rescue may be achieved during 
the luteal phase in the rhesus monkey by 
administration of exogenous gonadotrophin 
(diZerega and Hodgen, 1980). On the basis of 
experience with gonadotrophin induction of 
ovulation in hypogonadotrophic women, 
Brown (1978) suggested that follicles are 
selected by threshold levels of FSH, above 
which final stages of follicular development 
can proceed to ovulation. The difference be
tween a threshold and subminimal dose may 
be as small as 20%. According to this concept, 
the modest rise in FSH concentration in the 
early follicular phase is sufficient to sustain 
follicular development beyond 4 mm size 
in spite of the later decrease in FSH levels. 
This hypothesis was recently supported in 
the macaque monkey (Zeleznik and Kubik, 
1986). Endogenous gonadotrophins were 
blocked in these monkeys by a 
gonadotrophin-releasing hormone (GnRH) 
antagonist and increased amounts of FSH 
were infused until the threshold of follicular 
development, as monitored by serum oestra
diol, was reached. Once follicle selection had 
occurred, reduction of FSH levels was 
accompanied by progressive rise in oestradiol 
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levels and preovulatory follicle growth. Thus, 
the selected follicle seems to continue its 
development in spite of falling FSH levels, 
insufficient to support the growth of smaller 
follicles. Following enucleation of corpora 
lutea in the human there was a fall in plasma 
levels of progesterone and oestradiol (Nils
son et al., 1982; Baird et al., 1984). The rise in 
gonadotrophin levels was delayed by 24 h 
following surgery and it preceded the rise in 
plasma oestradiol levels (Baird et al., 1984). 
Luteectomy in the rhesus monkey resulted in 
a small rise in FSH concentrations, which was 
considered by the authors to be insignificant 
(Goodman et al., 1979). It is possible that this 
is a result of infrequent blood sampling. 
Furthermore, the finding that only a small 
20-30% rise in FSH for a limited period is 
required in the human (Baird et al., 1984) and 
the macaque (Zeleznik and Kubik, 1986) for 
follicular rescue supports the notion that a 
rise in FSH is involved in follicle selection in 
primates. 

1.6.5 OOCYTE GROWTH AND 
DEVELOPMENT OF MEIOTIC COMPETENCE 

As already discussed, oocyte and follicular 
growth are interrelated. The increased rate of 
follicular growth initiation during neonatal 
development in rodents allows detailed 
studies on oocyte growth and biosynthetic 
activity. Most of these studies were per
formed using mouse oocytes (Bachvarova, 
1985; Siracusa et al., 1985; Van Blerkom, 1985; 
Schultz, 1986). Here we shall review some of 
the salient findings of these studies and relate 
them to the ability of the oocyte to resume the 
meiotic process. 

The oocyte, during its growth, increases in 
size from 18-20 j.Lm (Figure 1.5). 

This is accompanied by marked changes in 
oocyte ultrastructure. Thus, early stages of 
oocyte growth are characterized by few 
and short microvilli, extensive network of 
smooth endoplasmic reticulum, elongated 
and dumbbell-shaped mitochondria with 

laminar mitochondrial crests which are 
associated with the endoplasmic reticulum. 
The ribosomes are in clusters, the Golgi 
apparatus consists of flattened stacks of 
parallel lamellae, and there is a rapidly en
larging fibrillogranular nucleolus. During 
growth, the number of microvilli increases 
and they become longer. The smooth endo
plasmic reticulum becomes vesicular and less 
abundant. The number and size of mitochon
dria is reduced, they assume round or oval 
shape and their cristae are columnar and later 
on arched or arranged concentrically. The 
number of free ribosomes is reduced and 
ordered lattices appear and their number in
creases. The Golgi apparatus progressively 
becomes more vacuolated and granular, 
often associated with lipid droplets, the num
ber of multivesicular bodies increases and 
also the nucleolus increases in its size and 
density (Zamboni, 1974; P.M. Wassarman 
and Josefowicz, 1978). 

(a) Oocyte growth and intercellular 
communication 

The junctional communication between 
cumulus-granulosa cells plays an important 
nutritional role in the dictyate oocyte 
(Schultz, 1985). Thus the cumulus-granulosa 
cells provide the major route of entry into the 
oocyte for most metabolites, such as energy 
sources, and precursors of RNA, protein and 
phospholipid biosynthesis (Cross and 
Brinster, 1974; P.M. Wassarman and 
Letourneau, 1976; Heller and Schultz, 1980; 
Moor et al., 1980a; Heller et al., 1981). This has 
been established by uptake and pulse chase 
experiments comparing intact cumulus cel
l-oocyte complexes and denuded oocytes. 
Treatments kno~ to disrupt gap junctions 
in other cell types result in reversible break
down of communication between cumulus 
cells and the oocyte (Heller et al., 1981). 
Furthermore, the extent of communication 
between cumulus and the oocyte is directly 
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Figure 1.5 Growth of mouse oocytes. (A) The average diameter of freshly isolated oocytes from mice of 
increasing age. (B) Increase in oocyte volume with time, calculated from (A). (From Bachvarova, 1985.) 
(C) A fully grown and (inset) a quiescent mouse oocyte at the same magnification. The quiescent oocyte 
was isolated from 3-day-old mouse and the fully grown from an adult mouse. Differential interference 
contrast microscopy; bar=20 IJom. (From Siracusa et al., 1985.) 

related to the number of attached cumulus 
cells (Brower and Schultz, 1982). 

In explanted follicles, obtained by enzy
matic digestion of ovaries, oocyte growth 
continues at a rate equal to that in vivo, in 
spite of the fact that many follicular cells 
migrate away and form a monolayer (Eppig, 
1977, 1979). By contrast, denuded oocytes, 
free of attached cumulus cells, do not grow in 
vitro. Nevertheless, denuded oocytes cul
tured either directly on a monolayer of fol
licular cells or indirectly on ovarian cells 
covered by agar also grow in vitro, albeit at a 
conSiderably slower rate (Bachvarova et ai., 
1980). Therefore, the presence of follicle cells 

is a prerequisite for oocyte growth, which can 
proceed at a lower rate even in the absence of 
junctional communication. The rate of oocyte 
growth is directly related to the extent of 
cumulus-oocyte communication (Brower and 
Schultz, 1982), and re-establishment of inter
cellular communication restores oocyte 
growth (Herlands and Schultz, 1984). 

(b) Biosynthetic activity of growing oocytes 

RNA synthesis 

Early radioautographic studies demonstrated 
nuclear and nucleolar synthesis of RNA in 
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growing oocytes of the rat, mouse and mon
key (Oakberg, 1968; Baker et al., 1969). These 
were complemented later by assay of RNA 
polymerase activity in ovarian sections 
(Moore, 1978; Moore and Lintern-Moore, 
1978) and in vitro incorporation studies into 
various RNA classes (Bachvarova, 1981; 
Brower et al., 1981; Kaplan et al., 1982; 
reviewed by Bachvarova, 1985; Schultz, 
1986). The kinetics of RNA accumulation is 
biphasic: essentially all oocyte RNA is 
accumulated by the time they reach two
thirds of their final volume (Sternlicht and 
Schultz, 1981; Kaplan et al., 1982). 

The bulk of RNA synthesized by growing 
mouse oocytes is very stable, and about 80% 
of the radioactive RNA precursor detected 
2 days after administration was retained in 
ovulated oocytes 10-20 days later (Bach
varova, 1974; Jahn et al., 1976). Likewise, 
poly(A -) RNA, predominantly rRNA and 
tRNA, has been estimated half-life of about 
28 days and poly(A +)RNA of about 10-14 
days (Bachvarova, 1981; Brower et al., 1981). 
Analysis of the distribution of newly syn
thesized cytoplasmic RNA revealed that 
about one-quarter of the newly synthesized 
mRNA and one-third of other rRNA appear 
in polysomes, thus suggesting that the bulk 
of ribosomal and messenger RNA is accumu
lated for later use (De Leon et al., 1983). At 
the end of its growth period the mouse 
oocyte contains between 0.4 and 0.6 ng of 
total RNA (Olds et al., 1973; Bachvarova, 
1974; Sternlicht and Schultz, 1981; Kaplan et 
al., 1982), i.e. about 200 times the amount of 
typical somatic cells. Of this, 10-15% is 
mRNA, 20-25% tRNA and 60-65% ribosomal 
RNA (P. Wassarman, 1983; Bachvarova, 
1985). The transcription of several genes, the 
proto-oncogenes c-mos and c-kit, a transcrip
tion factor oct-3, two enzymes, t-PA and LDH 
(lactate dehydrogenase) and a sperm receptor 
mZP3 during oogenesis has been recently 
reviewed (Eppig, 1991; P.M. Wassarman and 
Kinloch, 1992). 

During oocyte growth in rodents, con-

spicuous fibrillar or lamellar structures 
accumulate in the cytoplasm (Weakley, 1967, 
1968; Zamboni, 1970; Burkholder et al., 1971; 
P.M. Wassarman and Josefowicz, 1978). 
Whether these structures, assuming lattice
like appearance in mouse oocytes, represent 
inactive ribosomes (Burkholder et al., 1971) or 
yolk bodies (Sz6116si, 1972) remains to be 
determined (see Piko and Clegg, 1982; 
Bachvarova, 1985; Schultz, 1986). 

Protein synthesis 

Ouring its growth phase the oocyte under
goes a 100-fold increase in its volume. Total 
protein content of the oocyte increases 
linearly with the increase in oocyte volume 
reaching 28-30 ng in the fully grown oocyte 
(Brinster, 1967; Schultz and Wassarman, 
1977a). The absolute rate of protein synthesis 
during oocyte growth increases from 1.1 pglh 
in non-growing oocytes to 45--48 pglh in the 
fully grown oocyte (Canipari et al., 1979; 
Shultz et al., 1979a). Calculations based on 
this measured absolute rate of protein syn
thesis in denuded oocytes led Schultz et al. 
(1979b) to conclude that the oocyte could syn
thesize only half of its protein. However, 
these measurements may underestimate the 
rate of protein synthesis (Canipari et al., 1979) 
and, furthermore, uptake of animo acids and 
protein synthesis in denuded oocytes is 
reduced as compared with follicle-enclosed 
oocytes (Crosby et al., 1981; Salustri and 
Martinozzi, 1983). Bachvarova (1985), there
fore proposed that the growing oocyte could 
synthesize all of its protein. In view of poss
ible experimental errors, it is very difficult to 
conclude on the basis of these calculations 
whether part of oocyte proteins is produced 
elsewhere. In any case, uptake of serum pro
teins by the oocyte has been obtained in vivo 
(Glass, 1971) and evidence for active pino
cytosis has been observed by electron micro
scopy (Zamboni, 1974). 

The available information on synthesis of 
specific proteins during oocyte growth is lim-



ited to a few abundant proteins or enzymes 
that can be easily assayed (see Schultz, 1986). 

Enzyme activity of both glucose-6-phos
phate dehydrogenase (G6PD) and lactate de
hydrogenase (LDH) increases during mouse 
oocyte growth. Only the specific activity of 
LDH increases with growth while that of 
G6PD remains essentially constant during 
growth (Mangia and Epstein, 1975; Mangia et 
al., 1976; Casico and Wassarman, 1982). 
Likewise, mouse oocytes contain the brain 
isozyme of creatine kinase (up to 1.4% of total 
protein) and its activity increases during 
oocyte growth (Iyengar et al., 1983). The 
activity of these enzymes may be related to 
oocyte metabolism. Thus, G6PD is probably 
needed for generation of NADPH, LDH in 
energy metabolism and creatine kinase for 
the maintenance of a high ATP/ADP ratio 
which is essential for biosynthetic activity of 
the oocyte during the period it cannot utilize 
glucose as an energy source (Biggers et aI., 
1967; Donahue and Stern, 1968; Biggers, 
1971, 1972). 

The synthesis of tubulin (Schultz et aI., 
1979a,b), actin (Kaplan et al., 1982), histone 
H4 (P.M. Wassarman and Mrozak, 1981), ri
bosomal proteins (La Marca and Wassarman, 
1979) and mitochondrial proteins (Mangia 
and Canipari, 1977; Cascio and Wassarman, 
1981) has been examined in growing mouse 
oocytes. The mechanisms regulating the 
translation of c-mos, c-kit, mZP3, t-PA and 
LDH during mouse egg development were 
reviewed recently (P.M. Wassarman and 
Kinloch, 1992). 

(c) The development of meiotic competence 

The pioneering observation of Pincus and 
Enzmann (1935) that rabbit oocytes removed 
from their follicles resume the meiotic pro
cess in vitro has been confirmed and was 
extended to many other mammalian species 
(Donahue, 1972; Schuetz, 1974; Tsafriri, 
1978). However, more recent studies have 
revealed that the ability of such explanted 
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oocytes to undergo maturation in vitro (i.e. 
meiotic competence) is attained only at an 
advanced stage of follicle and oocyte growth; 
oocytes collected from immature mice prior 
to day 15 post partum failed to resume matu
ration when cultured. On the other hand, 
oocytes harvested from young mice 15 days 
post partum and older matured in vitro and 
the incidence of oocytes achieving matu
ration increased with the age of the animal at 
explantation (Szybek, 1972; Sorensen and 
Wassarman, 1976). Meiotic competence is 
acquired between days 15 and 21 of age 
in mice (Szybek, 1972; Sorensen and 
Wassarman, 1976), at 23 days in hamsters 
(Iwamatsu and Yanagimachi, 1975) and be
tween days 20 and 26 in rats (Bar-Ami and 
Tsafriri, 1981). In mouse littermates the mean 
diameter of competent oocytes was larger 
than that of incompetent oocytes (Sorensen 
and Wassarman, 1976). In the pool of oocytes 
explanted from rats between 15 and 31 days 
post partum there was a high correlation (r = 
0.98) between the ability of oocytes to resume 
meiosis in culture and oocyte diameter (Bar
Ami and Tsafriri, 1981). However, in the rat 
the oocyte diameter is probably not the only 
determinant of meiotic competence, as the 
average diameter of the few competent 
oocytes on day 20 (61.8 ± 1.2 J..Lm) was below 
the average diameter of incompetent oocytes 
on day 26 (76.5 ± 0.8 J..Lm; P < 0.001). 
Likewise, dissociation between acquisition of 
meiotic competence and oocyte growth was 
observed in mouse oocytes cultured in vitro. 
Incompetent denuded oocytes attained com
petence when cultured with fibroblast mono
layers, although growth was arrested 
(Canipari et aI., 1984). 

It was suggested that meiotic competence 
is reached at the time of antrum formation 
(Brambell, 1928; Pincus and Enzmann, 1937). 
Erickson and Sorensen (1974) demonstrated 
in mice that only oocytes explanted from 
antral, but not from preantral, follicles of 
adult animals resumed meiosis in culture. In 
histological sections of ovaries obtained from 
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20-, 24- and 26-day-old rats, there was an 
increase in the percentage of antral follicles 
from 14.3 to 38.8%, pari passu with the acqui
sition of meiotic competence (Bar-Ami and 
Tsafriri, 1981). In contrast to rodents, in the 
pig, only 15% of the oocytes explanted from 
small antral follicles (approximately 1-2 mm 
in diameter) matured in culture, whereas 
80% of oocytes explanted from large follicles 
(6-12 mm) were meiotically competent (Tsa
friri and Channing, 1975a). In a more detailed 
study, in which follicles were first dissected 
and measured accurately, it was found that 
more than 80% of oocytes from follicles 
0.3--0.7 mm in diameter remained immature, 
while 66, 94.3 and 100% of oocytes from 
follicles 0.8-1.6, 1.7-2.2 and 3.5 mm in 
diameter, respectively, resumed maturation 
within 24 h of culture (Motlik et al., 1984a). 

Studies with oocytes of various species, 
such as those from immature rabbits (Thi
bault, 1972), mice (Sorensen and Wassarman, 
1976), rats (Bar-Ami and Tsafriri, 1981) and 
small antral follicles of the pig (Tsafriri 
and Channing, 1975a; Motlik et al., 1984a), 
showed high incidence of incomplete oocyte 
maturation (mainly arrest at metaphase I). In 
human oocytes, explanted from large follicles 
(9-15 mm), a higher proportion of oocytes 
resuming maturation in vitro extruded the 
polar body, as compared with those from 
smaller follicles « 9 mm) (Tsuji et al., 1985). 
Likewise, all oocytes resuming meiosis in cul
ture with fibroblast monolayer were arrested 
at metaphase I of meiosis (Canipari et al., 
1984). Apparently, the capability of oocytes 
to mature is acquired gradually; the ability to 
resume meiosis and to undergo germinal ves
icle breakdown (GVB) is attained earlier than 
the ability to reach metaphase II. 

(d) Cytoplasmic factors and meiotic 
competence 

It was demonstrated that fusion of incompe
tent mouse oocytes with oocytes that have 
resumed meiosis results in meiotic changes 

in the incompetent nucleus (Balakier, 1978; 
Tarowski and Balakier, 1980). This cyto
plasmic activity is ascribed to a maturation 
promoting factor (MPF), involved in Gz to M 
transition in both mitotic and meiotic cells 
(Masui and Clarke, 1979; Gerhart et al., 1984). 
Currently, a more appropriate name for the 
MPF abbreviation is used: M-phase promot
ing factor (Gerhart et al., 1984; H.H. Hashi
moto and Kishimoto, 1988). MPF activity in 
cytoplasm of mature mouse oocytes was con
firmed by injection of cytoplasm into Asterina 
pectinifera (Kishimito et al., 1984) or Xenopus 
Iaevis (Sorensen et al., 1985) oocytes. In both 
cases mouse cytoplasm induced resumption 
of meiosis in the absence of the hormonal 
stimulator of meiosis, progesterone in 
Xenopus and 1-methyladenine in Asterina. 

Recently, evidence for the presence of an 
ooplasmic meiosis-inhibiting activity (MIA) 
has been obtained. Thus, fusion of growing 
incompetent oocytes with competent ones 
prevented the resumption of meiosis by the 
competent nucleus. Fusion of incompetent 
mouse or porcine oocytes prevented matu
ration of oocytes of the same species, and 
growing porcine oocytes prevented the matu
ration of mouse competent oocytes (Fulka, 
1985; Fulka et al., 1985). When the competent 
porcine oocytes were preincubated for 
12-14 h, meiosis was resumed by nuclei after 
fusion (Fulka et al., 1985). The precise mol
ecular mechanisms involved in acquisition of 
meiotic competence remain to be elucidated. 
The recent purification of MPF (Gautier et al., 
1988; Lohka et al., 1988), the demonstration of 
its protein kinase activity and the role of 
phosphorylation/dephosphorylation cascade 
in the regulation of mitotic cell cycle and of 
meiosis (Gautier et al., 1989; Murray and 
Kirschner, 1989; Murray et al., 1989) offer 
plausible mechanisms which may be in
volved in the acquisition of meiotic com
petence in mammalian oocytes. Indeed, 
microinjection of an inhibitor of cAMP
dependent protein kinase (PKI) failed to in
duce GVB in incompetent oocytes, but did so 



readily in fully grown ones (Bornslaeger et 
al., 1988). 

(e) Does the development of meiotic 
competence depend on hormonal stimuli? 

The development of follicular antrum 
appears to be dependent upon gonadotro
phic stimulation (Richards, 1980). The corre
lation between antrum formation and 
acquisition of meiotic competence in rodents 
may suggest that the latter is also dependent 
upon gonadotrophins. Hypophysectomy of 
immature rats, prior to the acquisition of mei
otic competence, was performed in order to 
test this hypothesis (Bar-Ami and Tsafriri, 
1981). Hypophysectomy of rats on day 
20 of age affected only slightly the ability 
of oocytes to resume maturation when 
explanted on day 26 (the percentage of 
oocytes undergoing GVB was reduced by 
hypophysectomy by 9.9 ± 5.8%). On the 
other hand, hypophysectomy on day 15 of 
life reduced the percentage of competent 
oocytes on day 26 by 58.1 ± 4.9% and their 
absolute number (3.9 ± 0.7 per rat in hypo
physectomized rats as compared with 46.3 ± 
3.9 competent oocytes per rat in intact rats of 
the same age) (Figure 1.6; Bar-Ami and 
Tsafriri, 1981). 

Administration of PMSG (3 i. u.) on days 
25, 27 and 29 of age resulted in a gradual 
increase in the percentage of competent 
oocytes during the 6-day treatment, from 
41.9 ± 1.5 on day 27 to 94.5 ±1.5 on day 31. 
PMSG also increased the number of com
petent oocytes (46.8 ± 0.5 oocytes per rat as 
compared with 3.9 ± 0.7 per rat in hypophy
sectomized rats which were not treated with 
PMSG). The action of PMSG on meiotic com
petence appears to be due to its FSH-like 
activity: only FSH (NIAMD-rat-FSH) but not 
LH (NIAMD, purified-ovine-LH, Batch 21), 
was able to elicit this response when injected 
on days 25-28 to rats hypophysectomized on 
day 15 (Bar-Ami et al., 1983). 

The action of FSH (or PMSG) to increase 
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the number and the percentage of competent 
oocytes is, at least partly, mediated by 
ovarian oestrogen production. Inhibitors of 
steroidogenesis such as aminoglutethimide 
(of cholesterol 20a-hydroxylase; Kahnt and 
Neher, 1966) and of aromatase (Thompson 
and Siiteri, 1974), 1713-formamidoandrost-
4-en-3-one (of 17 - 20 lyase; Arth et al., 1971) 
or of aromatase such as 1,4,6-androstatri
ene-3,17-dione (Schwarzel et al., 1973) or 
4-hydroxy-androstene-3,17-dione (Brodie et 
al., 1977) prevented the effect of FSH on the 
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Figure 1.6 The acquisition of meiotic competence 
with age in intact and rats hypophysectomized 
(Hypox) on day 15 post partum (p.p.). Compe
tence was tested by culture of isolated ova for 6 h. 
Mean and SEM are indicated. (Data from Bar-Ami 
and Tsafriri, 1981.) 
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acquisition of meiotic competence. But when 
oestradiol was administered together with 
these inhibitors of steroidogenesis, the effect 
of FSH on the development of meiotic com
petence was not disturbed (Bar-Ami et al., 
1983). The hormonal treatments (PMSG or 
oestradiol) induced meiotic competence pro
vided that the treatment started after day 20 
of age. Hormonal treatments at an earlier age 
were not effective in inducing meiotic com
petence (Bar-Ami and Tsafriri, 1986). Hypo
physectomy of rats on day 30 (Erickson and 
Ryan, 1976b) or of mice on days 23-27 (Smith 
and Tenney, 1979) did not cause any consist
ent change in the percentage of oocytes 
undergoing GVB in culture, but it did reduce 
the number of oocytes arrested before reach
ing the second metaphase and giving off the 
polar body. Furthermore, the effect of hypo
physectomy on the completion of meiosis in 
mouse oocytes was partially overcome by 
administration of PMSG or oestrogen. It 
appears then that hypophyseal gonado
trophins are involved also in the develop
ment of the capacity to complete the first 
meiotic division. Collectively, these obser
vations support the notion that the develop
ment of meiotic competence is dependent 
upon hormonal stimulation. 

By contrast, other observations support 
another view, that development of meiotic 
competence is a programmed event indepen
dent of hormonal stimulation. Thus, even in 
hypophysectomized rats there is no absolute 
depletion of competent oocytes (Bar-Ami and 
Tsafriri, 1981, 1986). Furthermore, a small 
proportion of incompetent oocytes cultured 
in vitro within their cumulus cells (Eppig, 
1977), or on monolayers of follicle cells 
(Bachvarova et al., 1980) or even fibroblasts 
(Canipari et al., 1984), attained meiotic com
petence. Finally, grown oocytes (diameter ± 
40 /l-m) from immature hypogonadal (hpg) 
mice that are deficient in hypothalamic 
gonadotrophin-releasing hormone and have 
thread-like uteri and very small ovaries 
(Cattanach et al., 1977) resume meiosis to the 

same extent as their littermate controls 
(Schroeder and Eppig, 1989). It should be 
noted that in all cases of apparently auton
omous acquisition of meiotic competence 
only a small number of oocytes became com
petent. Treatment of hpg mice with gonado
trophin promotes the development of meiotic 
competence by virtually all the oocytes 
(Schroeder and Eppig, 1989). Therefore, the 
normal extent of meiotic competence appears 
to require gonadotrophic support. 

In conclusion, it seems that the develop
ment of meiotic competence includes both 
programmed events which cannot be trig
gered precociously by hormonal treatments 
(Bar-Ami and Tsafriri, 1986) and changes de
pending on endocrine stimulation. The latter 
are probably of a permissive nature and are 
required for the full extent of normal devel
opment of meiotic competence. As there is no 
conclusive evidence for gonadotrophin or 
oestrogen receptors in mammalian oocytes, 
the action of these hormones on meiotic com
petence is probably exerted indirectly 
through their action on the somatic compart
ment of the follicle. 

1.7 OVULATORY CHANGES 

The ovulatory response is a composite one, 
encompassing a multitude of biochemical 
changes, primarily in the mature follicle(s), 
but also in other ovarian compartments. In 
biological terms, at least three distinct com
ponents of ovulation can be discerned: the 
reinitiation of the meiotic process in the 
oocyte; a shift from follicular oestrogen to 
progesterone production with early luteiniza
tion; and finally, the rupture of follicular wall 
with delivery of a fertilizable oocyte. As 
ovarian steroidogenesis is the subject within 
a forthcoming volume in this series we shall 
follow here the life history of the mammalian 
ovum and discuss the resumption of meiosis 
and the release of the mature ovum with the 
rupture of the follicle. 



1.7.1 RESUMPTION OF OVUM MATURATION 

As already described (section 1.4), the mei
otic process is arrested in mammals at the 
diplotene stage. Meiosis is reinitiated in 
healthy follicles only a few hours prior to 
follicular rupture at ovulation. Reinitiation 
of meiosis includes (McGaughey, 1983): (i) 
chromatin condensation in the germinal 
vesicle; (ii) disintegration of the nuclear 
membrane, germinal vesicle breakdown 
(GVB); (iii) formation of the first meiotic 
spindle; (iv) completion of the first meiotic 
division and abstriction of the first polar 
body; and (v) formation of the second meiotic 
spindle (Figures 1.1 and 1.7). 

In most mammals, at follicular rupture, a 
secondary oocyte arrested at the metaphase 
of the second meiotic division is released. We 
shall refer to all these changes as oocyte 
maturation. Since GVB is the first prominent 
change readily observed in living oocytes of 
many species by interference or phase
contrast microscopy, this is taken as the cri
terion for resumption of the meiotic process 
(Figure 1.7). Therefore, the use of the terms 
resumption of oocyte maturation or of mei
osis is preferable when only GVB was ob
served. While the presence of intact germinal 
vesicle is a valid criterion for confirming that 
the meiotic process is still arrested, only the 
abstriction of the first polar body and the 
presence of second meiotic spindle confirm 
the completion of oocyte maturation. Never
theless, these nuclear changes do not necess
arily assure physiological maturation of the 
ovum and its ability for normal fertilization 
and embryonic development (Moor et al., 
1980b; Osborn et al., 1986). Nuclear matu
ration is accompanied by changes in the 
structure and organization of the cytoplasm 
(Zamboni, 1970; Van Blerkom and Motta, 
1979; Van Blerkom and Runner, 1984) and 
the plasma membrane Gohnson et al., 1975; 
Nicosia et al., 1977; Maro et al., 1986). 
Changes at the molecular level will be 
addressed in later sections. 
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Using nocodazole, a potent inhibitor of 
microtubule polymerization and transfer of 
bivalent chromosomes, Van Blerkom and Bell 
(1986) demonstrated the role of chromosomes 
for cytoplasmic and plasma membrane differ
entiation in maturing mouse oocytes. 
Furthermore, the capacity of the cytoplasm 
and plasma membrane to differentiate in re
sponse to the presence of a chromosome is 
acquired before GVB. 

(a) Gonadotrophins and resumption of 
oocyte maturation in vivo 

Oocyte maturation, like other ovulatory 
processes, is triggered by pituitary gonado
trophins. Thus, administration of hCG in
duces meiosis in the mouse (Edwards and 
Gates, 1959) and the pig (Hunter and Polge, 
1966). Blocking the preovulatory surge of 
gonadotrophins in the rat by Nembutal or 
similar drugs also prevents the resumption 
of meiosis (Ayalon et al., 1972). Like
wise, hypophysectomy (Vermeiden and 
Zeilmaker, 1974) or administration of an anti
serum to the f3-subunit of LH (Tsafriri et al., 
1976d) blocks oocyte maturation. Conversely, 
administration of exogenous LH to such 
Nembutal-treated rats results in GVB within 
2.5-3.5 h (Vermeiden and Zeilmaker, 1974; 
Magnusson et al., 1977). 

Both LH and FSH preparations are capable 
of inducing ovulation (Harrington et al., 1970; 
Nuti et al., 1974; Schwartz et al., 1975). 
Furthermore, the preovulatory surge of 
gonadotrophins includes FSH as well as LH. 
Therefore, it was of interest to test whether 
the FSH released during the surge can trigger 
ovulation by itself. Indeed, immunopurified 
(Tsafriri et al., 1976a) or human recombinant 
FSH (Galway et al., 1990) induced the ovula
tory response. Nevertheless, administration 
of an antiserum to f3-LH to rats on the after
noon of pro-oestrus prevented ovum matu
ration and ovulation (Tsafriri et al., 1976a). 
Hence, it was concluded that in the rat the 
amount of FSH secreted is not sufficient to 
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Figure 1.7 Oocyte maturation in the rat. (a) Explanted preovulatory follicles (b--e) Oocytes viewed with 
Nomarski interference optics; isolated oocyte with its intact cumulus mass (b). GV, germinal vesicle; Nu, 
nucleolus. (c) Denuded oocyte. (d) GVBD; M I (inset), bivalents in metaphase I. (e) Secondary oocyte. PB, 
polar body; M II (inset), chromosomes (dyads) seen at metaphase II. Chromosomes were prepared according 
to the method of Tarkowski (1966) and photographed under phase contrast. (From Tsafriri, 1985.) 



induce ovulation and LH is the physiological 
trigger of ovulatory changes. The action of 
FSH on ovulation in these experiments must 
be regarded as merely a pharmacological 
effect. 

In naturally ovulating mice, rats and pigs, 
oocyte maturation and follicular rupture at 
ovulation are separated only rarely, and only 
few immature oocytes can be detected in the 
fallopian tube. Hormonal stimulation of ovu
lation increases the number of immature ova 
released (Donahue, 1972). Precocious treat
ment of pigs by hCG resulted in ovulation of 
only immature ova (Hunter et al., 1976). 

(b) Oocyte maturation in vitro 

Maturation of oocytes in vivo does not allow 
detailed examination of the mechanisms in
volved in the control of meiosis. Therefore, 
several in vitro model systems have been 
employed. These allow experimentation 
directed at identifying both the mechanisms 
involved in the maintenance of meiotic arrest 
in competent oocytes and those involved in 
the resumption of meiosis as a result of gona
dotrophic stimulation. The simplest in vitro 
system employed for studying oocyte matu
ration was first established by Pincus and 
Enzmann (1935), showing that rabbit 
oocytes liberated from their follicles undergo 
maturation in vitro spontaneously without re
quiring hormonal stimulation. This phenom
enon has been confirmed in all mammalian 
species examined (reviewed by Donahue, 
1972). Isolated oocytes, denuded from their 
enclosing cumulus oophorus cells or within 
their cumulus complex, are widely employed 
for studying some physiological aspects of 
oocyte maturation (Figure 1.7b and c). This 
model, however, does not represent the 
physiological events, since oocyte maturation 
in vivo is dependent upon the release of 
hypophyseal gonadotrophin. It is possible 
that the removal of the oocyte from its follicu
lar environment triggers the resumption of 
meiosis by a specific or unspecific signal. 
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Explantation of preovulatory follicles 
(Figure 1.7a) provides an in vitro model in 
which the normal association between vari
ous follicular cell types and compartments is 
maintained. In this model resumption of 
meiosis is dependent on hormonal stimu
lation (Tsafriri et al., 1972a; Neal and Baker, 
1973; Thibault and Gerard, 1973; Moor and 
Trounson, 1977; Thibault, 1977; Meinecke 
and Meinecke-Tillman, 1981). This model 
permitted the analysis of several mechanisms 
underlying the hormonal induction of mei
osis: the clarification of the role of gonadotro
phins, steroids, prostaglandins, cyclic AMP, 
macromolecular synthesis and follicular 
energy metabolism (Tsafriri, 1978). However, 
being a multicompartmental model it does 
not allow the localization of the primary site 
of gonadotrophin action in the induction of 
meiosis or the elucidation of the cascade of 
events involved in this response. 

The contrasting behaviour of the isolated 
oocyte and of follicle-enclosed oocyte led to 
the hypothesis that the maturation of mam
malian oocyte is normally prevented by an 
inhibitory action exerted by the follicular cells 
and that LH induces the resumption of mei
osis by removing this restraint rather than by 
providing a positive stimulus. In order to test 
this hypothesis a third model was developed: 
co-culture of isolated oocytes with various 
follicular components (Foote and Thibault, 
1969; Tsafriri and Channing, 1975b; Leibfried 
and First, 1980a). This approach, however, 
may be difficult to interpret as the oocyte as 
well as follicle cells are removed from their 
natural environment, which may result in 
changes relevant to meiosis in both compart
ments. Furthermore, the normal association 
between the oocyte and the follicle cells, as 
well as between follicle cells themselves, is 
disrupted and the system is still too complex 
to allow localization of specific cellular re
sponses. Nevertheless, the isolated oocytes 
in culture, whether alone or with other fol
licular constituents, provide an indispensable 
approach for examination of mechanisms in-
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volved in the maintenance of meiotic arrest. 
Recently, hormonal stimulation of granulosa 
cell-oocyte co-cultures has been proven as a 
convenient method for obtaining mature and 
developmentally competent ovine (Crosby et 
al., 1981; Staigmi1ler and Moor, 1984), bovine 
(Hensleigh and Hunter, 1985; Critser et al., 
1986; Gordon and Lu, 1990) and porcine 
(Mattioli et al., 1988a,b) ova (reviewed by 
Racowsky, 1991). 

(c) Maturation of follicle-enclosed oocytes 

Extensive studies on the maturation of 
follicle-enclosed oocytes were carried out in 
the rat. Similar results were obtained 
whether the preovulatory follicles were 
explanted from pro-oestrous mature cyclic 
rats (Tsafriri et al., 1972a) or from immature 
PMSG-treated rats (Hillensjo, 1976). It was 
shown that oocytes explanted within their 
follicle on the day of pro-oestrus before 
14:00 h, that is before the preovulatory surge 
of LH, remain in the dictyate stage through
out the 24 h culture period. By contrast, 
when the follicles were explanted after the 
endogenous surge of gonadotrophins, the 
oocytes matured in hormone-free medium. 

Preovulatory follicles that are explanted 
prior to the surge of gonadotrophins can be 
used to test the meiosis-inducing action of 
hormones and other drugs. Meiosis is trig
gered in such rat follicles by LH, hCG, FSH or 
prostaglandin E2 (PGE2) (Tsafriri et al., 1972a; 
Hillensjo, 1976). All these hormones induce a 
rise in follicular cyclic AMP (Lindner et al., 
1974), and their meiosis-inducing action is 
most probably mediated by this response. 
The recent demonstration that forskolin, a 
potent activator of adenylate cyclase, can by 
itself induce maturation of follicle-enclosed 
rat oocytes supports this notion (Dekel and 
Sherizly, 1983). The possible role of other 
follicular responses to LH in the mediation of 
its meiosis-inducing action was explored. 
Thus, inhibition of follicular steroidogenesis 
did not prevent the meiosis-inducing action 

of LH (Lieberman et al., 1975). The role of 
steroids in the regulation of oocyte matu
ration will be discussed in detail. Inhibition of 
the stimulatory effect of LH on follicular lac
tate production did not prevent its action on 
resumption of meiosis (Tsafriri et al., 1976b). 
By contrast, inhibition of protein synthesis by 
cycloheximide or puromycin abolished both 
resumption of meiosis and the enhancement 
of steroidogenesis (Lieberman et al., 1976). 

Resumption of meiosis was induced by 
gonadotrophins in follicle-enclosed oocytes 
of sheep (Hay and Moor, 1973; W.A. Miller 
and Jagiello, 1973; Moor and Trounson, 
1977), cow (Thibault et al., 1975a,b), pig 
(Gerard et al., 1979; Meinecke and Meinecke
Tillman, 1981), monkey (Thibault et al., 1976), 
rabbit (Thibault and Gerard, 1973) and ham
ster (Gwatkin and Andersen, 1976). Further
more, in the rabbit (Thibault et al., 1975a,b) 
and in the sheep (Moor and Trounson, 1977), 
the birth of normal young oocytes which had 
matured in follicles cultured in the presence 
of gonadotrophins was achieved. 

Meiosis was also induced in follicle
enclosed rat oocytes by factors which do not 
enhance follicular cyclic AMP production. 
Thus, the hypothalamic gonadotrophin
releasing hormone (GnRH) or its agonistic 
analogue induced resumption of meiosis 
both in vivo (Ekholm et al., 1981) and in vitro 
(Hillensjo and LeMaire, 1980). Whereas a 
GnRH antagonist abolished the meiosis
inducing action of GnRH or its analogue, it 
did not block this effect of LH (Ekholm et al., 
1982; Dekel et al., 1983). It appears, therefore, 
that GnRH or a similar ovarian factor does 
not mediate the effect of LH on meiosis. 
GnRH induces follicular prostaglandin syn
thesis (M.R. Clark et al., 1980), and PGF2awas 
shown to induce resumption of meiosis 
(Tsafriri et al., 1972a). However, indometha
cin, a potent prostaglandin synthetase inhibi
tor, blocked the effect of GnRH analogue on 
ovulation but not on oocyte maturation 
(Ekholm et al., 1982), suggesting that induc
tion of meiosis by GnRH is not mediated by 



follicular prostaglandin synthesis. The effect 
of GnRH is probably exerted via the acti
vation of protein kinase C (Dekel et al., 1989). 

Other drugs induce resumption of meiosis 
in follicle enclosed oocytes: clomiphene 
citrate (0.01-0.5 nM) (Laufer et al., 1982); 
tetrahydrocannabinol (100-200 I-L), the major 
psychoactive ingredient of marihuana and 
cannabidiol (100-200 I-L), one of its non
psychoactive constituents (Reich et al., 1982). 
Likewise, epidermal growth factor (Dekel 
and Sherizly, 1985) and transforming growth 
factor alpha (Tsafriri et al., 1989a) induce 
maturation of follicle-enclosed rat oocytes. 
The demonstration that activators of protein 
kinase C, such as phorbol ester, synthetic 
diacylglycerol and phospholipase C, also in
duce meiosis in follicle-enclosed oocytes 
(Aberdam and Dekel, 1985; Dekel et al., 1989) 
suggests that a cyclic AMP-independent 
mechanism may also be involved in oocyte 
maturation. Nevertheless, the precise role of 
mechanisms involving protein kinase C in 
regulation of oocyte maturation remains to be 
elucidated (see Protein phosphorylation). 

(d) Follicular control of oocyte maturation 

Inhibitory effect of granulosa cells and follicular 
fluid 

The spontaneous maturation of isolated 
oocytes in culture led Pincus and Enzmann 
(1935) to suggest that follicle cells in mam
mals 'supply to the ovum a substance or 
substances which directly inhibit nuclear 
maturation'. This suggestion was supported 
by the inhibition of the resumption of meiosis 
of porcine oocytes co-cultured with seg
ments of follicle wall, but not with its theca 
layer (Foote and Thibault, 1969; Tsafriri and 
Channing, 1975b) or ovarian bursa (Leibfried 
and First, 1980a). Likewise, meiosis was in
hibited in porcine oocytes transferred to host 
follicles· (Meinecke and Meinecke-Tillmann, 
1981; Fleming et al., 1985) or planted onto 
extroverted follicles (Mattioli et al., 1986) 
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and cultured in hormone-free medium, and 
maturation of rat oocytes injected into por
cine follicles was markedly delayed (Fleming 
et al., 1985). Further, co-culture of porcine 
oocytes with porcine granulosa cells inhibited 
the spontaneous resumption of meiosis 
(Tsafriri and Channing, 1975b; Sato and 
Ishibashi, 1977). The inhibitory effect of 
granulosa cells depended upon their concen
tration in culture. Granulosa cells collected 
from small follicles inhibited meiosis more 
effectively than cells from medium or large 
follicles (Tsafriri and Channing, 1975b; 
Centola et al., 1981). Similarly, when rat 
oocytes were added to rat granulosa cells pre
viously cultured for 24 or 48 h, resumption of 
meiosis was suppressed and the degree of 
inhibition depended upon the number of 
granulosa cells in the culture. This inhibitory 
effect of rat granulosa cells was reversed by 
the addition of LH to the co-cultures (Tsafriri 
et al., 1977; Tsafriri, 1979). Nuclear matu
ration of rabbit oocytes was significantly 
delayed when cultured with granulosa cells 
(Motlik and Fulka, 1981). Likewise, the spon
taneous maturation of bovine oocyte was 
suppressed by co-culture with granulosa cells 
(Sirad and Bilodeau, 1990a,b). 

Extracts of granulosa cells, as well as 
granulosa cell-conditioned medium, i.e. a 
medium in which granulosa cells were cul
tured previously, inhibited the resumption 
of meiosis (Tsafriri et al., 1976c; Sato and 
Ishibashi, 1977; Centola et al., 1981). Collec
tively, these results suggest that within the 
follicle meiosis is arrested by an oocyte matu
ration inhibitor (OMI) produced by granulosa 
cells. It was found that addition of FSH or 
prolactin to suspension cultures of porcine 
granulosa cells increases OMI activity in the 
medium, whereas testosterone or dihydro
testosterone reduces it (Channing et al., 
1982). 

Follicular fluid (FF) from ovaries of rabbit, 
ovine, bovine, porcine, hamster and human 
origin exerted an inhibitory effect upon the 
spontaneous maturation of isolated oocytes 
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(Chang, 1955; Tsafriri and Channing, 1975b; 
Gwatkin and Andersen, 1976; Jagiello et al., 
1977; Tsafriri et al., 1977; Hillensj6 et al., 
1978a). This inhibitory effect is not species 
specific; thus human FF inhibited the matu
ration of porcine (Hillensj6 et al., 1978a) and 
rat oocytes (Chari et al., 1983), bovine FF 
inhibited hamster oocytes (Gwatkin and 
Andersen, 1976) and porcine FF inhibited the 
maturation of rat oocytes (Tsafriri et al., 1977). 
The OMI activity in porcine FF appears to 
decline in the course of follicular growth. 
This was demonstrated by assaying FF 
freshly collected from small, medium and 
large follicles (Stone et al., 1978) or fluid col
lected from pigs on specified days of their 
reproductive cycle (van de Wiel et al., 1983). 
Similarly, in FF collected from women partici
pating in an in vitro fertilization-embryo 
transfer programme, the OMI activity was 
significantly lower in follicles yielding mature 
and fertilizable oocytes as compared with fol
licles yielding immature or atretic oocytes 
(Channing et al., 1983; Hillensj6 et al., 1985). 

OMI purification and characterization 

The work on purification and chemical 
characterization of follicular OMI activity is 
hampered by difficulties, particularly in two 
areas; the assay systems used to monitor 
purification and insufficient resolution of the 
purification procedures. The in vitro assays 
employed for OMI activity are slow and cum
bersome and their relevance to physiological 
regulation of oocyte maturation is sometimes 
questionable. Moreover, the lack of standard 
preparations and assay procedures makes it 
very difficult to compare results of different 
research teams. The most commonly em
ployed sources of OMI, follicular fluid and 
ovarian extracts, are extremely complex 
and vary as a result of subtle physiological 
and endocrine conditions and, therefore, 
impose high demands of the purification pro
cedure. Finally, the active factor isolated from 
follicular fluid or other biological sources may 

not be the potent native hormone but a che
mically modified product retaining some of 
the original activity or mimicking the action 
of an unrelated hormone. 

Pig oocytes from either medium or large 
follicles were frequently employed for bio
assay of OMI (Tsafriri and Channing, 1975b; 
Hillensj6 et al., 1978a; Stone et al., 1978). This 
assay requires a steady source of a large num
ber of porcine ovaries, a long incubation 
period (42-44 h) and fixation and staining of 
the ova after the incubation. Rat (Tsafriri et 
al., 1977) and mouse (Downs and Eppig, 
1984, 1985) oocytes were also used for assay
ing OMI. Murine oocytes are widely available 
and the culture period is much shorter (up to 
4--6 h). Nevertheless, OMI assays involving 
mammalian ova are cumbersome and 
tedious, require experienced personnel and 
can be applied only to a limited number of 
samples. Inhibitory effects of human follicu
lar fluid on maturation of amphibian oocytes 
was demonstrated (Schuetz and Rock, 1982; 
Cameron et al., 1983). It is postulated that the 
inhibition resulted from the presence of OMI 
in this fluid and hence it may be employed 
for purification of OMI. 

At the present, two biochemically different 
entities are proposed as putative follicular 
OMI, a yet unidentified peptide and hypox
anthine or other purine bases or metabolites. 
These studies will be reviewed in the follow
ing sections. 

OMI as a peptide 

OMI passed through an Amicon PM-lO filter 
which has a molecular weight cut-off 10 000. 
Chromatography of the concentrated filtrate 
on Sephadex G-25 (Tsafriri et al., 1976d; Stone 
et al., 1978) revealed that OMI had a molecu
lar weight < 2000 and that two peaks of 
activity were present. FF lost OMI activity 
when it was treated with trypsin but retained 
its activity on freezing and thawing, treat
ment with charcoal and when it was heated 
to 60°C for 20 min (Tsafriri et al., 1976d). 



Unpublished experiments (S.H. Pomerantz, 
personal communication) showed that bac
terial protease from Streptomyces griseus 
(Sigma) destroyed all of the aMI activity of a 
partially purified Biogel P2 fraction. 
Treatment of the same fraction with trypsin 
left no significant activity. These results are 
all consistent with aMI being a peptide of 
low molecular weight. aMI from bovine FF 
and granulosa cells appears to have similar 
properties (Gwatkin and Andersen, 1976; 
Sato et al., 1978; Sato and Koide, 1984). 

After lyophilization to dryness of the 
PM-10 filtrate, aMI could be extracted with 
acetic acid dissolved in methanol (Channing 
et al., 1982). This step was then followed by 
gel filtration chromatography on Sephadex 
G-25 or Biogel P2 (S.A. Pomerantz and P.A. 
Bilello, unpublished experiments). After gel 
filtration, ion-exchange chromatography on 
OM-Sephadex and DEAE-Sephadex was ap
plied (Pomerantz et al., 1979; Channing et al., 
1982). These steps showed aMI to be an 
acidic compound since it was bound to DEAE 
- but not OM-Sephadex. However, these 
procedures resulted in a modest purification 
and a poor yield, and a lengthy period of time 
was required. 

The current procedure exploits the acidic 
nature of aMI. First, pig FF is filtered 
through an Amicon PM-10 filter, and the 
filtrate passed through a yeas filter. The 
retentate is diluted to 50 mosmollkg and 
passed onto a column of QAE-Sephadex. 
This strongly basic ion-exchange resin binds 
aMI; the latter is eluted from the column 
with a steep gradient of ammonium bicarbon
ate. Two peaks of aMI activity are detected 
by assays with pig oocytes. The active peaks 
combined are then treated by chromatogra
phy on reversed-phase and gel filtration high 
performance liquid chromatography (HPLC). 
Two active fractions were obtained. The fold 
purification from FF reaches about 20 000 
with a combined recovery of about 34% 
(Pomerantz et al., 1989). 

The inhibition of spontaneous maturation 
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of rat, but not mouse, oocytes by Mullerian 
inhibiting substance (MIS) was reported by 
Takahashi et al. (1986). However, by using a 
more purified preparation (Picard and Josso, 
1984; Picard et al., 1986) we could not detect 
aMI-like activity on rat oocytes (Tsafriri et al., 
1988). It appears, therefore, that the observed 
aMI activity should be ascribed to a contami
nant of the MIS preparation. The inhibition of 
maturation by human recombinant MIS was 
dependent upon the presence of a detergent, 
Nonidet P-40 (Ueno et al., 1988), which by 
itself may suppress maturation (Tsafriri et al., 
1991b). It remains to be determined whether 
MIS has aMI activity independent of the 
detergent and, if so, whether it is involved in 
the regulation of meiosis in vivo. 

Two additional ovarian hormones were re
cently implicated in the regulation of oocyte 
maturation: inhibin (0 et al., 1989) and the 35-
kDa, but not 32-kDa follistatin (see Esch et al., 
1987, for follistatin sequence; Buscaglia et al., 
1989). Furthermore, an antiserum towards 
the 27 amino acid carboxy terminus of the 35-
kDa follistatin neutralized the aMI activity of 
porcine FF (Buscaglia et al., 1989) or of par
tially purified aMI standard preparations 
(our unpublished observations). Thus, it is 
possible that the aMI peptide is a fragment 
of the carboxy terminus of 35-kDa follistatin. 
The very acidic nature of partially purified 
OMI (Pomerantz et al., 1989) from porcine FF 
and of the carboxy terminus of 35-kDa follis
tatin support this possibility. Further studies 
are required in order to confirm these inter
esting observations and to identify aMI as 
any of the known ovarian hormones or their 
fragments. 

Inhibition of oocyte maturation by purine bases 
and their metabolites 

By the use of mouse oocytes as an assay 
system, an inhibitory effect of porcine FF was 
demonstrated and this inhibition was poten
tiated by cyclic AMP (Downs and Eppig, 
1984, 1985). Downs et al. (1985) reached the 
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conclusion that hypoxanthine is the predomi
nant low molecular weight component of 
porcine FF that inhibits mouse oocyte matu
ration. This conclusion is based on the 
findings that the potent inhibitory fraction (i) 
had an absorption maximum (250 nm) ident
ical to that of hypoxanthine; (ii) had a reten
tion time on HPLC of pure hypoxanthine; 
(iii) exerted inhibition of oocyte maturation 
identical to that exhibited by a commercial 
preparation of hypoxanthine; and (iv) hypox
anthine concentration of about 1.41 mM 
could account for the majority of the inhibi
tory activity of porcine FF1 on mouse 
oocytes. The concentrations of hypoxanthine 
(2-4 nM) and of adenosine (0.35-0.70 mM) in 
mouse FF could account for inhibition of 
oocyte maturation, since even lower concen
trations of these purines when combined 
together inhibited the spontaneous matu
ration of mouse oocytes during a 24 h incu
bation period in vitro (Eppig et al., 1985). 
Nevertheless, the same authors were unable 
to detect a reduction in FF hypoxanthine 
and adenosine concentration 2 h after hCG 
administration, i.e. just before GVB. It is 
possible that the concentration of these pur
ines in FF does not necessarily reflect their 
levels within the oocyte, which are probably 
more relevant for maintenance of meiotic 
arrest. Hypoxanthine and adenosine were 
not detected in bovine FF, in spite of the 
presence of a low molecular weight com
ponent which was inhibitory for ovum matu
ration a.J. Eppig, personal communication). 
Guanosine and hypoxanthine inhibited, 
dose-dependently, the spontaneous matu
ration of rat oocytes, with guanosine the 
more effective, 50 J.1M inhibiting resumption 
of meiosis to the same extent as 2 mM hypox
anthine, and FSH potentiated the inhibitory 
action of both purines (Billig et al., 1985). By 
contrast, in another study, 30 J.1M adenosine, 
but not adenine, inosine, hypoxanthine or 
guanosine, synergized with FSH in inhibiting 
maturation of rat oocytes a.G.O. Miller and 
Behrman, 1986). Purine bases were demon-

strated to modulate oocyte levels of cAMP, 
most probably by inhibiting cAMP phos
phodiesterase activity (Downs et al., 1989). 
Furthermore, microinjection of oocytes with 
an inhibitor of cAMP-dependent protein 
kinase (PKO) induced the resumption of mei
osis in oocytes cultured in medium contain
ing hypoxanthine or guanosine (Eppig, 
1989). It seems, therefore, that purines affect 
resumption of meiosis by raising oocyte 
cAMP to levels inhibitory for meiosis (see 
review by Tornell et al., 1991). Such action of 
purine bases does not exclude the possibility 
of other follicular factors suppressing in par
allel the resumption of meiosis. Indeed, 
Downs et al. (1985) observed an additional 
inhibitory fraction in FF which was not 
removed by charcoal extraction. The resist
ance of OMI activity to proteolysis cannot be 
taken as conclusive evidence that OMI is not 
a peptide. A small peptide may be a very 
poor substrate for proteases and/or the 
appropriate sensitive peptide bonds may not 
be present. Hence, the final identification of 
OMI as a purine base or a peptide must await 
confirmation in several mammalian test sys
tems. Of course, the coexistence of follicular 
mechanisms suppressing meiosis by a pep
tide and by purine base(s) is a possibility 
which cannot be dismissed at the present. 
We shall further discuss this issue in the next 
section. 

OMI as a physiological regulator of ovum 
maturation 

In order to serve as a physiological regulator 
of meiosis, a substance has to fulfil the fol
lowing criteria: (i) it should be present in a 
compartment relevant to regulation of mei
osis at the proper timing; (ii) its action should 
be reversible with no adverse effects on 
further stages of ovum maturation, fertiliz
ation and embryonic development; (iii) the 
physiological trigger of resumption of mei
osis, gonadotrophin, should be able to either 
supersede its inhibitory action or cause its 



degradation or removal from the relevant 
compartment. The inhibitory action of por
cine FF and of its partially purified fractions 
could be reversed by either transferring the 
oocytes after an initial 24-h incubation with 
the inhibitor to a medium without OMI 
(Stone et al., 1978; Hillensj6 et al., 1979a,b) or 
by the addition of an antibody prepared 
against the low molecular weight fraction of 
porcine FF (Tsafriri, 1979). Likewise, the inhi
bition of maturation of mouse oocytes by 
hypoxanthine and adenosine was completely 
reversible by withdrawal of the purines 
(Eppig et al., 1985). Oocytes arrested in vitro 
and matured after withdrawal of the drug 
could be fertilized and developed to the 
expanded blastocyst stage. Addition of FSH 
further increased development to two-cell 
and blastocyst stages and 11 % of transferred 
morulae produced live young as compared 
with 14% in control oocytes which were not 
arrested by purines (Downs et al., 1986a). 
Thus, the inhibition of meiosis, by both the 
apparently peptide OMI from porcine FF and 
of hypoxanthine and adenosine appears, not 
to be due to a toxin and irreversible action. 

In vivo or in follicle-enclosed oocytes in 
vitro, resumption of meiosis is induced by 
LH. Hence the ability of LH (or other gonado
trophins) to overcome the inhibition of mei
osis by FF or by co-culture with granulosa 
cells lends support for the physiological role 
of OMI in the regulation of meiosis. It was 
found that the addition of LH to cultures of 
porcine oocytes with porcine FF or its puri
fied fractions overcame their inhibition of 
meiosis (Tsafriri and Channing, 1975b). Also, 
the inhibitory action of bovine or hamster FF 
(Gwatkin and Andersen, 1976), of porcine FF 
and of rat granulosa cell conditioned medium 
as well as co-culture with rat granulosa cells 
(Tsafriri et al., 1977; Tsafriri, 1979) were all 
alleviated by the addition of LH, closely re
sembling the regulation in vivo of oocyte 
maturation. Likewise, recent studies demon
strated the ability of FSH to induce resump
tion of meiosis in the continued presence of 
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hypoxanthine (Eppig and Downs, 1986). 
Furthermore, perturbants of purine metab
olism induced resumption of meiosis in vitro 
in meiotically arrested oocytes in the pres
ence of hypoxanthine (Downs et al., 1986b) or 
in vivo in PMSG-primed immature mice 
(Downs and Eppig, 1986). Thus, mycopheni
lic acid and bredinin, drugs inhibiting the 
enzyme inositol monophosphate (IMP) de
hydrogenase and hence the conversion of 
hypoxanthine product IMP to guanyl and/or 
xanthyl compounds, induced resumption in 
vivo and in vitro. Also, azastene, an inhibitor 
of de novo purine synthesis, induced meiosis 
in a dose-dependent manner. These data 
support the essential role of guanyl and/or 
xanthyl derivatives in the maintenance of 
meiotic arrest within the follicle. 

Follicular OMI activity has been demon
strated by several laboratories and by a var
iety of approaches. Some investigators, 
however, were unable to confirm the pres
ence of OMI activity in various follicular 
preparations. These varying findings may be 
related, at least in part, to the low OMI 
activity of follicular fluid and of granulosa cell 
cultures; the finding that fluid and granulosa 
cells from large follicles are devoid of inhibi
tory activity; the relative instability of OMI 
and to differences in the methods of oocyte 
collection and culture. Furthermore, some of 
the groups that initially have reported nega
tive results confirmed the inhibition of mei
osis in a later study. Thus, bovine FF was 
found to inhibit the maturation of bovine 
oocytes (Sirad and First, 1988) in contrast to 
an earlier report (Leibfried and First, 
1980a,b). Likewise, both FF and granulosa 
cells were found to inhibit the maturation of 
hamster oocytes, the granulosa cells persist
ently and FF only transitorily (Racowsky and 
Baldwin, 1989), contrary to earlier reports 
(see Racowsky and McGaughey, 1982a). 

Collectively, the studies reviewed above 
clearly support the role of local paracrine 
mechanisms in regulation of oocyte matu
ration. Both the yet unidentified peptide OMI 
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and purine bases fulfil several criteria of 
physiological regulators of meiosis. In the fol
lowing sections we shall review additional 
mechanisms involved in oocyte maturation. 
Such multiple mechanisms afford the notion 
that more than one type of molecule is in
volved in the maintenance of meiotic arrest. 

(e) Other factors involved in the regulation 
of meiosis 

Steroids 

Steroids as follicular inhibitors of meiosis 
Studies testing the effect of steroids on spon
taneous maturation of isolated oocytes led to 
conflicting results regarding their putative 
role in arrest of meiosis (reviewed by 
McGaughey, 1983; Eppig and Downs, 1984; 
Tsafriri, 1985; Schultz, 1991). For example, 
authors from one laboratory reported signifi
cant inhibitory action of testosterone (Rice 
and McGaughey, 1981), while in a later study 
no such inhibition was observed (Racowsky, 
1983). Also, the reported inhibition of meiosis 
by oestrogen (Richter and McGaughey, 1979) 
was shown to be exerted only in the absence 
of added proteins in the medium (Racowsky 
and McGaughey, 1982b). Since follicular fluid 
has a high protein content, it has been con
cluded that oestradiol does not play a direct 
physiological role in maintaining meiotic 
arrest (Racowsky and McGaughey, 1982b). 
The inconsistent effects of steroids on re
sumption of meiosis render their suggested 
role in maintaining meiotic arrest doubtful 
(see also Tsafriri, 1985). Nevertheless, a 
modulatory action of steroids on resumption 
of meiosis seems more acceptable. Several 
steroids, such as oestradiol-17J3, testosterone, 
dihydrotestosterone, or progesterone poten
tiate the inhibitory action of dibutyryl
cAMP, 8-bromo-cAMP or forskolin (Rice 
and McGaughey, 1981; Eppig et al., 1983; 
Racowsky, 1985a). An antioestrogen, tamoxi
fen, counteracts the synergistic inhibition of 
GVB elicited by forskolin and oestradiol 

(Racowsky, 1985b). The modulatory actions 
of steroids on meiosis are exerted probably 
directly on the oocyte (Eppig and Downs, 
1984) and may be related to their ability to 
inhibit oocyte cyclic nucleotide phosphodi
esterase activity (Kaji et al., 1987; see also 
Schultz, 1991). 

Do steroids mediate the meiosis-inducing 
action of LH? Following a gonadotrophic 
stimulus, a prompt rise in follicular steroido
genesis, especially progesterone, occurs (see 
reviews by Lindner et al., 1974; Channing and 
Tsafriri, 1977). The role of progesterone in 
mediation of the meiosis-inducing action of 
gonadotrophin is well established in fish and 
amphibia (Schuetz, 1985). Therefore, the rise 
in follicular steroidogenesis could admit the 
involvement of progesterone in triggering re
sumption of meiosis in mammals. 

Addition of steroids to the culture medium 
did not induce the maturation of bovine, 
porcine (Foote and Thibault, 1969) or 
rat (Tsafriri et al., 1972a) follicle-enclosed 
oocytes. Furthermore, suppression of follicu
lar steroidogenesis by specific inhibitors, 
which reduced progesterone to a level below 
that seen in LH-free control follicles in which 
germinal vesicle breakdown fails to occur, 
did not impair the ability of LH (or PGE2) to 
induce GVB in rat follicle-enclosed oocytes 
(Lieberman et al., 1976). Similar results 
were obtained by Moor (1978) in the 
sheep. Dissociation of the steroidogenic and 
meiosis-inducing action of LH was observed 
under two additional conditions: (i) during 
selective inhibition of RNA synthesis by 
actinomycin D (Tsafriri et al., 1973; Lieberman 
et al., 1975) and (ii) during inhibition of 
aerobic glycolysis by iodoacetate (Tsafriri et 
al., 1976b). In both instances, progesterone 
production was inhibited, whereas germinal 
vesicle breakdown went on undisturbed. 
Thus, the abolition or suppression of 
LH-induced changes in follicular steroido
genesis by several inhibitors fails to prevent 
the action of LH on GVB, while none of the 
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Table 1.3 Oocyte cAMP levels and their relationship to resumption of meiosis (data from Dekel, 1987) 

Treatment 

(a) Denuded oocytes 
Freshly isolated from the ovary 
Freshly isolated from the oviduct 
Incubated for 2 h 
Incubated for 2 h with IBMX (O.2M) 

(b) Cumulus--oocyte transfer of cAMpb 

Cultured denuded 
Cultured within intact cumulus oocyte complex 

Meiotic stage 

Immature 
Mature 
Mature 
Immature 

Immature 
Immature 

cAMP 
(fmol per denuded oocytes) 

1.23±O.3 
O.81±O.2a 
O.80±O.la 
1.21±O.1 

1. 19±0.47 
3.51±O.53C 

a p < 0.01 VS. immature oocytes. 
b Denuded or cumulus-enclosed oocytes were incubated for 1 h with 100 ILM forskolin + 0.2 mM IBMX. 
c P < 0.01 VS. oocytes cultured denuded. 

steroids examined was able to substitute for 
LH in initiating meiosis. It appears, there
fore, that steroids do not mediate the action 
of LH on resumption of meiosis in mammals. 
Nevertheless, this does not preclude an es
sential role of steroids in the acquisition of 
the ability of oocytes to undergo meiosis (see 
above) or to complete the process and to 
develop normally after fertilization (Moor et 
al., 1980b; see Osborn and Moor (1983b) and 
Osborn et al. (1986); see also Chapter 2, this 
volume). 

Cyclic AMP 

Many of the agents inducing the maturation 
of follicle-enclosed oocytes in vitro also stimu
late production of cAMP (Tsafriri et al., 1972a; 
Lindner et al., 1974). Injection of the cAMP 
derivative dibutyryl cAMP (dbcAMP) into the 
follicular antrum (Tsafriri et al., 1972a) or 
short-term exposure of follicles to 8-bromo
cAMP (Hillensjo et al., 1978b), dbcAMP or 
isobutyl methyl xanthine (IBMX) (Dekel et al., 
1981) triggered the resumption of meiosis. By 
contrast, the continuous presence of cAMP 
derivatives or several inhibitors of phospho
diesterase prevented the induction of meiosis 
by LH (Hillensjo et al., 1978b; Dekel et al., 
1981). The spontaneous maturation of iso-

lated oocytes from mice and rats was pre
vented in the presence of cAMP derivatives 
or phosphodiesterase inhibitors (Cho et al., 
1974; Hillensjo, 1976; Dekel and Beers, 1978; 
Hillensjo et al., 1978b). 

It seems, therefore, that enhanced pro
duction of cAMP in the somatic cell compart
ment of the follicle is involved in the 
mediation of the meiosis-inducing action of 
LH, while elevated cAMP in the oocyte in
hibits the resumption of meiosis. It has been 
suggested that cAMP serves as a physio
logical regulator of meiosis in mammalian 
oocytes (Lindner et al., 1974; Schultz and 
Wassarrnan, 1977b; Dekel and Beers, 1978, 
1980; Moor et al., 1980a; Dekel et al., 1981; 
Dekel and Sherizly, 1983; Sherizly et al., 
1988). Indeed, a decrease in murine oocyte 
cAMP levels precedes resumption of meiosis, 
and when this decrease is prevented resump
tion of meiosis is blocked or substantially 
delayed (Table 1.3; Schultz et al., 1983a,b; 
Vivarelli et al., 1983; Aberdam et al., 1987). 

Likewise, incubation of rat oocytes with an 
invasive adenylate cyclase from bacteria of 
the genus Bordetella, elevated oocyte cAMP 
levels and inhibited resumption of meiosis, 
while removal of the enzyme resulted in a 
drop of oocyte cAMP levels and resumption 
of meiosis (Dekel et al., 1985; Aberdam et al., 
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1987). These results support the notion that 
elevated levels of oocyte cAMP maintain mei
otic arrest and that an intra oocyte drop in 
cAMP allows the resumption of meiosis. 
In ovine oocytes an increase, rather than 
decrease, in cyclic AMP levels was observed 
at 1 and 12-18 h after gonadotrophic stimu
lation of explanted follicles in vitro (Moor and 
Heslop, 1981). Nevertheless, the relatively 
long interval between the meiosis-inducing 
stimulus and GVB in ovine oocytes still 
allows for a transient decrease in oocyte 
cAMP levels which has not been detected. 

Studies employing forskolin, a potent and 
reversible activator of adenylate cyclase, pro
vide further support for this hypothesis. 
Addition of forskolin to the medium induced 
resumption of meiosis in rat follicle-enclosed 
oocytes (Dekel and Sherizly, 1983). Likewise, 
perfusion of rabbit ovaries with forskolin 
resulted in the resumption of meiosis (Yoshi
mura et al., 1992a,b). By contrast, forskolin 
inhibited the spontaneous maturation of 
cumulus-enclosed oocytes and had no effect 
on the maturation of denuded oocytes (Dekel 
et al., 1984a; Racowsky, 1984; Yoshimura et 
al., 1992a,b). Similar results were obtained 
when cholera toxin was used (Dekel and 
Beers, 1980). These results seem to indicate 
that (i) activation of adenylate cyclase in the 
somatic compartment of the follicle induces 
resumption of meiosis; (ii) activation of ade
nylate cyclase in the cumulus-oocyte com
plex results in inhibition of meiosis; (iii) the 
rat oocyte is devoid of adenylate cyclase or 
the level of cAMP produced by the oocyte is 
not sufficient to maintain meiotic arrest. 
Indeed, evidence for transfer of cyclic AMP 
from the cumulus cells to the ovum has been 
obtained in rat, mouse, hamster and porcine 
oocytes (Table 1.3; Dekel et al., 1984a; 
Racowsky, 1984, 1985a-c; Bornslaeger and 
Schultz, 1985; Sherizly et al., 1988). Studies 
with follicle-enclosed hamster and mouse 
oocytes support the same conclusions in spite 
of somewhat divergent results. In these 
species, continuous exposure to forskolin did 

not induce resumption of meiosis and, fur
thermore, it blocked LH-induced maturation. 
By contrast, transient exposure to forskolin 
triggered maturation of follicle-enclosed 
oocytes in the hamster (Hubbard, 1985) and 
the mouse (N. Hashimoto et al., 1985). The 
inhibition of maturation of hamster and 
mouse follicle-enclosed oocytes by forskolin 
is probably associated with the sustained in
crease in oocyte cAMP observed in these 
species, as compared with the rat (Ekholm et 
al., 1984; Racowsky, 1984). These studies 
leave little doubt regarding the important role 
of oocyte cAMP in the resumption of meiosis 
in mammals. However, the question of 
whether the oocyte synthesizes a sufficient 
amount of cAMP to inhibit meiosis, and 
whether cAMP is transferred from the 
cumulus to the oocyte, was answered by con
trasting experimental results. Thus, while 
forskolin did not affect the resumption of 
meiosis in denuded oocytes of the rat (Dekel 
et al., 1984a; Racowsky, 1984), and only 
partially in the hamster (Racowsky, 1985b), in 
other studies it was inhibitory in mouse 
(Schultz et al., 1983a; Urner et al., 1983), rat 
(Olsiewski and Beers, 1983) and pig 
(Racowsky, 1985a) denuded oocytes. The 
varying results may be related, at least in 
part, to species and strain differences, as well 
as to the experimental procedures explored. 
The interpretation of the results may be com
plicated by the effects on oocyte adenylate 
cyclase and phosphodiesterase activity (see 
Bornslaeger and Schultz, 1985). 

The inhibition of oocyte maturation by 
IBMX supports the notion that phosphodi
esterase plays a role in regulation of meiosis. 
Furthermore, the degree of suppression of 
phosphodiesterase activity by three pharma
cological inhibitors of the enzyme in oocyte 
extracts correlated with their ability to inhibit 
GVB (Bornslaeger et al., 1984). The activity of 
oocyte phosphodiesterase is most likely 
modulated by calmodulin, which constitutes 
0.3% of total oocyte protein (Bornslaeger et 
al., 1984). That a calmodulin-dependent step 
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Figure 1.8 Effect of dbcAMP on maturation of follicle-enclosed rat oocytes. (a) Induction of oocyte 
maturation: preovulatory follicles were explanted on the day of pro-oestrus and incubated in the 
presence of the indicated concentrations of dbcAMP. After 20 h the follicles were rinsed (x4) and 
incubated further for 5 h in a medium without dbcAMP, the oocytes isolated and the presence of GV 
observed by interference contrast microscopy. The mean ±SEM of three different experiments is 
presented; at least 100 oocytes were examined at each dbcAMP concentration. (b) Inhibition of oocyte 
maturation: preovulatory follicles were incubated in the presence of 5 IJ.glml ovine LH (NIH) with or 
without the indicated concentration of dbcAMP. After 20 h the oocytes were isolated and GVB scored. 
Each point is based on four different experiments. Other details as in (a). (From Dekel, 1987.) 

is involved in maturation is suggested by the 
inhibition of maturation by calmodulin in
hibitors, trifluoperazine, calmidizolium, W7 
and W13. Nevertheless, since W7 at concen
trations that inhibit maturation does not 
prevent the decrease in oocyte cAMP it 
seems that a calmodulin-mediated process, 
other than phosphodiesterase, is involved in 
oocyte maturation. This could be a 
calmodulin-modulated protein phosphatase 
(see Schultz, 1985). The involvement of phos
phorylation in control of meiosis will be dis
cussed in the next section. Collectively, the 
essential role of oocyte cAMP in the regu
lation of mammalian meiosis seems well 
established. The observed synergism of 
cAMP and OMlor purines in inhibiting spon
taneous maturation in vitro of isolated 
oocytes (Eppig and Downs, 1984; Tomell et 
al., 1984; Tsafriri and Pomerantz, 1984) is 
suggestive of interaction of cAMP and follicu
lar OMI in the control of oocyte maturation. 

This concept further emphasizes the multi
factorial control of resumption of meiosis. 

The dual role of cAMP in the regulation of 
oocyte maturation was elegantly demon
strated by Dekel et al. (1988). Inhibition of 
resumption of meiosis in follicle-enclosed ova 
stimulated by LH or in cumulus-enclosed ova 
maturing spontaneously was achieved by 
continuous culture in the presence of IBMX 
(ED50= 0.03 mM) or dbcAMP (ED50= 
5.0 mM). By contrast, induction of ovum 
maturation in follicle-enclosed oocytes was 
achieved by transient exposure to IBMX 
(ED50= 0.13 mM) or dbcAMP (ED50= 25 mM; 
Figure 1.8). 

Thus, the induction of maturation is 
achieved by much higher concentrations of 
the phosphodiesterase inhibitor or the cyclic 
nucleotide analogue. These findings show 
that basal levels of follicular cAMP maintain 
meiotic arrest, while LH-stimulated surge of 
the nucleotide reaching higher levels is 
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required for the maturation-inducing action 
of the hormone. Furthermore, these diver
gent actions of the nucleotide are related to 
two different target cells; the inhibitory action 
is exerted at the oocyte, while the surge of 
cAMP in the somatic granulosa and cumulus 
cells leads to the resumption of meiosis. 

Studies in the hamster implicate also cyclic 
GMP (or the cAMP/cGMP ratio) in the regu
lation of oocyte maturation. Thus, 8-bromo
cyclic GMP inhibited the spontaneous matu
ration of hamster cumulus-enclosed oocytes 
and this was overcome by LH (Hubbard and 
Terranova, 1982). Hamster follicular levels of 
cyclic GMP were decreased after gonadotro
phic stimulation, and LH-induced matu
ration in hamster follicle-enclosed oocytes 
was enhanced by dbcGMP (Hubbard and 
Terranova, 1982). 

Role of cumulus cells and of cumulus-oocyte 
communication 

The cumulus cells appear to have an import
ant role in the regulation of meiosis. Whereas 
OMI from porcine follicular fluid inhibited 
the resumption of meiosis by oocytes cul
tured within their intact cumuli, it did not 
interfere with the maturation of denuded 
oocytes of the pig (Hillensj6 et al., 1979b) or 
rat (Tsafriri and Bar-Ami, 1982). By contrast, 
porcine FF attenuated maturation of mouse 
denuded oocytes. Nevertheless, this study 
also showed that the suppression of resump
tion of meiosis in mouse denuded oocytes 
was consistently less than in cumulus
enclosed oocytes (Downs and Eppig, 1984). 
The uptake and metabolism of hypoxanthine 
and adenosine were augmented in intact 
cumulus complexes as compared with 
denuded oocytes (Downs et al., 1986b). It 
therefore appears that the inhibitory action of 
OMI upon meiosis is exerted, at least par
tially, through the mediation of cumulus 
cells. 

The cumulus cells are, apparently, in
volved also in the mediation of the meiosis-

inducing action of LH. Whereas it was not 
possible to demonstrate specific receptors for 
LH on the oocyte, specific LHlhCG receptors 
were demonstrated on cumulus cells (Law
rence et al., 1980; Channing et al., 1981). This 
finding was further supported by the re
sponse of the whole oocyte-cumulus com
plex to gonadotrophins, involving enhanced 
steroidogenesis (Nicosia and Mikhail, 1975; 
Hillensj6 et al., 1980), lactate production 
(Billig et al., 1983), cumulus mucification 
(Dekel and Kraicer, 1978; Hillensj6 and 
Channing, 1980) and activation of adenylate 
cyclase (Eppig et al., 1983). LH accelerated 
resumption of meiosis in mouse and rat 
oocytes pretreated with db cAMP and IBMX, 
and LH was effective only in oocytes cultured 
within their cumulus complex but not in 
denuded oocytes (Dekel and Beers, 1978, 
1980; Freter and Schultz, 1984). It was 
suggested that acceleration of meiosis by LH 
is mediated by an increase in cumulus cell 
cAMP levels, which promotes a decrease in 
maturation inhibitors. The finding that the 
prevention of the LH-induced increase in 
cAMP with N-a-p-tosyl-L-Iysine chloro
methyl ketone, also inhibited the LH-induced 
acceleration of oocyte maturation lends sup
port to this notion (Freter and Schultz, 1984). 
Germinal vesicle breakdown in rat (Tsafriri, 
1979), mouse (Eppig, 1982; Salustri and 
Siracusa, 1983), and rabbit (Thibault et al., 
1976) oocytes maturing spontaneously occurs 
earlier than GVB in follicle-enclosed oocytes 
stimulated by gonadotrophin. This suggests 
that, by isolating an oocyte from its follicle, 
some regulatory step(s) essential for trigger
ing meiosis in vivo is bypassed. This may 
include merely the removal of the inhibitory 
signal (OMI) by decreased synthesis, 
increased degradation or a combination of 
both or, alternatively, the generation of a 
positive signal which triggers the resumption 
of meiosis. Some of these alternative regulat
ory mechanisms of meiosis were reviewed 
and compared in mammalian, amphibian 
and echinoderm oocytes (Schuetz, 1985). In 



immature oocytes the cumulus cells are 
closely apposed to the zona pellucida, which 
is studded with numerous cytoplasmic pro
jections, whereas the cumulus cells encircling 
mature oocytes are loosely organized and 
very few projections are present in the zona 
pellucida (Zamboni, 1972; Szollosi, 1975; 
Szollosi et al., 1978). Also, ionic coupling and 
transfer of molecules were maximal before 
gonadotrophic stimulation and decreased 
gradually afterwards (Gilula et al., 1978; 
Sherizly et al., 1988). These findings led to the 
hypothesis that the release of the oocyte from 
follicular suppression of meiosis is a result of 
the uncoupling of cumulus-oocyte communi
cation, possibly induced by the ovulatory 
hormone (Lindner et al., 1974; Dekel and 
Beers, 1978, 1980; Gilula et al., 1978; Moor et 
al., 1980a). The influence of LH on the re
sumption of meiosis may be secondary to its 
action on the sequestration of the oocyte. 
However, several of the initial observations 
were in contradiction with this suggestion. 
Thus, the disruption of oocyte-cumulus cell 
communication followed, rather than pre
ceded, germinal vesicle breakdown. This was 
inferred from the observed reduction of the 
transport of choline or uridine to ovine, 
mouse, porcine and rat oocytes (Moor et al., 
1980a; Eppig, 1982; Racowsky, 1984; 1985a) 
and from the termination of ionic coupling of 
the cumulus cells and the oocyte in the rat 
(Dekel et al., 1981). 

Similarly, there was no consistent relation 
between cumulus dissociation and resump
tion of meiosis in porcine oocytes (Gerard et 
al., 1979). Furthermore, it was possible to 
dissociate between germinal vesicle break
down and the disruption of cumulus-oocyte 
communication as revealed by choline trans
port; whereas a low dose of FSH (50 ng/ml) 
suppressed intercellular coupling but did 
not induce resumption of meiosis, LH 
(100-500 ng/ml) induced resumption of mei
osis but not disruption of coupling (Moor et 
al., 1981). 

Recent studies demonstrated that transfer 
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of amino acids (Colonna and Mangia, 1983) 
and uridine (Salustri and Siracusa, 1983) to 
the oocyte is linearly dependent on their up
take by cumulus cells. Hence, under con
ditions entailing changes in precursor uptake 
by the cumulus cells, expressing oocyte up
take as a fraction of that of the cumulus 
appears to be a more proper index of oocyte
cumulus metabolic coupling than the 
comparison of absolute values of label incor
poration used in the above-mentioned 
studies. Indeed, when the relative uptake 
was examined, there was a strict correlation 
between the resumption of meiosis and 
oocyte-cumulus uncoupling in mouse 
oocytes (Salustri and Siracusa, 1983). 
Furthermore, when rat follicle-enclosed 
oocytes were examined at various time inter
vals after LHlhCG stimulation, a 50% re
duction in uridine uptake was observed 
already 1 h after the hormonal stimulus in 
vivo or in vitro, when GVB is still present in all 
oocytes (Dekel et al., 1984b; Dekel, 1986; 
Sherizly, et al., 1988). Similarly, a reduction in 
oocyte-cumulus dye and metabolic coupling 
was observed in hamster oocytes concomi
tantly with GVB (Racowsky and Satterlie, 
1985). Also, when resumption of meiosis was 
triggered by epidermal growth factor (EGF), 
oocyte-cumulus communication was re
duced prior to GVB in rat follicle-enclosed 
oocytes (Dekel and Sherizly, 1985). In a more 
recent study, it was demonstrated that hepta
nol, a seven-carbon alcohol that blocks cell
to-cell communication in various experimen
tal systems, including the cumulus-oocyte 
complex, reduced intraoocyte concentrations 
of cAMP and promoted maturation of rat 
follicle-enclosed oocytes (Dekel and 
Piontkewitz, 1991). 

Quantitative analysis of freeze-fractured 
rat cumulus-oocyte complexes revealed a 
dramatic decrease in the net area of cumulus 
gap junctions following the ovulatory stimu
lus and prior to GVB (W.J. Larsen et al., 
1986), thus providing structural basis for the 
observed reduction in cumulus-oocyte com-
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Cumulus cell-oocyte coupling in pig 
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Figure 1.9 Preovulatory changes in the granulosa cell-oocyte complex in pigs. The first signs of cumulus 
expansion and matrix deposition are observed 16 h after hCG administration in the area of the 
connection between the cumulus and mural granulosa cells (b). (From Motlik et ai., 1986.) 

munication. An additional consideration 
regarding oocyte-follicle cell communication 
was raised in a recent study by Motlik et al. 
(1986). Examination of the changes in associ
ation between cumulus oophorus and mural 
granulosa in follicles from PMSG, hCG
treated pigs, revealed deposition of mucous 
matrix already 16 h after hCG stimulation, 
prior to GVB, which occurs 20-24 h after hCG 
(Figure 1.9; Motlik and Fulka, 1976). 

The importance of mural granulosa-cumu
Ius coupling in regulation of meiosis has been 
suggested already by Foote and Thibault 
(1969). Racowsky et al. (1989) observed a sig
nificant progressive decrease in gap junction 
area with increasing percentage of oocytes 
committed to mature after stimulation of ovu
lation by hCG in the membrana granulosa 
underlying the cumulus cell stalk in the 
hamster. 

Collectively, these data are compatible 
with the suggested communication of an in
hibitory signal from the somatic cell compart
ment of the follicle to the oocyte. The rate of 
transfer of the inhibitory signal may be 
modulated at several points: oocyte-cumu-

Ius, cumulus-cumulus or cumulus-mural 
granulosa or even granulosa-granulosa junc
tions. At the present, there is sufficient evi
dence supporting the transfer of cAMP to the 
oocyte. Further studies are required to deter
mine whether other regulators of meiosis are 
transmitted to the ovum or their effect is 
exerted at the level of the follicular somatic 
compartment. 

Protein phosphorylation 

The detailed mechanism(s) by which oocyte 
cyclic AMP maintains meiotic arrest is not yet 
known. Nevertheless, since cAMP acts in 
many eukaryotic systems by activating 
cAMP-dependent protein kinase (PK-A), a 
model involving phosphorylation-dephos
phorylation of an oocyte protein(s) was 
suggested (Bornslaeger et al., 1986, see also 
Schultz, 1991; Tsafriri and Dekel, 1993). This 
model (Figure 1.10) proposes that a phospho
protein X-P, a substrate of PK-A, maintains 
meiotic arrest. 

A decrease in PK-A activity caused by a 
decrease in oocyte cAMP concentration 



would, due to phosphoprotein phosphatase 
activity, result in a net dephosphorylation of 
X-P; the dephosphorylated protein, X, would 
then promote resumption of meiosis. In sup
port of this model, an increase in protein 
phosphorylation-dephosphorylation during 
maturation of mouse (Schultz et al., 1983a; 
Bornslaeger et al., 1986; Endo et al., 1986) and 
sheep oocytes (Crosby et al., 1984; Moor and 
Crosby, 1986) was observed. Furthermore, 
microinjection into oocytes of the heat-stable 
inhibitor of P-A, PKI, induced GVB in the 
presence of dbcAMP or IBMX. Conversely, 
microinjection of the catalytic subunit of 
PK-A maintained meiotic arrest in a dose
dependent manner, provided that PKI was 
not co-administered (Bornslaeger et al., 1986). 
Addition of cyclic adenosine 3,5-pyrophos-

Maintenance of meiotic arrest 
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Figure 1.10 Model for maintenance and resump
tion of meiosis. The bold, open symbols depict the 
predominating form of a hypothetical maturation
regulating protein 'X' or its phosphorylated in
active form 'XP', as well as cAMP or 5-AMP. (From 
Bomslaeger et al., 1986.) 
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phate, an inhibitor of protein kinase, blocked 
the spontaneous maturation of mouse 
oocytes in vitro. Furthermore, a fraction of 
bovine follicular fluid exhibited both actions, 
inhibition of protein kinase and resumption 
of meiosis (Sato et al., 1985). Likewise, a pur
omycin analogue, 6-dimethylaminopurine, 
which inhibited protein phosphorylation in 
mouse oocytes, also blocked the resumption 
of meiosis, without markedly altering protein 
synthesis in the oocyte (Rime et al., 1989). 

Similarly, cAMP-independent kinases may 
also be involved in regulation of resumption 
of meiosis. Phorbol esters which activate pro
tein kinase C (PKC) inhibited the spon
taneous maturation of mouse oocytes (Vrner 
and Schorderet-Slatkine, 1984; Bornslaeger et 
al., 1986) and partially inhibited the specific 
changes in oocyte phosphoprotein metab
olism associated with resumption of meiosis 
(Bornslaeger et al., 1986). Since the phorbol 
ester did not inhibit the decrease in oocyte 
cAMP and administration of PKI did not re
sult in GVB in the presence of the phorbol 
ester, it was concluded that activators of PKC 
inhibit meiosis by acting distal to a decrease 
in cAMP-dependent protein kinase, but prior 
to changes in oocyte phosphoprotein metab
olism required for GVB. In contrast, studies 
with rat oocytes demonstrated the ability of 
PKC activators to induce meiosis in follicle
enclosed oocytes (Aberdam and Dekel, 1985). 
Furthermore, the induction of oocyte matu
ration by GnRH seems to be the result of PKC 
activation. These findings suggest that PKC 
may be involved in the control of oocyte 
maturation. However, the precise physiologi
cal role of PKC in the regulation of meiosis 
remains to be elucidated. 

The resumption of meiosis in oocytes of 
amphibia is triggered by a steroid interacting 
with a plasma membrane receptor (Sadler 
and Maller, 1982). This results in a decrease 
in adenylate cyclase activity (Finidori
Lepicard et al., 1981; Jordana et al., 1981; 
Sadler and Maller, 1981) and hence decrease 
in oocyte cAMP levels. The decrease in 
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oocyte cAMP is followed, among other 
changes, by increase in protein phosphoryl
ation (see Baulieu and Schorderet-Slatkine, 
1983; Maller, 1985). The recent elucidation of 
MPF and the identification of its catalytic sub
unit with the product of the cdc2 (cell division 
cycle) gene in fission yeast (Gautier et al., 
1988, 1989) and the regulatory subunit with 
cyclins (Murray et al., 1989; Murray and 
Kirschner, 1989), its conservation throughout 
eukaryotes and its role in regulation of both 
mitotic cycle and meiosis may lead to the 
identification of the mechanisms operating in 
mammalian ooplasm. In spite of the different 
stimulus for resumption of meiosis in mam
mals, and the crucial role of follicular granu
losa and cumulus cells in regulation of the 
meiotic process, it seems most likely that 
similar, if not identical, mechanisms operate 
in the ooplasm of amphibian and mammalian 
oocytes. The demonstration of MPF activity 
in the cytoplasm of mouse oocytes (H. 
Hashimoto and Kishimoto, 1988) supports 
this notion. 

Macromolecular synthesis 

In rat follicle-enclosed oocytes addition of in
hibitors of protein synthesis, but not of RNA 
synthesis, blocked LH-induced resumption 
of meiosis (Tsafriri et al., 1973; Lieberman et 
al., 1975). This effect was most probably 
exerted in the somatic compartment of the 
follicle. 

In full-grown mouse oocytes low, but 
significant, incorporation of precursors into 
nuclear and cytoplasmic RNA in vivo 
(Rodman and Bachvarova, 1976) and in vitro 
(Bloom and Mukherjee, 1972; P.M. 
Wassarman and Letourneau, 1976) was 
detected. Nevertheless, this activity is lower 
in full-grown oocytes than in growing ones. 
Likewise, a fall in RNA polymerase activity 
was observed in full-grown oocytes (Moore 
and Lintern-Moore, 1978). With resumption 
of meiosis RNA synthesis is reduced to un-

detectable levels at GVB (Rodman and 
Bachvarova, 1976; P.M. Wassarman and 
Letourneau, 1976; Motlik et al., 1984b; Motlik 
and Fulka, 1986). During oocyte maturation a 
50% decline in polyadenylated RNA (Brower 
et al., 1981; Bachvarova et al., 1985) and a 20% 
drop in total RNA (Bachvarova et al., 1985) 
was estimated. In contrast, protein synthesis 
continues throughout maturation and exhi
bits marked quantitative and qualitative 
changes. 

The absolute rate of protein synthesis 
drops by about 25% from 43 to 31 pglh in 
maturing oocytes (Schultz et al., 1978). 
Changes in the pattern of oocyte proteins 
were detected after GVB by two-dimensional 
gel electrophoresis in several mammalian 
species (sheep, Warnes et al., 1977; pig, 
McGaughey and Van Blerkom, 1977; rabbit, 
Van Blerkom and McGaughey, 1978; and 
mouse, Schultz and Wassarman, 1977a; Van 
Blerkom, 1980; Richter and McGaughey, 
1981). Evidence for post-translational modifi
cation of oocyte proteins during maturation 
has been presented (Van Blerkom, 1981; see 
Van Blerkom, 1985). The relative contribution 
of newly translated proteins from preformed 
mRNA and of post-translational-modified 
proteins to the changes in the pattern of pro
teins during resumption of oocyte maturation 
remains to be determined. 

The electrophoretic pattern of proteins syn
thesized in rabbit oocyte maturing in vivo or 
in vitro was similar (Van Blerkom and 
McGaughey, 1978). In contrast, different pro
tein patterns were observed when sheep 
oocytes were matured spontaneously in vitro 
as compared with oocytes triggered by gon
adotrophins to mature in vivo or in vitro in 
follicles or granulosa cell co-cultures (Warnes 
et al., 1977; Crosby et al., 1981). 

Studies with inhibitors of macromolecule 
synthesis also demonstrate differences be
tween two groups of mammals. Actinomycin 
D arrests the maturation of mouse oocytes 
(Bloom and Mukherjee, 1972; Golbus and 
Stein, 1976), but this effect is probably 



exerted through mechanisms other than inhi
bition of RNA synthesis (Golbus and Stein, 
1976). Indeed, lower concentration of actino
mycin does not inhibit GVB in mouse oocytes 
(Jagiello, 1969; Golbus and Stein, 1976; Crozet 
and Sz6116si. 1980). In contrast, n-amanitin 
and cordycepin inhibited GVB in sheep 
oocytes cultured within their cumulus cells, 
but did not affect resumption of meiosis in 
denuded oocytes (Osborn and Moor, 1983a). 
It seems, therefore, that the effect of RNA 
synthesis inhibitor on maturation of sheep 
oocytes is exerted at the cumulus cells. 

Inhibition of protein synthesis by puro
mycin (10-100 j.Lg/ml) or cycloheximide 
(1 j.Lg/ul) does not prevent spontaneous GVB 
in cultured mouse oocytes, but meiosis is 
arrested at the circular bivalent or metaphase 
I stage (Golbus and Stein, 1976; Schultz and 
Wasserman, 1977a; Motlik et al., 1986). This 
result would suggest that GVB in this species 
is independent of protein synthesis. Never
theless, experiments employing rat oocytes 
in which GVB was prevented by culture with 
dbcAMP and puromycin result in inhibition 
of maturation when the oocytes are trans
ferred into a medium containing only puro
mycin (Ekholm and Magnusson, 1979). It 
seems, therefore, that in mouse and rat 
oocytes GVB is dependent on the presence of 
short-lived proteins, which are available in 
fully grown oocytes and hence GVB can pro
ceed normally even in the presence of protein 
synthesis inhibitors. In pig oocytes, however, 
GVB is dependent upon protein synthesis, 
since cycloheximide (1 j.Lg/ml) prevents GVB 
in culture (Fulka et al., 1986). Likewise, pro
tein synthesis is required for GVB in ovine 
and bovine oocytes. Furthermore, synthesis 
of a polypeptide with Mr47 kDa immediately 
before GVB was identified in ovine oocytes. 
Synthesis of this polypeptide was suppressed 
by inhibition of transcription by n-amanitin 
(Moor and Crosby, 1986). 

On the basis of these observations, it seems 
that differences exist between mammalian 
species, such as the sheep and the pig, in 
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which a relatively long interval separates the 
meiosis-inducing stimulus (gonadotrophin or 
explantation in vitro) and GVB, and species 
like the mouse, the rat and the rabbit, having 
a short stimulus-GVB interval. In the latter, 
puromycin does not block GVB, there is no 
difference between the pattern of proteins 
synthesized in the oocytes in vivo and in vitro, 
there is no need for undisturbed steroido
genesis during this interval (Moor et al., 
1980b), and finally, spontaneously matured 
oocytes in vitro have normal developmental 
capacity (Schroeder and Eppig, 1984). 
Conversely, in species with long intervals be
tween the meiosis-inducing stimulus and 
GVB, full developmental competence is de
pendent upon follicular environment (Moor 
and Osborn, 1983), undisturbed steroidoge
nesis (Moor et al., 1980b; Osborn and Moor, 
1983b) and this may be reflected in the differ
ence in the pattern of steroids synthesized in 
the follicle and in the isolated oocyte (see 
Thibault et al., 1987). This working hypoth
esis should be examined systematically in 
several species. 

1.7.2 FOLLICULAR RUPTURE 

The follicular response to the surge of gon
adotrophins culminates in the rupture of the 
follicle wall and the release of the fertilizable 
ovum. Several reviews were published on 
various aspects of follicular rupture (Rondell, 
1970a,b; Lipner, 1973; Espey, 1974; 1978; 
1980; LeMaire and Marsh, 1975; Parr, 1975; 
Wallach et al., 1980; Murdoch, 1985; Thibault 
and Levasseur, 1988; LeMaire, 1989; Goetz et 
al., 1991; Tsafriri et al., 1991a). Clearly, mul
tiple mechanisms are involved in the process 
and many more were considered. Lipner 
(1988) has reviewed in detail all putative pro
cesses suggested to be involved in ovulation. 
Recently, studies on the role of proteolysis, 
steroids and of metabolites of arachidonic 
acid in follicular rupture were undertaken, 
and these will be reviewed here in brief. 
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(a) Proteolysis and follicular rupture 

The mature preovulatory follicle is embedded 
within the connective tissue matrix of the 
ovary, only a small part of which protrudes 
from the ovarian surface. At its apex the fol
lowing layers are distinguishable; (i) a single 
layer of surface epithelium; (ii) collagenous 
connective tissue consisting of the tunica 
albuginea and of theca externa - this contrib
utes most of the tensile strength of the follicle 
wall (Espey, 1967a); (iii) theca interna, a well
vascularized layer containing differentiated 
fibrocytes very active in steroidogenesis; (iv) 
granulosa cells, which are separated from the 
theca interna by the basal lamina and enclose 
the follicular fluid-filled cavity. 

An increase in intrafollicular pressure was 
for long assumed to be the cause of rupture 
and extrusion of the oocyte-cumulus com
plex. Direct measurements of intrafollicular 
pressure, however, did not reveal any signifi
cant increase in rat (Blandau and Rumery, 
1963), rabbit (Espey and Lipner, 1963; 
Rondell, 1964) and pig (Bronson et al., 1979) 
follicles approaching ovulation. Neverthe
less, the preovulatory surge of gonado
trophins is followed by a dramatic increase in 
the volume of ovulatory follicle(s). Follicular 
oedema is most probably the result of 
increased ovarian blood flow (Wurtman, 
1964; Blasco et al., 1975; Janson, 1975; Lee and 
Novy, 1978; Murdoch et al., 1983) and capil
lary permeability (Lipner and Smith, 1971; 
Bjersing and Cajander, 1974b; Parr, 1974; 
Abisogun et al., 1986). In the face of a rapid 
increase of follicular volume, constant press
ure can be maintained only by a concurrent 
increase in the distensibility of follicular wall. 
Indeed, as ovulation approaches, a decrease 
in the tensile strength of follicular wall was 
observed (Espey, 1967a; Rondell, 1970a,b). 

Microscopic examination of the wall of 
ovulatory follicles revealed marked dissol
ution of the connective tissue matrix and of 
collagen fibres in the tunica albuginea and of 
the theca externa (Espey, 1967b; Bjersing and 

Cajander, 1974b; see Espey, 1978; Espey et 
al., 1981). Both the degradative changes and 
the reduction in follicular tensile strength evi
dence the pivotal role of proteolytic enzymes 
in follicular rupture. Involvement of proteo
lysis in ovulation was suggested already in 
1916 by Schochet. 

Many enzymes have been identified in fol
licular tissue or fluid, including proteolytic 
enzymes (Reichert, 1962; Espey and Rondell, 
1967), hyaluronidase (Zachariae and Jensen, 
1958), acid phosphatases and esterases 
(Banon et al., 1964), collagenase-like activity 
(Espey, 1975; Espey and Coons, 1976; Morales 
et al., 1978; Fukumoto et al., 1981; Curry et al., 
1985; Reich et al., 1985a) and plasminogen 
activator (PA) (Beers, 1975; Beers et al., 1975; 
Strickland and Beers, 1976; Canipari and 
Strickland, 1985; Ny et al., 1985; Reich et al., 
1985b, 1986). Furthermore, injection of 
proteolytic enzymes into the follicular antrum 
resulted in follicular rupture (Espey and 
Lipner, 1965), and application of enzyme sol
utions to follicular wall resulted in ovulatory 
changes (Espey, 1967a; Espey and Rondell, 
1967; Rondell, 1970b). 

Studies with preovulatory follicles of mice 
(Byskov, 1969) and of rabbits (Bjersing and 
Cajander, 1974c; Cajander, 1976) suggested 
that the surface epithelium is the source of 
hydrolytic enzymes which cause ovulation 
and that dense granules in the cytoplasm of 
these cells are lysosomes. However, other 
investigators noticed that ovulation could 
occur even when the surface epithelium was 
removed from the follicles (Rawson and 
Espey, 1977). Another source of proteo
lytic enzymes are thecal fibroblasts with 
prominent multivesicular structures, which 
increase in number following the ovulatory 
stimulus (Espey, 1971a,b; Espey et al., 1981). 
The granulosa cells are the major source of 
follicular PA activity (Reich et al., 1986). 



(b) The plasmin activating system and 
ovulation 

The presence of PA was demonstrated in ex
tracts of human and bovine ovarian tissues 
and in follicular fluid (Albrechtsen, 1957; 
Beers, 1975; Weimer et al., 1984; Rom et aI., 
1987). An increase in PA secretion by rat 
granulosa cells was demonstrated as ovu
lation approached (Beers et aI., 1975; Beers 
and Strickland, 1978). A preferential increase 
in P A activity was observed in the apical 
portion of sow preovulatory follicles (Smoko
vits et aI., 1988). Furthermore, plasmin, the 
product of P A action on plasminogen, was 
shown to decrease the tensile strength of 
Graafian follicle wall (Beers, 1975). All these 
findings led to the hypothesis that PAis in
volved in ovulation. It was suggested that 
plasmin activates latent collagenase and thus 
initiates the proteolytic changes leading to 
follicular rupture (Strickland and Beers, 1976; 
Espey, 1978). 

Rat granulosa cell PA activity was stimu
lated by LH, FSH, cAMP derivatives and 
prostaglandins E1 and E2 (Beers et al., 1975; 
Strickland and Beers, 1976). In these studies, 
however, FSH was much more effective than 
LH in stimulating granulosa cell P A activity 
(Strickland and Beers, 1976; Martinat and 
Combarnous, 1983). This is in contrast to the 
physiological role of LH, and not FSH, as the 
ovulation-inducing hormone (Schwartz et al., 
1973; Tsafriri et aI., 1976c). Recent studies 
seem to resolve this discrepancy. It was 
found that FSH and LH were equally potent 
in enhancing rat granulosa cell P A activity 
provided that the cells were first properly 
stimulated to induce LH receptors by FSH or 
dbcAMP (Wang and Leung, 1983). Likewise, 
FSH, LH, prostaglandin E1 and relaxin were 
equally effective in stimulating rat granulosa 
cell P A, provided that the cells were from 
mature follicles (Too et aI., 1984). Further
more, in rat pro-oestrous follicles LH and 
FSH were equally effective in stimulating P A 
activity (Reich et aI., 1985b). 
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Comparison of in vitro accumulation of PA 
in cultures of rat granulosa cells, whole fol
licles and the residual tissue, mainly theca 
with some interstitial tissue (Reich et aI., 
1986), revealed that the granulosa cells con
tribute 80-90% of total follicular PA activity. 
Furthermore, whereas most of granulosa P A 
activity is secreted into the culture medium, 
that of intact follicles or residual tissue is 
retained within the follicle and should be 
extracted from the tissue (Reich et aI., 1985b, 
1986). This finding suggests that the theca 
compartment serves as a specific barrier 
which prevents the secretion of P A into extra
follicular compartment and, therefore, allows 
localized action of PAin follicular wall. 

Two different molecular types of P A have 
been identified in mammals, the urokinase 
type (u-Pa) and the tissue type (t-PA). The 
two types are products of different genes (Ny 
et aI., 1984; Suenson et al., 1984; Riccio et al., 
1985). Two molecular types of P A were ident
ified in rat preovulatory follicles which, on 
the basis of electrophoretic mobility and 
immunoabsorption with t-P A antiserum, 
could be characterized as t-PA and u-PA 
(Figure 1.11). 

The two molecular types were present both 
in the granulosa and in the theca compart
ments, the granulosa cells contributing 
80-90% of the total follicular activity. Upon 
gonadotrophin stimulation, a highly signifi
cant (P > 0.001) increase in t-PA was ob
served in whole follicles and in the granulosa 
cells (Reich et aI., 1986). Likewise, rat granu
losa cells and cumulus-oocyte complexes re
sponded to gonadotrophins by enhanced 
accumulation of t-PA (Ny et al., 1985; Y.X. Liu 
et aI., 1986). In contrast, measuring only the 
secreted PA, Canipari and Strickland (1985, 
1986) reached the conclusion that the theca 
(or the whole follicle) secretes u-PA and that 
this type is stimulated by the gonadotrophin. 
However, the data of Reich et aI. (1985b, 1986) 
indicate that only a minor fraction of follicular 
PAis secreted into the medium, thus recon
ciling these apparent discrepancies. A similar 
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Figure 1.11 Stimulation of follicular PA activity in vitro by gonadotrophins (a) in explanted follicles, 
(b) in cultured granulosa cells and (c) in residual tissue, mainly theca tissue with some interstitial 
and granulosa cells. PA activity was assayed by quantitative zymographic analysis. (From Reich et al., 
1986.) 

increase in t-PA in human granulosa cells 
was observed (Reinthaller et al., 1990). Never
theless, in mice urokinase seems to be the PA 
stimulated by the preovulatory surge of 
gonadotrophins (Canipari et ai., 1987). 

The involvement of PAin follicular rupture 
was confirmed by a pharmacological approach. 
Several inhibitors of serine proteases prevented 
ovulation in rats in vivo (Akazawa et ai., 1983a,b; 
Reich et al., 1985b) and in hamster ovaries in 
vitro (Ichikawa et ai., 1983a). Likewise, an anti
body to t-P A and a serum-derived inhibitor of 
plasmin, uz-antiplasmin (U2-AP), blocked ovu
lation when administered to pro-oestrous rats 

Tsafriri et ai., 1989b). The inhibitors of serine 
proteases anti t-PA and U2-AP suppressed 
ovulation effectively only up to 3 h after 
administration of hCG (Reich et ai., 1985b; 
Tsafriri et ai., 1989b) indicating that serine 
proteases are involved in early changes lead
ing to follicular rupture. Interestingly, sup
pression of ovulation by anti t-PA and uz-AP 
was frequently accompanied by the break
down of follicular basement membrane and 
escape of the ovum into the thecal compart
ment. These results provide the clearest evi
dence to date for the involvement of t-PA and 
plasmin in ovulation. 



Local P A activity is regulated by specific 
inhibitors (Hekman and Loskutoff, 1988), 
plasminogen activator inhibitor type 1 (PAI
l) being the primary physiological inhibitor 
of both, t-PA and u-PA (Vassali et al., 1991). 
Granulosa cells secrete P AI-1 and FSH 
suppressed this activity (Ny et al., 1985). 
Increased levels of P AI-l activity were found 
in human preovulatory follicular fluid (Rein
thaller et al., 1990), in ovarian extracellular 
fluid of hCG-treated immature rats primed 
with PMSG (Y.X. Liu et al., 1991) and in 
preovulatory follicles of prepubertal gilts 
treated with eCG and hCG (Politis et al., 
1990). Y.X. Liu et al. (1991) using Northern 
blot analysis demonstrated that the ex
pression of PAI-1 mRNA is regulated by gon
adotrophins differentially in granulosa and 
theca-interstitial cells during the preovula
tory period. The expression of PAI-1 mRNA 
in theca-interstitial cells is maximal at 6 h 
after LHlhCG stimulation, and in granulosa 
cells it reaches maximum only 24 h after the 
stimulation (Y.X. Liu et al., 1991). By in situ 
hybridization only negligible expression of 
PAI-1 mRNA limited to theca cells was ob
served before hCG stimulation of ovulation. 
Following hCG administration, increased ex
pression of PAI-1 mRNA was observed in 
theca cells of most antral follicles, whereas 
granulosa cell expression was limited to preo
vulatory follicles and only to areas where the 
basal membrane was dissociated (Chun et al., 
1992). Glucocorticoids were shown to sup
press plasminogen-dependent fibrinogen 
activity in conditioned medium of a rat hepa
toma cell line, and this was later demon
strated to be due to an increase in PAI-1 
(Gelehrter et al., 1987; Heaton and Gelehrter, 
1990). Curiously, in rat granulosa cells gluco
corticoids did not affect PAI-1 activity, but 
did stimulate PA (Wang and Leung, 1989). 
This effect of glucocorticoids on granulosa 
cell t-PA activity probably underlies the ob
served increase in ovulation rate in the rat 
after dexamethasone treatment (de Greef and 
van der Schoot, 1987). 

Ovulatory changes 51 

(c) Collagenolysis 

The extensive changes in follicular collagen 
observed prior to ovulation suggest that 
collagen-degrading enzymes play a central 
role in ovulation. Collagenase-like activity 
was demonstrated in ovarian tissues (Mor
ales et al., 1978, 1983; Fukumoto et al., 1981). 

Until very recently, experiments to extract 
follicular collagenase and to demonstrate its 
ability to degrade follicular wall were not suc
cessful (Espey and Stacy, 1970), nor has a 
correlation between collagenase activity and 
ovulatory changes been demonstrated 
(Morales et al., 1978, 1983). This failure 
should probably be attributed to the fact that 
collagenase regulation in vivo is a multi
factorial process involving both cellular and 
microenvironmental factors. These include 
cellular factors modulating collagenase pro
enzyme release and control of its activity by 
activators, inhibitors and changes in sub
strate susceptibility. In extracts of rat ovaries 
an increase in three distinct inhibitors of 
metalloproteinases, including tissue inhibitor 
of metalloproteinase (TIMP), was demon
strated after stimulation of ovulation by hCG 
(Woessner et al., 1989). 

In order to circumvent the difficulties in 
demonstrating gonadotrophin-induced chan
ges in ovarian collagenase activity collagen 
was labelled by local administration of [3H] 
proline ([3H] Pro). Some of the [3H] Pro incor
porated into collagen molecules is enzymati
cally hydroxylated into hydroxyproline 
(Hyp). The presence of the latter is unique to 
collagen. Ovarian collagen content and colla
genolysis were assessed by separating [3H] 
Hyp from acid hydrolysate of ovarian tissue 
by high-performance liquid chromatography 
(Reich et al., 1985b). 

Using this approach, significant degra
dation of labelled collagen was detected after 
the preovulatory surge of gonadotrophins. 
Collagen degradation was blocked by 
Nembutal - a drug which prevents the 
secretion of gonadotrophins, and hence 
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ovulation. Moreover, upon administration of 
hCG on the morning of pro-oestrus, the level 
of [3H] Hyp in preovulatory follicles was 
reduced by 43% within 10 h. 

Curry et al. (1985), employing rigorous ex
traction procedures and in vitro activation of 
ovarian collagenase by reduction with di
thiothreitol, alkylation by iodoacetamide and 
activation with aminophenylmercuric acet
ate, confirmed the LHIhCG-induced rise in 
ovarian collagenase activity. Similar results 
were obtained by somewhat different extrac
tion procedures, but in these experiments 
there was no need for collagenase activation 
in vitro (Reich et al., 1987). In view of the 
difficulties in measuring collagenase activity, 
examination of ovarian transcription of col
lagenase mRNA during the periovulatory 
period may be informative. Indeed, by hy
bridizing human cDNA of collagenase I with 
rat ovarian mRNA prepared at various time 
intervals after triggering ovulation with hCG 
revealed a stimulation of collagenase mRNA 
transcription by the hormone, 3-6 h after 
hCG (Reich et al., 1991). 

The role of collagenase in follicular rupture 
was corroborated indirectly by intrabursal 
administration of cysteine. It prevented 
ovarian collagenolysis as well as ovulation, 
and these two actions were dose related 
(Reich et al., 1985a). Similarly, a microbial 
metalloprotease inhibitor, talopeptine, in
hibited ovulation in vitro from hamster 
ovaries (Ichikawa et al., 1983b). Finally, a 
specific inhibitor of mammalian tissue col
lagenase blocked ovulation in perfused rat 
ovaries (Brannstrom et al., 1988) and in vivo 
(D. Daphna-Iken, unpublished observa
tions). 

Metalloproteinases, the enzymes including 
the collagenases, are locally regulated by 
specific serum and tissue inhibitors. 
Recently, TIMP has been identified in ovarian 
tissues (Curry et al., 1989; Woessner et al., 
1989) and shown to be induced by gonado
trophins (Curry et al., 1989; Mann et al., 1991; 
Reich et al., 1991). In situ hybridization re-

vealed low constitutive expression of TIMP-1 
mRNA in theca cells, which became mark
edly stimulated within 9 h after hCG stimu
lation of ovulation in antral and preovulatory 
follicles. TIMP-1 mRNA expression in granu
losa cells was increased by hCG only in preo
vulatory follicles (Chun et al., 1992). 

LHlhCG seem to stimulate ovarian coex
pression of both proteolytic enzymes as t-PA 
and collagenase and their respective inhibi
tors, PAI-1 and TIMP-l. The preovulatory 
stimulation of thecal P AI-1 and TIMP-1 even 
in small antral follicles seems to protect them 
against the proteolytic activity diffusing from 
ovulating follicles and thus allows their 
development in subsequent cycles to the ovu
latory stage. 

1.7.3 ROLE OF OVARIAN STEROIDS IN 
FOLLICULAR RUPTURE 

Follicular steroidogenesis increases markedly 
after the preovulatory surge of gonado
trophins. This overall stimulation in steroid 
production is followed in rat follicles 4-6 h 
later by an inhibition of androgen and oestro
gen synthesis, whereas the secretion of pro
gesterone further increases during the 
preovulatory period (Lieberman et al., 1975). 
The involvement of ovarian steroidogenesis 
in follicular rupture in the rat was suggested 
by Lipner and Wendelken (1971) and Lipner 
and Greep (1971), who inhibited follicular 
rupture by administration of aminoglut
ethimide and cyanoketone, drugs that block 
the synthetic pathway to progesterone. 
Assuming that the failure of ovulation was 
due to a lack of essential steroid(s) in the 
presence of the inhibitor, a model suggesting 
LH stimulation of a steroid which initiates the 
subsequent events leading to follicular rup
ture was constructed (Lipner and Greep, 
1971). Evidence supporting such a two-step 
mechanism was presented by Takahashi et al. 
(1974): hypophysectomy of rats at 15:50 h of 
pro-oestrus resulted in blockage of follicular 
rupture, and this was effectively reversed by 



three consecutive injections of progesterone 
(5-10 mg each). This concept was challenged 
by Bullock and Kappauf (1972), who could 
dissociate the effects of aminoglutethimide 
and cyanoketone on plasma progesterone 
and on follicular rupture; thus, they could 
induce ovulation by hCG when its effect on 
steroidogenesis was inhibited by amino
glutethimide, and cyanoketone prevented 
ovulation even when steroid levels in plasma 
remained unchanged. Nevertheless, it is 
possible that plasma levels of progesterone 
are not a precise indicator of follicular levels 
of steroids, which are probably involved in 
follicular rupture. The ability of another in
hibitor of 3J3-hydroxysteroid dehydrogenase, 
epostane, to inhibit follicular rupture in the 
rat was demonstrated, and this inhibition 
was overcome by administration of pro
gesterone (Snyder et al., 1984). Ovulation in 
the ewe was blocked by an inhibitor of pro
gesterone synthesis (Murdoch et al., 1986). 
Furthermore, administration of the pro
gesterone receptor antagonist RU 38486 par
tially blocked ovulation in mature and 
immature rats in which ovulation was trig
gered by hCG (Tsafriri et al., 1987). Iwamasa 
et al. (1992) went further and demonstrated 
that RU 38486 was effective in inhibiting ovu
lation only when injected up to 4 h after 
hCG, and this effect was reversed by oxo
genous progesterone. The inhibition of 
ovulation was related to suppression of 
proteolytic enzymes, most probably metallo
proteinases, and their activity was restored 
by administration of progesterone. This sup
ports the paracrine role of progesterone, 
exerted through its interaction with cellular 
receptors, in the mediation of LHlhCG induc
tion of follicular rupture. 

Another approach employed was the use 
of antibodies to steroids. Thus, intrafollicular 
injections of progesterone antiserum to rab
bits blocked ovulation (Swanson and Lipner, 
1977). Likewise, administration of progester
one (Mori et al., 1977a) or testosterone (Mori 
et al., 1977b) antiserum to PMSG-hCG-
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treated immature rats inhibited follicular rup
ture and this was overcome by exogenous 
progesterone, testosterone and 5u-dihydro
testosterone, but not by oestradiol-17J3. Thus, 
in vivo studies seem to suggest the role of 
follicular steroids in follicle rupture. 

The role of ovarian steroids was closely 
examined in the model of perfused ovary 
which affords study of follicular rupture in 
vitro (Lambertsen et al., 1976; Janson et al., 
1982). In perfused rabbit ovaries inhibition 
of cholesterol chain cleavage enzyme by 
aminoglutethimide or of 3J3-hydroxysteroid 
dehydrogenase did not affect follicle rupture 
induced by gonadotrophin (Holmes et al., 
1985; Yoshimura et al., 1986). By contrast, an 
inhibitor of 3J3-hydroxysteroid dehydrogen
ase significantly reduced the ovulation from 
perfused rat ovaries stimulated by a combi
nation of LH and IBMX (Brannstrom and 
Janson, 1989). The preovulatory decline in 
follicular oestrogen is not required for follicu
lar rupture in the rabbit, since addition of 
oestrogen (10 j.Lg/ml) to the perfusate did not 
inhibit ovulation, in flpite of a more than 
twofold increase in follicular oestradiol-17J3 
content (LeMaire et al., 1982). Likewise, 
blockade of the early rise in oestrogen by an 
inhibitor of aromatase did not affect follicular 
rupture in perfused rat ovaries (Koos et al., 
1984; Morioka et al., 1988). 

While inhibition of steroidogenesis did not 
affect ovulatory response of perfused ovaries 
in the rabbit, addition of progesterone into 
the perfusate modified it. Progesterone 
(6.7 j.Lg/ml) somewhat enhanced follicular 
rupture in one study (Hamada et al., 1979), 
and it reduced the number of ovulating 
ovaries in another employing a higher dose 
of progesterone (10 j.Lg/ml) (Holmes et al., 
1985). Thus, a modulatory role of progester
one in follicular rupture in vitro cannot be 
excluded. Collectively, the data presented 
seem to suggest the involvement of steroids, 
most probably progesterone, in follicular rup
ture. Nevertheless, their specific role remains 
obscure and species differences may exist. 
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Addition of steroids (1 /-Lg/ml) into the me
dium in which unstimulated preovulatory rat 
follicles were cultured did not change follicu
lar P A activity during a 6 h incubation 
period. By contrast, addition of oestradiol-
1713, progesterone or testosterone, but not 
5a-dihydrotestosterone (all 1 /-Lg/ml) to LH
stimulated follicles further enhanced P A 
activity. Furthermore, addition of inhibitors 
of steroidogenesis or of aromatase inhibited 
the LH-stimulated activity of PA (P > 0.001). 
LH-stimulated follicular P A activity could be 
restored in the presence of inhibitors by the 
addition of progesterone, testosterone and 
oestradiol-17J3, but not in the non
aromatizable 5a-dihydrotestosterone (Reich 
et al., 1985b). More recently, the ability of the 
antiprogesterone RU 38486 to suppress 
ovarian proteinases, most probably metallo
proteinases, was demonstrated (Iwamasa et 
al., 1992), thus suggesting a mediatory role 
for steroids in gonadotrophic stimulation of 
proteolysis, required for follicle rupture. 

1.7.4 ROLE OF EICOSANOIDS 

Several studies demonstrated an increase in 
follicular prostaglandin synthesis after gona
dotrophic stimulation (LeMaire et al., 1973; 
Ainsworth et al., 1975; Armstrong and 
Zamecnik, 1975; Bauminger and Lindner, 
1975). It was shown that this action of LH is 
not dependent upon steroid synthesis 
(Bauminger et al., 1975), and that most 
follicular responses to LH, such as ovum 
maturation, activation of adenyl cyclase, ster
oidogenesis and luteinization proceed while 
prostaglandin synthesis is inhibited by drugs 
(reviewed by Zor and Lamprecht, 1977). The 
exception is follicular rupture, which is pre
vented by administration of indomethacin 
(rats, Armstrong and Grinwich, 1972; Orczyk 
and Behrman, 1972; Tsafriri et al., 1972b; rab
bits, Grinwich et al., 1972; O'Grady et al., 
1972; gilts, Ainsworth et al., 1979: rhesus 
monkeys, Wallach et al., 1975; marmoset 
monkeys, Maia et al., 1978; human, Killick 

and Elstein, 1987), or intrafollicular injection 
of antiserum to PGF2a in rabbits (Armstrong 
et al., 1974), or intravenous injection of an 
antiserum to cyclooxygenase in rats (Satoh et 
al., 1981). The inhibitory action of indometha
cin was overcome by administration of PGE2 

to rats (Tsafriri et al., 1972b) or PGF2a to rhe
sus monkeys (Wallach et al., 1975). 

Furthermore, in the perfused rabbit ovary 
PGF2a was able to induce follicular rupture by 
itself or in hCG-indomethacin treated ovaries 
(Holmes et al., 1983). Collectively, these 
results suggest that prostaglandins have a 
physiological role in follicular rupture (see 
Zor and Lamprecht, 1977; Patrono, 1983; 
Lipner, 1988). 

The recent elucidation of the lip oxygenase 
pathway of arachidonic acid cascade and 
availability of specific inhibitors of lipoxy
genase led to examination of their role in 
ovulation. Unilateral administration of 
lipoxygenase inhibitors into the ovarian 
bursa of PMSG-stimulated immature or 
mature rats resulted in a dose-dependent 
suppression of ovulation, without affecting 
the contralateral ovary (Reich et al., 1983, 
1987). Furthermore, ovarian lipoxygenase 
activity was demonstrated in homogenates of 
rat ovaries and follicles (Reich et al., 1985c, 
1987) and of human granulosa cells (Feldman 
et al., 1986). In ovarian tissue of both the rat 
and the human, products of 5-, 12- and 15-
lipoxygenases were identified (Feldman et al., 
1986; Reich et al., 1987) and their activity in 
the rat was stimulated considerably by hCG 
treatment. These studies suggest the involve
ment of lipoxygenase products in follicular 
rupture of ovulation. The scarcity of stable 
analogue has not yet allowed the identifi
cation of the metabolites involved in ovu
lation. Nevertheless, a specific inhibitor of 5-
lipoxygenase, MK 886, suppressed ovulation 
in immature rats (Tsafriri et al., 1993). 

Collectively, both cyclooxygenase and 
lipoxygenase products of arachidonic acid 
metabolism seem to be involved in follicular 
rupture. The finding that specific inhibition 



of any of these pathways blocks ovula
tion further demonstrates the multiple 
regulation of the process. Arachidonic acid 
metabolites are involved in a multitude 
of physiological processes (Piper, 1983; 
Hayaishi and Yamamoto, 1985), and experi
mental evidence for their involvement in 
ovulation through their action on ovarian 
proteolysis and vasculature is available. 

In several studies, doses of indomethacin 
which inhibited ovulation did not affect 
LHlhCG-induced increase in PA activity (Shi
mada et al., 1983; Espey et al., 1985; Reich et 
al., 1985b). In spite of the fact that higher 
doses of indomethacin inhibited P A pro
duction in vivo (Espey et al., 1985) or in vitro 
(Canipari and Strickland, 1986), it seems 
that the inhibition of prostaglandin synthesis 
blocks ovulation through mechanism(s) 
which are not related to PA. Likewise, inhibi
tors of lipoxygenase which blocked ovulation 
did not affect follicular P A production (Reich 
et al., 1985b). This finding does not imply that 
PA is not involved in follicular rupture, but 
that increase in P A activity by itself is not a 
sufficient trigger of ovulation. 

Conversely, inhibitors of arachidonic acid 
metabolism prevented LHlhCG induced col
lagenolysis in rat ovaries and follicles (Reich 
et al., 1985b; Tsafriri et al., 1993) and collagen
ase activity in rabbit ovaries (Kawamura et al., 
1986) and ewe follicles (Murdoch et al., 1986). 
It therefore appears that preovulatory acti
vation of collagenase by LHlhCG is mediated 
by products of arachidonic acid. It should be 
noted, however, that the inhibitors of cyclo
oxygenase or lipoxygenase did not inhibit the 
activity of ovarian collagenase in vitro (Reich 
et al., 1985b), nor did indomethacin reduce 
collagenase activity assayed in vitro following 
extraction of and activation (Curry et al., 
1986). It seems, then, that while eicosanoids 
do not affect directly collagenase activity they 
are involved in the mediation of gonadotro
phic activation of the enzyme required for 
ovulation. 

Periovulatory changes in ovarian and fol-
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licular microcirculation were described (Jan
son, 1975; Lee and Novy, 1978; Murdoch et 
al., 1983). These studies revealed initial in
crease in blood flow, which in the sheep was 
followed by a decrease (Murdoch et al., 1983). 
It is possible that eicosanoids are involved in 
ovulation by modulating follicular microcir
culation. Indeed, in the rabbit, indomethacin 
reduced the LH-induced hyperaemic re
sponse (Lee and Novy, 1978), and in the ewe 
it prevented the second-phase reduction in 
follicular blood flow (Murdoch et al., 1983). In 
the rat, inhibitors of cyclooxygenase and of 
lipoxygenase prevented the hCG-induced in
crease in uptake of labelled iodinated bovine 
serum albumin. By contrast, they did not 
attenuate the hCG-increased blood flow, as 
measured by radioactive microspheres 
(Abisogun et al., 1988b). While the precise 
mechanisms involved remain to be deter
mined, all these results support the sugges
ted role of eicosanoids in periovulatory 
changes in ovarian microcirculation and 
thereby also in ovulation. Thus, eicosanoids 
are involved in follicular rupture through 
their modulation of LHlLCG action on 
ovarian collagen degradation and on micro
circulation. 

1.7.5 PLATELET-ACTIVATING FACTOR (PAF) 

P AF (1-0-alkyl-2-acetyl-sn-glycero-3-phospho
choline) is a potent bioactive phospholipid. 
In addition to triggering aggregation and 
degranulation of platelets, P AF induces 
margination and activation of neutrophils. 
Furthermore, P AF is released upon activation 
of leucocytes. We have demonstrated a pre
ovulatory increase in ovarian and follicular 
neutrophils, triggered by hCG (Tsafriri et al., 
1989c). In view of these changes common to 
ovulation and inflammation, we have exam
ined the possible involvement of P AF in ovu
lation. Unilateral injection into the ovarian 
bursa of a specific P AF antagonist, BN52021, 
isolated from the Chinese tree Ginkgo biloba 
(Braquet et al., 1985), or its analogue BN52111 
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resulted in a dose-dependent inhibition of 
follicle rupture from the treated ovary. The 
inhibition was prevented when the inhibitors 
and P AF were administered simultaneously. 
However, PAF was unable to induce ovu
lation on its own when administered to rats 
that were not stimulated by exogenous hCG 
and had their endogenous surge of LH 
blocked by LH (Abisogun et al., 1989; 
Daphna-Iken et al., 1989). A decrease in 
ovarian P AF was observed after stimulation 
of ovulation by hCG (Espey et al., 1989). 

The PAF antagonist, in addition to inhibit
ing follicle rupture, suppressed the hCG
stimulated increase in ovarian collagen 
degradation and vascular permeability, simi
lar to the action of eicosanoid synthesis in
hibitors. These results were confirmed in 
studies employing additional P AF antagon
ists: in the rat using Y24180 (Li et al., 1991) 
and in the mouse CV3988 (Kikukawa et al., 
1991). PAF was detected in follicular fluid 
collected from women undergoing in vitro 
fertilization-embryo transfer (Amiel et al., 
1991), and the secretion of PAF from ovine 
follicles in vitro was stimulated after the LH 
surge (Alexander et al., 1990). Conversely, a 
decrease in rat ovarian P AF was reported 
after stimulation of ovulation by hCG (Espey 
et al., 1989). These results support the partici
pation of PAF in follicular rupture. Neverthe
less, the precise mechanism of PAF 
involvement in follicular rupture, as well as 
its cellular origin and targets in the ovary, 
remain to be determined. 

1.8 CONCLUDING REMARKS 

The evolution of the vertebrate ovary shows 
examples of stable and labile systems Oones, 
1978). This is also clearly demonstrated dur
ing the life history of the mammalian female 
germ cell and its accompanying follicle cells. 

Oogenesis in most mammalian species 
differs from that of several major vertebrate 
groups in the absence of oogonial mitoses in 
adult ovaries. By contrast, in teleosts, am-

phibia and reptiles, oogonia persist in adult 
ovaries and they continue to divide and 
differentiate into oocytes. In most vertebrates 
large crops of oocytes mature simul
taneously. In mammals, the evolution of 
cyclic ovulation of one (in monotocous 
species) or more (in polytocous species) ova 
has resulted in hierarchical development of 
follicles and oocytes. The coexistence of fol
licles and oocytes at different stages of devel
opment in mammals requires mechanisms 
allowing stage-specific responses to similar 
endocrine cues. Variability in sensitivity to 
hormones due to stage-dependent changes in 
hormone receptors, differential distribution 
of ovarian microcirculation and hence ex
posure to varying hormone concentrations, 
as well as action of locally produced autocrine 
and paracrine hormones which modulate cel
lular responses, may all be involved, among 
other mechanisms, in supporting differential 
responses. Thus, in mammals during discrete 
stages of the reproductive cycle, dominant 
structures, such as follicles or corpora lutea, 
assume a leading role in ovarian function, 
rather than the entire ovary. Furthermore, 
throughout follicular growth a delicately 
balanced synchronization of the develop
ment of the germ cell and its surrounding 
somatic cells occurs. 

Vertebrate egg components are synthes
ized in the oocyte and in extraoocyte tissues 
such as the oviduct, liver and, probably, 
follicle cells (Tate, 1986). The extraoocyte 
synthesis of its components is clearly coordi
nated by hormones, hypophyseal gonado
trophins and ovarian oestrogen(s). The role 
of hormonal signals from endocrine glands or 
paracrine secretions in the regulation of 
oocyte autosynthetic activity is, however, 
less obvious. In oviparous vertebrates, the 
extra oocyte tissues contribute a relatively 
small number of specialized products in large 
amounts that constitute a major fraction of 
egg mass. In mammals, viviparity eliminated 
the need for massive contribution of extra
oocyte tissues to the oocyte. Whether there 



exists any extraoocyte contribution to the 
mammalian oocyte has yet to be determined. 

In fishes and amphibia, pituitary gonado
trophins induce resumption of meiosis 
through the mediation of follicular (or inter
renal) steroids (W.J. Wasserman and Smith, 
1978; Schuetz, 1985). By contrast, LH-stimul
ated steroidogenesis does not seem to 
mediate the meiosis-inducing action of LH in 
mammals. Furthermore, the regulation of fol
licular development and of oocyte maturation 
seems to be more complicated, including 
both stimulatory and inhibitory signals by 
endocrine and paracrine hormones. This 
increased complexity, as well as the involve
ment of multiple control mechanisms, is 
probably associated with hierarchical oocyte/ 
follicle development in mammals. As usual, 
these multiple regulatory mechanisms utilize 
hormones which in lower forms serve other 
functions. 

However, only the extraoocyte mechan
isms regulating oocyte maturation seem to be 
divergent in mammals; the molecular 
changes within the ooplasm, as far as known 
at the present, seem to be conserved. Thus, 
MPF from maturing mouse oocytes induced 
resumption of meiosis when injected into 
starfish (Kishimoto et al., 1984; H. Hashimoto 
and Kishimoto, 1988) and toad oocytes (Sor
ensen et al., 1985). It therefore seems that 
evolution of the mammalian ovary entails 
primarily changes in oocyte-follicle 
interrelationships and in the biochemical 
mechanisms associated with the follicle con
trol of meiosis. We have discussed the appar
ent difference between oocytes of various 
mammals in adenylate cyclase activity and in 
the resulting dependence on transfer of cyclic 
AMP from the somatic cells of the follicle. 

One of the most striking features of 
oogenesis is selection. Thus, germ cells are 
eliminated at various stages of their develop
ment. Degeneration afflicts both oogonia and 
oocytes. Only a limited number of oocytes 
within primordial follicles initiate their 
growth during any time interval. Finally, the 
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vast majority of growing follicles undergo 
atresia rather than ovulation. It seems that 
rescue from atresia is primarily a matter of 
synchronization between follicular stage of 
development and hormonal environment. 
Only 'follicles being at the right stage and 
place, at the right time' (Ryan, 1981) are 
selected and reach ovulation (see Tsafriri and 
Braw, 1984). Thus, hormonal cues appear to 
playa major role in atresia. The role of hor
mones at earlier stages of oocyte degener
ation and follicle selection is less obvious. 
Preprogrammed events are probably also in
volved in initiation of meiosis and follicular 
growth and in the development of meiotic 
competence. The precise interrelationship of 
preprogrammed changes and hormonal cues 
in mammalian oogenesis remains to be 
defined. 

Oocytes of the mouse, spontaneously 
matured in vitro, have normal developmental 
capacity (Schroeder and Eppig, 1984), while 
those of sheep fail to develop, upon transfer 
to appropriate recipients. Full developmental 
potential of sheep and bovine oocytes is de
pendent upon hormonal stimulation of the 
intact follicle or co-cultured granulosa cells 
(Moor et al., 1980b; Moor and Osborn, 1983; 
Critser et al., 1986). This difference is prob
ably related to the time interval between the 
meiosis-inducing stimulus and GVB in these 
species and is reflected as well in their dicho
tomy regarding the need for undisturbed 
macromolecular and steroid synthesis during 
this period. More systematic examination of 
additional mammalian species is required to 
test this hypothesis. Clearly, these are only a 
few of the open questions concerning devel
opment of. the mammalian ovum, which 
were alluded to hitherto. 

Scientific inquiry is a continuum, and our 
understanding of ovum development is 
no exception. In this chapter, we have 
attempted to present a current account of the 
life history of the mammalian ovum. Care 
was taken to represent fairly major advances 
and divergent approaches and opinions. The 
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extent of our success is left to the discretion of 
the reader. We were helped by standing on 
the shoulders of the giant contributors in this 
field. It is impossible to mention all their 
names here, but the seminal contributions of 
three active scientists who laid the foun
dations of the current work on mammalian 
ova deserve special mention, C.R Austin, 
M. C. Chang and C. Thibault. Their pioneer
ing studies and insight, we believe, have 
inspired many of the studies reviewed here. 
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94 Pre-implantation development 

2.1 INTRODUCTION 

This chapter has interests in common with 
four chapters in the third edition of 'Mar
shall', and in many instances reference to 
these is still well justified. The main theme of 
'pre-implantation development' ran through 
Chapter 14 ('Cleavage, early development 
and implantation of the egg' by J.D. Boyd 
and W.J. Hamilton, 1952), while pre
implantation stages of parthenogenesis were 
included in Chapter 10 ('Fertilization' by c.R. 
Austin and A. Walton, 1960), early anom
alies, embryonic losses and delayed implan
tation (diapause) were considered in Chapter 
14 as well as in Chapter 32 (The endocrin
ology of pregnancy and foetal life' by R. 
Deanesly, 1966) and placentation in mar
supials was discussed in Chapter 15 ('Placen
tation' by E.C. Amoroso, 1952). While 
Chapters 10, 14 and 15 of the third edition 
contained much information on non
mammalian species, in the present account 
attention is largely restricted to mammals, in 
keeping with the title of this volume, brief 
mention of features in non-mammals being 
made when perspective may benefit thereby. 

It is fitting next to clarify the use of certain 
terms. 'Egg' has commonly been employed in 
the past for the developing entity at stages up 
to and including implantation, and if the 
same general size and form are retained, as in 
man and several other mammals, the label is 
appropriate. But it is less apt after implan
tation, or even before implantation in 
ungulates, because of major changes in mor
phology, and it carries quite a different con
notation when applied to the much larger 
and more nutrient-laden egg of the mono
treme. 'Ovum' has similar virtues and faults; 
in addition, in the medical literature, the 
word can denote the entire implanted struc
ture, or even be employed in abnormal states 
when only membranes persist, as in 'amni
otic ovum', an amniotic sac expelled after 
abortion and resembling a complete con
ceptus; 'blighted ovum', in which there is a 

chorion but no embryo; and 'dropsical 
ovum', a hydramniotic conception sac also 
lacking an embryo. 'Conceptus' has wide cur
rency and a general connotation, for it is 
appropriate throughout pregnancy; by con
trast, 'zygote' (the fusion product of gametes: 
Gk: zygon, a yoke) is a bit ambiguous, for 
though it seems properly restricted in its use 
to describing the fertilized egg during the 
period between syngamy and cleavage, a 
very brief phase in mammalian development, 
many authors grant it an indefinitely longer 
life. 

The most popular label is 'embryo' (Gk: 
signifying 'something growing within'), but 
here too there are difficulties, and these will 
be discussed in some detail for it is important 
that our terms should be as unambiguous as 
possible. In human medicine, 'embryo' is 
commonly used from the time of fertilization 
to about the eighth week of pregnancy, by 
which time resemblance to the human form is 
undeniable; thenceforth until birth, the little 
creature is a 'fetus'. In the study of other 
mammalian species, the term embryo has 
been employed up to the time of birth (or 
hatching, in monotremes). Both usages are 
open to objection for they imply the occur
rence of no major change, other than increas
ing size and complexity - a notion apparently 
deriving from invertebrate embryology. But 
in mammals the fertilized egg and its pre
implantation products are not equivalent to 
the fetus or the future individual - much 
more than that, they also give rise to the 
placenta and fetal membranes, which in the 
early stages possess far greater mass and 
detail. 

We should also ponder the following 
relevant points. After fertilization, the 
succession of cell divisions or 'cleavage' be
gins, whereby a ball of cells, the 'morula', is 
formed, in which all cells have full develop
mental potential and are therefore said to be 
'totipotent'. With further cell division and the 
formation of a cavity, the morula becomes a 



'blastocyst'; in this there are two cell types, 
making up the 'inner cell mass' and the 
'trophectoderm'. The more numerous troph
ectoderm cells early undergo some differen
tiation and become irrevocably committed to 
the formation of placenta and fetal mem
branes, and they cannot then function as con
tributors to the fetus itself. By contrast, the 
cells of the inner cell mass are initially 
uncommitted and so described as 'pluripo
tent'. As development proceeds, the inner 
cell mass differentiates into 'primitive ecto
derm' and 'primitive endoderm' (see Table 
2.1) and among the subsequent products of 
the former a small group of cells becomes 
distinguishable that alone is destined to con
stitute the fetus. It is this select little tribe that 
properly merits the term 'embryo'. This dis
tinction has important developmental and 
functional significance. 

In work involving human pre-implantation 
development, there may well be ethical and 
legal reasons for pursuing the matter of defi
nition further, for the embryo, at the stage 
just described, could be held equivalent to 
the future 'person'. However, some develop
mental flexibility yet remains. In the human 
subject, the group of cells constituting the 
embryo becomes clearly identifiable during 
the second week after fertilization as the 'em
bryonic disc', and this is capable of dividing 
into two or more discs, thus giving rise to 
twins, triplets, quadruplets, etc. Only after 
that phase is over do embryos have strict 
individuality. The term 'embryo' as thus de
fined creates a need for appropriate labelling 
of the entire complex of cells that existed 
prior to the appearance of the embryonic 
disc, and 'proembryo' would appear to be a 
sensible choice. (The proposed use of this 
term here, already well established in the 
botanical literature, is consistent with its defi
nition as given in Encylcopeadia Britannica 
(including Macropaedia and Micropaedia), 
Henderson's Dictionary of Biological Terms, 
Chambers Science and Technology Dictionary and 
other works of reference. Some writers use 
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the spelling 'pre-embryo', but 'proembryo' is 
etymologically preferable.) 

The range of development that can be de
scribed as 'pre-implantation' varies with the 
species. In man and several other mammals, 
attachment and implantation (nidation) occur 
relatively early and involve the unilaminar 
unexpanded blastocyst. At the other ex
treme, the blastocyst in ungulates undergoes 
enormous expansion together with the for
mation of additional structures, and it is in
deed an 'embryo' (no longer a proembryo), 
with chorion, yolk sac and allantois, when it 
eventually forms attachment to the endo
metrium. Finally, in monotremes and some 
marsupials, integration of embryonic mem
branes with the endometrium never occurs, 
so that the terms 'attachment' and 'implan
tation' have no relevance; for these animals, 
it seems most reasonable in this chapter to 
follow development to the point at which 
birth or hatching takes place. 

In this introduction, the contributions 
made by earlier workers to our understand
ing of the pre-implantation stages of develop
ment merit at least brief mention. One of the 
first to accept the notion of the ovary as the 
source of eggs, in mammals as in birds, was 
de Graaf (1672), and he looked for and found 
eggs in the oviduct and uterus, but thinking 
that the ovarian follicle was the egg at source 
was bewildered at the difference in size. 
Nobody could confirm his findings in the 
oviduct and uterus or was willing to support 
his concept until over 100 years later, when 
Cruickshank (1797) reported that he had re
covered eggs from the rabbit oviduct, from 3 
days after coitus onwards, and also from the 
uterus, but he could not trace eggs back to 
their origin. So it fell to von Baer (1827, 1837) 
to be the first to identify the ovarian egg (in 
the dog and sheep), and then Barry (1838, 
1839) provided some very clear illustrations 
of two- and four-cell eggs and morulae of the 
rabbit. Shortly afterwards, Bischoff (1842a,b, 
1845, 1852, 1854) described many cleavage 
stages with even greater precision in the rab-
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bit, dog, guinea pig and deer. In this way, the 
initial stages of mammalian development 
came to be appreciated, but purely in a pic
torial sense, for the true nature of eggs and 
blastomeres as specialized cells was not 
understood, and the details and significance 
of cell division and fertilization had yet to be 
elucidated. 

The beginnings of a deeper understanding 
came with the foundation of the 'cell theory', 
a component of which was Brown's recog
nition in 1831 of the nucleus as an essential 
element in the cell, and the principle of 
which was first clearly stated in 1838 and 
1839 by Schleiden and Schwann (as help
fully explained by Nordenskiold, 1928, and 
Wilson, 1928). Further elaboration and refine
ment was made by several other authors 
during the succeeding half-century, and 
this, together with the demonstration by 
Gegenbaur in 1861 that the egg is a single 
cell, led to the realization that all tissues and 
organs - and organisms - were composed of 
cells, and that cells always arose from pre
existing cells, generation after generation, as 
a continuum reaching back to the primordial 
forms of life. At last, cleavage began to have 
meaning as the initial assemblage of building 
blocks for the ordered construction of the 
new individual. 

2.2 THE CLEAVING EUTHERIAN EGG AND 
THE BLASTOCYST 

2.2.1 eLEA V AGE AND TRANSPORT 
PATTERNS AND RATES 

Cleavage consists in successive nuclear and 
cytoplasmic divisions of the fertilized or 
otherwise activated egg, the products being 
held together initially by the encircling zona 
pellucida. Cleavage, following fertilization of 
the eutherian egg, resembles superficially 
that of certain marine invertebrate eggs 
which have been studied in great detail (see 
Wilson, 1928). In coelenterates and sponges, 
cleavage is random and unrelated to the dis-

tribution of cytoplasmic components, but in 
most other invertebrate groups it proceeds in 
an orderly manner according to a clear-cut 
pattern, so that the egg components are 
segregated in conformity with the nature of 
the cells and tissues that will develop in the 
embryo and later in the adult organism. 
These random or ordered systems are dis
tinguished by the terms 'indeterminate' and 
'determinate' cleavage respectively. Euther
ian eggs conform rather to the former system, 
at least during the first few cleavage divisions 
(Figure 2.1, and see Figures 14.9-14.16 in the 
third edition of Marshall); subsequently, 
order and pattern become distinguishable, 
and the cleavage form can then be classed as 
determinate. The later segregation of cell 
types in mammalian development is unique 
in that among miolecithal eggs it is only those 
of mammals that are called upon to produce 
placenta and extraembryonic membranes in 
addition to the future organism (Table 2.1). 

Rates of cleavage are moderately consistent 
among the eutherian species that have been 
studied, the first division occurring about 
24 h after ovulation - that is, with intercur
rent fertilization, for parthenogenetic cleav
age is initiated a little later. 

Subsequent divisions take place at about 
12-h intervals; this is an average figure, for 
divisions in anyone egg are not exactly 
synchronous and eggs with odd numbers of 
blastomeres are not uncommon. There is 
some evidence that ungulate eggs cleave 
more slowly than those of other eutherians, 
but published figures show much variation. 
In the mouse, it has been shown that the rate 
of cleavage is to some extent genetically de
termined (Whitten and Dagg, 1961). In poly
tocous animals, eggs in the same individual 
often differ by one or more divisions, the 
asynchrony increasing as cleavage proceeds. 
(Data on cleavage rates have been tabulated 
by Boyd and Hamilton, 1952; Blandau, 1961; 
Brinster, 1972; and McLaren, 1982.) Tsunoda 
et al. (1985a) have reported finding that fast
cleaving mouse eggs gave rise after transfer 
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Figure 2.1 Sixteen-cell egg from a swamp buffalo Bubalus bubalis, 1SOlA-m in diameter. (Micrograph by 
courtesy of Professor Maneewan Kamonpatana, Faculty of Veterinary Science, Chulalongkorn 
University, Bangkok, Thailand.) 

into recipients to 71 % male mice, whereas the 
slow-cleaving eggs yielded 80% female mice. 

Cleavage of the fertilized or parthenogene
tically activated egg continues until cell size 
and nucleocytoplasmic ratio are similar to 
those of the average tissue cell. With each 
division, the cytoplasmic volume of blasto
meres is approximately halved. The total 
cytoplasmic volume does not remain con
stant but slowly and progressively dimi
nishes, presumably because yolk materials 
are used up to yield components necessary 
for maintenance and in division; in addition, 
as explained later, energy resources are taken 
up from the surrounding medium. The re
duction in cell volume from the one-cell stage 

to the eight-cell stage has been found to be 
about 20% in the cow, 40% in the sheep, 30% 
in the ferret and 25% in the mouse (Hamilton 
and Laing, 1946). The nature of the cue for 
each cleavage division is not understood; 
with tissue cells which grow in size during 
interphase, the cue is evidently the acqui
sition by the cell of a critical volume, but in 
cleavage the cells become progressively 
smaller. Because divisions are not exactly 
equal, the blastomeres in the morula tend to 
be graded in size and they aggregate accord
ingly; the gradation was thought to portend 
different fates (Boyd and Hamilton, 1952), 
especially if associated with differences in 
cytoplasmic features, including staining 
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Table 2.1 Cell lineages during pre-implantation and early post-implantation development, as deter
mined for the mouse (see Gardner, 1982). Numbers in parenthesis represent the average numbers of 
cells recorded. Italicized items are those that will constitute the embryo (as distinct from proembryo - a 
point discussed in the Introduction). 

Days 
post 
coitus 

3.5 

4.5 

>5 

Trophectoderm (TE) 
(45) 

Mural TE 

(50) 
Primary 

trophoblastic 
giant cells 

Polar TE 

(15) 
Ectoplacental 

cone and 
extra
embryonic 
ectoderm 

properties (Dalcq, 1957). Current views on 
cell fates in early development are discussed 
later in section 2.2.4. 

Fertilization in most mammals takes place 
in the ampulla of the oviduct, being com
pleted within about 24 h of ovulation. As the 
egg undergoes cleavage, it is moved along 
the oviduct and into the uterus - in 2-3 days 
in most instances, but some 5-6 days in the 
dog, cat and ferret, and 8 days in the mink. 
(Times of entry into the uterus in various 
animals have been tabulated by Boyd and 
Hamilton 1952; Blandau, 1961; Brinster, 1972; 
and McLaren, 1982.) Transport is attributed 
to contractions of muscle layers in the wall of 
the oviduct, and the activity of these muscle 
cells is readily influenced by certain hor
mones and drugs (see Coutinho, 1974). 
Ciliary action may also play a part in trans
port of the cleaving egg (the evidence for 
such a function is much more convincing 
during transfer of the just ovulated egg to the 
ampulla of the oviduct - Blandau, 1973). 

Morula 

Inner cell mass 

Primitive 
ectoderm 

(22) 
Amniotic 

ectoderm 
Extraembryonic 

mesoderm 
Ecto-, meso- and 

endoderms of 
fetus 

Germ cells 

(15) 

Primitive 
endoderm 

(25) 
Visceral and 

parietal 
endoderms 

Mysteriously, while fertilized eggs in the 
horse are transported into the uterus, unferti
lized eggs tend to be left behind in the 
oviduct (Betteridge and Mitchell, 1974). 
Apparently uniquely, in man normal trans
port may occasionally fail so that the egg 
becomes implanted in the oviduct, or, being 
lost from the oviduct through retrograde 
transport, passes into the peritoneal cavity 
and implants there; under both circum
stances, the result can be an 'ectopic' preg
nancy. (For a WHO report on factors 
considered conducive to ectopic pregnancy, 
see Anon., 1985.) In animals lacking a com
plete ovarian capsule, it is possible for eggs to 
pass across the peritoneal cavity from the 
ovary on one side to the contralateral 
oviduct, be fertilized there and implant in the 
corresponding uterine horn. This adventure 
is termed 'external migration'; its occurrence 
posited by some and denied by others, an 
experimental enquiry yielded negative re
sults (Parkes, 1924). Oviduct function is well 



reviewed in a text edited by Hafez and 
Blandau (1969). 

2.2.2 DISTRIBUTION IN UTERUS 

Blastocysts in polyoestrous animals may be 
moved around a great deal after entering the 
uterus and before implantation or attach
ment, a period that ranges from a day or two 
in the mouse and rat to 24-30 days in the 
horse and more than 30 days in the cow. 
Much longer periods are, of course, met with 
in animals that exhibit diapause. The move
ment is effected by muscular activity in the 
wall of the uterus, which can be demon
strated to distribute other objects as well, 
such as sea urchin eggs, small pieces of 
muscle tissue and plastic beads. Where there 
is free communication between the two horns 
of the uterus, as in the horse, sheep, pig, goat 
and dog, blastocysts deriving from the ovary 
on one side often become implanted or 
attached in the contralateral uterine horn (as 
observed in the dog by Bischoff, 1845). 
Movement of this kind is sometimes called 
'internal migration' (Boyd and Hamilton, 
1952, gave a list of 18 species in which it has 
been recorded, including five species of bats 
that exhibit implantation nearly always in the 
right horn, although ovulation occurs in 
either ovary). It would be most unlikely to 
take place in animals like the rat, in which the 
lumina of the cervical canals remain separate 
for their full extent; it is rare in the mouse, in 
which the cervical canals anastomose only a 
short distance from the external os. Internal 
migration was early shown to be a common 
occurrence in the sheep by Boyd et al. (1944); 
by contrast, it is rare in the cow. 

2.2.3 CYTOLOGY OF CLEAVAGE AND 
COMPACTION 

Fundamental to the processes of fertilization, 
and for cleavage and compaction (this sec
tion) and the fusion of oocytes for the initia
tion of development (discussed later under 
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Induction of parthenogenesis, section 2.4.4), 
are the properties of the plasma membrane, 
which have been the subject of a review by 
Wolf (1983). 

Following the aggregation of chromosome 
groups at syngamy, which can be considered 
the concluding step of fertilization, a series of 
mitotic cell divisions occurs, constituting the 
process of cleavage. During each interphase, 
DNA replication takes place in the '5' phase, 
preceded and followed by 'gap' phases (G l 

and G2). During Gl , RNA and protein are 
synthesized in preparation for DNA repli
cation, and during G2 the same syntheses 
occur for cell division. Gl is lacking in the first 
few cleavage divisions (see Grant, 1978). 

In the eight-cell mouse egg, a distinctive 
change is soon evident, marked by closer and 
more extensive apposition between blasto
meres (Figure 2.2). 

The cells become wedge-shaped rather 
than oval, and are now polarized so that their 
inner and outer regions exhibit different 
characteristics. The outline of the cell mass 
becomes more even and barely suggests the 
existence of separate cells. This change is 
called 'compaction'; it has been recognized in 
all species investigated for its occurrence and 
is evidently an essential step towards the 
next new feature, the development of a fluid
filled cavity among the blastomeres, leading 
to the formation of the blastocyst (the series 
of events is well illustrated in Figure 2.3, from 
Kaufman, 1983; ultrastructural changes dur
ing the corresponding stages of development 
in the mouse egg have been described by 
Cech and Sedlackova, 1983). 

Maintenance of the fluid-filled cavity 
depends on the presence of zonular tight 
junctions between contiguous cells and the 
ultrastructure of these components can be 
seen to develop during the life of the eight
cell egg (Ducibella and Anderson, 1975; 
Ducibella et al., 1975; Ducibella, 1977) (Figure 
2.2). Such tight junctions prevent the escape 
of fluid and limit the movement of ions, thus 
maintaining a distinctive environment in the 
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cavity of the blastocyst (the blastocoele). 'Gap 
junctions' are also present, having the in
ferred function of enabling communication 
between cells by the passage of electrolytes 
and other solutes. (The nature and signifi
cance of compaction are discussed by 
Johnson et al., 1981.) 

2.2.4 THE BLASTOCYST 

The eutherian blastocyst resembles the blas
tula of many marine invertebrate animals in a 
general way, but differs in the fact that the 
entire blastula goes to form the new indi
vidual, whereas only a small proportion of 
cells of the blastocyst subserves this function. 
(The distinction between the two terms is not 
universally recognized but will be observed 
in this chapter.) 

For early observers of eutherian eggs in late 
cleavage it was tempting to interpret differen
tiation along similar lines to those previously 
demonstrated for invertebrate eggs of the 
'mosaic' variety, and there were claims that 
appropriately disposed cytoplasmic determi
nants existed, distinguishing the cells des
tined to constitute the outermost (enclosing) 
layer, now identified as the 'trophectoderm', 
from the enclosed group of cells which form 
the 'inner cell mass' (ICM) (Oalcq, 1957; 

Uncompacted 

Mulnard, 1965). But later investigators, in
cluding Kelly (1975, 1979), were not able to 
support these claims, finding that individual 
blastomeres of the eight-cell egg could con
tribute to either trophectoderm or ICM. 

The basis for present-day thought on the 
subject was established by Tarkowski and 
Wroblewska (1967), who proposed that the 
blastomeres of the early cleavage stages were 
intrinsically capable of differentiating as 
trophectoderm cells, but could gain the 
capacity to become ICM cells through resi
dence in an intercellular environment - this 
was their 'inside-outside hypothesis'. The 
formation of a distinctive intercellular en
vironment follows from the establishment of 
the system of tight junctions, which dis
tinguishes the regions of contact between 
trophectoderm cells and which enables 
blastocyst expansion to occur; the tight junc
tions become recognizable when compaction 
occurs. 

An alternative mechanism has been pro
posed by Johnson and his colleagues Gohn
son, 1981; Johnson et al., 1981), and this 
involves two processes: the 'conditioning' of 
cells by contact with others for further con
tacts (the progeny of the first cell of the two
cell egg to divide will have more contacts and 

Tight junction 
Microtubules 

Compacted 

Figure 2.2 Diagram illustrating the process of compaction as seen occurring between four cells of an 
eight-cell egg. Changes involve the close approximation of cell surfaces and the development of tight 
junctions, which will later make possible the accumulation of blastocyst fluid. Surface and junctional 
changes depend on the presence of calcium ions in the medium, and compaction is reversed if the egg 
is placed in a calcium-free medium. (After Ducibella, 1977.) 
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Figure 2.3 Compaction and blastocyst development as seen by interference microscopy in living 
mouse eggs. (From Figure 6.2 in Kaufman, 1983.) 

so become more amenable to contact) and the 
'polarization' of blastomeres at the eight-cell 
stage, as a result of which each cell comes to 
possess a limited region of 'outer' surface 
characterized by the presence of microvilli. 
Division of blastomeres at the eight-cell stage 
can either bisect the microvillus area (creating 
two potential trophectoderm cells) or segre
gate it into one daughter cell; daughter cells 
without this surface area become internalized 
and later form the ICM. Commitment to an 
ICM fate may not be final, however, for there 
is evidence that cells in the early ICM may 
come to take part in the trophectoderm (Ros
sant, 1986). 

For further discussion of these subjects see 
Adamson and Gardner (1979), Johnson et al. 
(1984), Nichols and Gardner (1984), Johnson 
(1985) and Mulnard (1986). 

2.2.5 SPECIES DIFFERENCES IN BLASTOCYST 
DEVELOPMENT 

In animals whose blastocysts do not exhibit 
an inner cell mass, but instead a group of 
cells specialized for functions equivalent to 
those of the inner cell mass though taking up 
a position alongside cells constituting the 
trophectoderm, as in the pig (Heuser and 
Streeter, 1929), the goat (Amoroso et al., 1942) 
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(Figure 2.4) and the sheep (Bryden et al., 
1972), and in marsupials (see Chapter 7), it is 
still uncertain how the distinction between 
the two groups of cells arises. The cleavage 
stage at which blastocyst formation begins 
varies (Figure 2.5). 

In mouse, rat and man, the first evidence 
of the blastocoele (Gk: koilos, hollow) appears 
shortly after compaction, when there are 
between 16 and 32 cells present; in the rabbit, 
the corresponding cell number is around 100-
200. Experiments with rodent and rabbit 
eggs, however, have shown that the time of 
cavitation is not directly dependent on the 
number of blastomeres that have been 
formed. If blastomeres are removed from 
mouse early cleavage stages, even as many as 
three from the four-cell egg, intercellular 
fluid will still accumulate at the usual time, 
producing in this instance a 'blastocyst' with 
only three or four cells - sometimes, miracu-

(a) 

(b) 

Figure 2.4 Blastocyst formation in the goat egg is 
characterized by the lack of development of an 
inner cell mass. The future embryo derives from 
some of the surface cells, distinguished here by 
white stipple on a black background. Cross
hatched cells are those of the developing 
endoderm. (After Amoroso et al., 1942). 

lou sly , when only two cells are allowed to 
remain they may contrive to embrace a blas
tocoele between them. Available evidence in
dicates that the time of fluid accumulation is 
linked to the number of mitoses that have 
occurred, and not to the number of cell 
divisions (which can be independently 
suppressed) . 

In mouse, rat, hamster, guinea pig, some 
bats, monkey and man, formation of the 
blastocyst involves increase in size of the 
blastocoele and in the volume of blastocoelic 
fluid, with little if any increase in the overall 
diameter, accommodation being provided by 
decrease in cytoplasmic mass of the cells and 
virtual disappearance of the perivitelline 
space. Some further expansion occurs when 
the blastocyst escapes ('hatches') from the 
zona pellucida, but at implantation the diam
eter of the blastocyst is only about 50% 
greater than that of the morula. Hatching is 
made possible through erosion of the zona by 
lytic action of the uterine secretions, a prop
erty that appears to be under hormonal con
trol for it exists only at about the time that 
implantation normally occurs. Some lytic 
action is also exerted by cells of the blasto
cyst, especially those developing the 
pseudopodia-like protrusions that extend 
from the pole opposite to that occupied by 
the inner cell mass, as clearly demonstrated 
in the guinea pig by Blandau (1949). 

In some bats, insectivores, and the cat and 
dog, some expansion of the blastocyst occurs, 
while in the rabbit and hare the diameter 
increases much more, reaching 3-4 mm, 
compared with about 90 J.Lm for the morula 
without zona or mucin layer. Expansion of 
the rabbit blastocyst has drawn a good deal of 
research attention because of the evidence 
that this event depends on the presence of a 
specific protein in uterine secretions, which 
become especially abundant as the time of 
implantation approaches (named 'utero
globin' by Beier, 1968, and 'blastokinin' by 
Krishnan and Daniel, 1967, 1968). Recently, 
however, expansion has been reported to 
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Figure 2.5 Stages in the development of the blastocyst in different mammalian groups. (From 
McLaren, 1982, after Wimsatt, 1975.) 

occur in a simple synthetic medium (see 
McLaren, 1982). In the pig, a uterine-specific 
protein has been described with a purple 
fluorescence (and therefore called 'purple 
protein'); its synthesis is stimulated by pro
gesterone and its function is thought possibly 

to be promotion of placental development 
(Murray et al., 1972). 

In the horse and its relatives, the blastocyst 
expands greatly, achieving a large, more or 
less spherical structure, before implanting on 
day 28 after ovulation. Expansion in the 
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sheep, cow, goat, pig, deer, etc. is also con
siderable, but the distinctive feature here is 
the extreme elongation and attenuation that 
the blastocyst undergoes, assuming a tubular 
form which can reach a length of a metre and 
a half or more in the pig (Perry and 
Rowlands, 1962). Implantation occurs rela
tively late, from some 15 days after ovulation 
in the pig up to 35 days in the cow. 
Development, however, proceeds apace dur
ing the long pre-implantation period, and 
reaches a much more advanced stage than in 
animals with early-implanting blastocysts. 

It is at the blastocyst stage that the first 
clear evidence of differentiation appears, 
with the presence of two types of cell, but 
their disposition varies among mammals. In a 
number of species, such as the laboratory 
rodents, rabbit and man, the 'outside' cells of 
the late morula predominantly differentiate 
into the trophectoderm (Gk: trophe, nourish
ment, ekto, outside, derma, skin), which 
makes up the enclosing wall of the blastocyst, 
while the 'inside' cells remain undifferen
tiated and form the inner cell mass, a distinc
tive group at one pole. Shortly before 
implantation, the inner cell mass differen
tiates into primitive ectoderm and primitive 
endoderm; from some of the cells of the for
mer the embryo later develops (Table 2.1). In 
ungulates, such as the sheep and goat, the 
initial differentiation appears to be directly 
into trophectoderm and primitive ectoderm; 
the latter makes a group of cells that projects 
into the blastocoele but also forms part of the 
outer wall, the remainder of the wall being 
trophectoderm. The primitive ectoderm is the 
homologue of the inner cell mass; that term is 
clearly inappropriate here. Other variations 
in the process of blastocyst formation also 
exist among eutherian mammals (see 
Wimsatt, 1975) (Figure 2.5). 

In animals with a long pre-implantation or 
preattachment period, a fourth type of cell 
becomes identifiable, forming the mesoderm. 
The blastocyst has thus advanced from its 
initial state of unilaminar through bilaminar 

to trilaminar, the layers soon coming to con
stitute the embryonic membranes 'chorion', 
'amnion', 'yolk sac' and 'allantois'. The re
maining cells of the primitive ectoderm be
come organized as a flat oval or pear-shaped 
body known as the 'embryonic disc', soon to 
be embellished with the 'primitive streak', 
consisting of two folds with a groove in be
tween. In the sheep, the embryonic disc is 
evident at 13 days after ovulation, being 
about 0.42 mm in length. 'Neural folds' 
appear on either side of the primitive streak 
by the 15th day, seven somites then develop 
and the embryo reaches about 1.60 mm in 
length; during this period, there is a rapid 
decline in glucose incorporation by the devel
oping tissues (Cuneo, 1986). The neural 
groove closes on the 16th day and the 'heart 
bulge' is discernible by the 17th (Bryden et al., 
1972). By day 19, the embryo has reached 
7.76 mm in length and shows a 60-fold in
crease in dry weight as compared with day 13 
(Cuneo, 1986). The first evidence of a reaction 
in the endometrium to the presence of the 
embryo is seen about days 15-16 (Boshier, 
1969) and the first responsive changes in the 
trophoblast cells at days 13--15 (Guillomot et 
al., 1982). 

2.2.6 X-INACTIVATION 

In most eutherian mammals, the compensat
ing mechanism avoiding the aneuploidy 
otherwise due to the presence of two X 
chromosomes in female tissues involves in
activation of one of them (Lyon, 1961). 
Studies on the development of sex chromatin 
(or Barr body) in man, macaque, cat and 
rabbit indicated that inactivation occurs at the 
blastocyst stage; sex chromatin becomes 
visible first in the trophectoderm, and later in 
the derivatives of this tissue, namely the 
primitive ectoderm and primitive endoderm·. 
(In eutherian mammals, inactivation can be 
of either the paternal or maternal X chromo
some, and in a random manner, except in the 



extraembryonic membranes where inacti
vation is preferentially of the paternal X. In 
marsupials, it is the paternal X chromosome 
that is inactivated in both tissues.) 
Replication asynchrony of X chromosomes is 
also detected first at the blastocyst stage, in 
conformity with the observations on sex 
chromatin. 

On the other hand, there is good evidence 
from the X-linked gene dosage effect on en
zyme synthesis that both X chromosomes in 
female embryos are transcriptionally active at 
the eight-cell stage and probably earlier. No 
evidence of dosage compensation has been 
detected, so it is inferred that only a very 
small part of the genome is active at this time. 
Dosage studies have also shown that X
inactivation at the genetic level must begin 
earlier than that indicated by the appearance 
of sex chromatin, perhaps as early as the 
morula stage, and then progressively 
increases. 

The first appearance of sex chromatin in 
the trophectoderm may have a further point 
of significance, for there is accumulating evi
dence that X-inactivation occurs as cells 
differentiate, supporting observations on ter
atocarcinoma cells that were induced to 
differentiate (see Lyon, 1972; Gartler and 
Cole, 1981; Monk and Harper, 1979, for 
further details on these and preceding 
observations). 

2.2.7 VIRUS-LIKE PARTICLES 

There have been numerous reports on the 
presence in cleaving eggs of small round 
objects, 50-110 nm in diameter, that re
semble RNA tumour viruses. They have 
electron-dense shells and commonly look as 
if they were budding off the outer layer of the 
nuclear envelope or from the endoplasmic 
reticulum, but often, too, they are found free 
in the cytoplasm. They appear to exist in 
three different forms, which have been 
labelled types A, Band C (Dalton, 1972). The 
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particular form exhibited appears to depend 
on the developmental state of the egg. The 
particles have been found in early germ cells, 
in gonocytes and oogonia, and in immature 
oocytes up to the dictyate stage (Larsson et 
al., 1981), but never in unfertilized one-cell 
eggs. After fertilization, they are first seen in 
the late two-cell egg and then in all stages up 
to the egg cylinder. Calarco and Szollosi 
(1973) noted the apparent coincidence be
tween the presence of the particles after ferti
lization and the beginning of RNA synthesis 
by nucleoli. They have also been seen in fetal 
tissues. Sometimes crystalloid aggregates are 
also seen in eggs that contain virus-like par
ticles, particularly at the two-cell stage (Szol
losi, 1976). Dvorak et al. (1985) did not record 
virus-like particles, but found crystalloid in
clusions to increase in abundance from the 
four-cell stage onwards; fibrillar proteins 
were found to be components of these 
inclusions. 

Most of the observations mentioned so far 
were made in the mouse, but there have been 
scattered sightings in the guinea pig, hamster 
and some other animals. Virus-like particles 
have also been noted in parthenogenetically 
activated mouse eggs, first at the two-cell 
stage and in smaller numbers up to the mor
ula (Van Blerkom and Runner, 1976). Daniel 
and Chilton (1978), who present a compre
hensive review of this field, propose that 
virus-like particles could represent messen
gers for cell-to-cell communication during 
embryonic development. 

More recently, Yotsuyanagi and Szollosi 
(1980, 1981) have described what appears to 
be a new type of inclusion, termed 'epsilon 
particle', found in mouse eggs from the two
cell stage to the morula. In the earlier eggs, 
the particles seemed not to exert any ill
effect, but the presence of large numbers in 
the morula appeared to be associated with 
loss of contact between an affected blasto
mere and neighbouring cells, which might 
lead to its exclusion from the blastocyst. 
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2.2.8 DIAPAUSE 

This term denotes an arrest of development 
occurring as a normal but not invariable 
event in early pregnancy; it is also known as 
'delayed implantation' and 'discontinuous 
development'. The qualifications 'facultative' 
and 'obligatory' are often met with, but the 
corresponding terms 'seasonal' and 'lactatio
nal' are preferred because the imputations 
are clearer. The literature on diapause was 
thoroughly reviewed by Deanesly (1966) in 
the third edition of Marshall; she listed 18 
eutherian species on which information had 
been published (see also the reviews by 
Aitken, 1977; Bergstrom, 1978; Renfree; 1978; 
Flint et al., 1981). 

Seasonal diapause became known first in 
the roe deer Capreolus capreolus and the nine
banded armadillo Dasypus novemcinctus. In 
the roe deer, fertilization, implantation and 
birth usually occur in August, December and 
May, in that order; for the armadillo, the 
relevant months are July, November and 
March-April. For both animals, the time be
tween the first two events represents more 
than 40% of the whole pregnancy period. 
Even more striking is the European badger 
Meles meles, in which the three events occur 
in July, February and March, the pre
implantation interval here approaching 90% 
of pregnancy. In these species, delay of im
plantation ensures that birth of young occurs 
in a favourable season of the year, and so is 
appropriately termed 'seasonal diapause'. 
The stimulus for this reaction evidently has to 
do with the photoperiod since the artificial 
provision of 'increasing day length' has been 
found to induce premature implantation. 
Temperature and nutrition are also involved. 

Lactational diapause has long been known 
in rats and mice, which can mate at the first 
post-partum oestrus and would thus be suc
kling a litter when the blastocyst enters the 
uterus. It involves an additional interval of 
up to 20 days in the blastocyst's intrauterine 
existence, the actual duration being pro-

portional to the number of young being suc
kled. Usually at least five young in the rat 
and three in the mouse are necessary for the 
response. Studies in the mouse have shown 
that the metabolic rate of diapaused blasto
cysts, as indicated by the rate of glycolysis, is 
much reduced. Lactational diapause has also 
been reported in the shrew Sorex araneus. 

The mechanism in rodents involves a bal
ance between oestrogen and progesterone. If 
very small amounts of oestrogen are injected 
into mated lactating mice and rats on days 
5-6, implantation occurs normally, while 
delay ensues in the controls, but if the ani
mals are ovariectomized and maintained on 
progesterone, the blastocysts remain unim
planted (see McLaren, 1973; Weitlauf, 1974). 
In mice, blastocysts can be induced to enter 
diapause by transfer to the oviducts of imma
ture mice; reactivation follows removal to 
pseudopregnant mice or culture in vitro 
(Papaioannou, 1986). In the rabbit, hamster, 
guinea pig, sheep and rhesus monkey, 
diapause induced by ovariectomy can be 
terminated and implantation follows if pro
gesterone alone is administered, oestrogen 
apparently being unnecessary (Renfree, 
1982). Naaktgeboren et al. (1986) have 
recently described eight cases of induced 
human pregnancies in which there was evi
dence of delayed implantation; two pregnan
cies went to term with healthy births. 

2.2.9 METABOLISM 

Some of the earliest observations on the 
metabolism of the pre-implantation stages of 
development were concerned with respirat
ory activity and were made by Boell and 
Nicholas (1948) in the rat and A.H. Smith and 
Kleiber (1950) in the rabbit, and these were 
followed by the investigations of Fridhandler 
et al. (1957) and Fridhandler (1961) in the 
rabbit and Sugawara and Umezu (1961) 
in the rat. Oxygen uptake was measured by 
the Cartesian diver technique. It was noted in 
the rabbit that later pre-implantation stages 



had higher oxygen consumption rates, and 
that the earlier stages were evidently not de
pendent on the presence of substrate metab
olites, though these stimulated oxygen 
uptake in the more advanced stages. Subse
quent research revealed an increasing meta
bolic capability in the pre-implantation stages 
of the mouse: in the oocyte and ootid, only 
pyruvate and oxaloacetate could be metab
olized in significant amounts; at the two-cell 
stage, phosphoenolpyruvate and lactate 
could additionally be utilized, and at the 
eight-cell stage the list included also glucose, 
a-ketoglutarate, malate and acetate (Table 
2.2). 

Despite these differences, all stages from 
two-cell to eight-cell were found to be equally 
permeable to glucose. In the eight-cell and 
morula stages, about half the glucose metab
olized enters pathways leading to the syn
thesis of proteins, lipids and nucleic acids. 
(For references see Biggers et al., 1967; 
Biggers and Borland, 1976; Brinster, 1967a,b, 
1972; Wales and Brinster, 1968; Wales, 1973, 
1986; Sherman, 1979.) 

The oxygen consumption of human 
oocytes and blastocysts, the latter arising 
from in vitro fertilization (NF), was found to 
be essentially similar (ranging from 0.34 to 
0.53 nl/h) by Magnusson et al. (1986), and 
Leese et al. (1986) reported that the pyruvate 
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uptake by human oocytes decreased after fer
tilization but rose again just before the mor
ula stage, the changes being considered of 
possible value for assessing viability. Gott et 
al. (1990) found that more pyruvate than 
glucose was taken up by human NF embryos 
in the earlier stages, but glucose was the 
preferred substrate for the blastocyst. The 
production of lactate was relatively high 
throughout, values observed beginning at 
43.6 pmoVembryolh on day 2.5 and rising to 
95.4 pmoVembryolh by day 5.5. The authors 
consider that only about half the lactate pro
duced could have come from the glucose 
taken up, the rest deriving most likely from 
glycogen. 

The metabolism of glucose and lactate 
in pre-implantation mouse embryos was 
increased by 62% and 18%, respectively, by 
culture in the presence of platelet-activating 
factor (PAP), as reported by Ryan et al. 
(1990a,b), who suggest that embryo-derived 
P AF has a role in pre-implantation develop
ment, augmenting the viability of the em
bryos themselves. 

Important reserves of energy for the cleav
ing egg are the glycogen stores observed in 
mouse eggs by Thomson and Brinster (1966) 
and Stem and Biggers (1968). The distri
bution of glycogen granules and aggregates 
at different developmental stages has been 

Table 2.2 Metabolites that can provide energy for the oocyte, ootid and 
cleaving mouse egg (From Brinster, 1972) 

Pyruvate 
Oxaloacetate 
Lactate 
Phosphoenolpyruvate 
Glucose 
a-Ketoglutarate 
Malate 
Acetate 
Succinate 
Glucose 6-phosphate 
Ribose 

Oocyte Ootid 

+ 
+ 

+ 
+ 

Two cells Eight cells 

+ + 
+ + 
+ + 
+ + 

+ 
+ 
+ 
+ 
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described from electron microscopic studies 
by Dvorak et al. (1985) in the mouse. Stores 
were low in the oocyte but began to increase 
during fertilization and rose steeply up to the 
eight-cell stage; after that, the level was main
tained until the blastocyst stage and then de
creased in eggs recovered from the uterus but 
not from those cultured in vitro (Edirisinghe 
and Wales, 1984). The difference is evidently 
attributable to the oxygen tension commonly 
maintained in the culture atmosphere (Khur
ana, 1987) - if held at not more than 5%, the 
difference between glycogen levels in cul
tured and recovered embryos disappeared. 
Evidently glycogen cannot be utilized by the 
egg before the eight-cell stage. Changes in 
the volume of lipid droplets in the cytoplasm 
may indicate a function as an alternative 
energy source (Dvorak et al., 1985). 

Attention has recently been directed 
increasingly to the question of the stage at 
which the embryonic genome takes over con
trol of protein synthesis. In the mouse, this is 
evidently the two-cell stage (Flach et al., 1982; 
Bolton et al., 1984), but later in other species: 
in cattle, the four-cell stage (Barnes, 1988) or 
the eight- to 16-cell stage (Frei et al., 1989); in 
man, the four- to eight-cell stage (Braude et 
al., 1988); in sheep, the eight- to 16-cell stage 
(Crosby et al., 1988). King et al. (1988) point 
out that activation of the embryonic genome 
coincides with the dispersal of the nucleolar 
precursor body in the cells of the embryo. 
They consider morphological changes in the 
nucleoli of embryonic cells to provide a useful 
indication of the activity of certain gene loci, 
and therefore of the onset of embryonic 
transcription. 

The activities of various enzymes have 
been studied in the early developmental 
stages of the mouse, rat and rabbit (see 
Brinster, 1972). Major differences have been 
recorded between enzyme activities and also 
variations in the occurrence of enzymes at 
different stages, but little is known of the 
significance of these observations. Lactate de
hydrogenase is conspicuous for its great 

abundance at the start of development in the 
mouse embryo; there was found to be about 
10 times as much in the oocyte as in skeletal 
muscle, the amount later diminishing, and 
some 70 times as much in the cleaving eggs of 
the mouse as in those of the rabbit and man. 
The enzyme in the mouse eggs had an elec
trophoretic isozyme pattern of type H and at 
implantation additionally of type M. Again in 
the mouse, hexokinase was detected at low 
levels in the oocyte, increasing in activity 
about sevenfold at the time of implantation, 
and indications were that it is important in 
regulating glucose availability. Certain other 
enzymes present in the pre-implantation 
stages are known to have a genetic signifi
cance and will be discussed later under 'Pro
tein synthesis and gene action' (section 
2.2.10). 

In the mouse blastocyst, the cavity remains 
small, about 0.4-0.45 nl; by contrast, the rab
bit blastocoele enlarges from about 2 nl to 
66 nl at implantation, almost entirely by the 
intake of water. Other substances are also 
passed into the cavity, some evidently orig
inating in the bloodstream, though there are 
distinct differences between the two fluids. 
One day before implantation in the rabbit, 
the content of protein and glucose is lower 
and that of potassium and bicarbonate higher 
in the blastocoele fluid, but in the next 2 days 
the composition comes to resemble serum 
more closely, due to increasing passage to 
and from the maternal bloodstream. In addi
tion, the phosphorus content doubles and 
that of chloride increases about threefold. 
(Further details are given by Brambell and 
Hemmings, 1949; Lutwak-Mann, 1954, 1959, 
1960; Wiley, 1984; Pemble and Kaye, 1986.) 

The mechanisms whereby water and ions 
are taken up into the blastocoele in the rabbit 
have engaged a good deal of research atten
tion. Some of the first persuasive evidence 
that there was active transport of ions came 
when Cross and Brinster (1969) and Gamow 
and Daniel (1970) reported that a trans
trophectoderm potential difference could be 



demonstrated in 511z- to 6-day blastocysts, 
and that its persistence depended on a 
supply of energy and could be terminated by 
anoxia or treatment with certain metabolic 
inhibitors. There remained the question 
whether ion transport depended on electrical 
or chemical potential differences across the 
intervening membrane, or whether transport 
was effected by an active agent in the mem
brane. That the latter explanation was prefer
able was shown by Cross (1973), who applied 
the Ussing-Zerahn short-circuit technique to 
6-day rabbit blastocysts; the results strongly 
supported active membrane transport of N a + 
and Cl-, and Cross maintained that this 
movement of ions would adequately account 
for the fluid accumulation in the blastocoele. 
That the 'sodium pump' (Na +, K+ -ATPase) is 
the agent in the membrane responsible for 
Na+ and Cl- transport emerges from the 
work of Borland et al. (1967), who used 
ouabain to inhibit the enzyme. Transport of 
bicarbonate, which exists in relatively high 
concentration in blastocoelic fluid, is evi
dently dependent on a similar mechanism. 
Hydrogen ions move freely across the mem
brane without assistance. 

Robinson et al. (1990) claim to be the first to 
examine the mechanism of glucose transport 
across the trophectoderm of rabbit bias to
cysts; this they maintain is achieved by a 
sodium-independent system which is un
affected by progesterone, mifepristone, pros
taglandins, insulin or cAMP. 

Important questions relating to the role of 
the oviduct in the maintenance of embryos 
have been investigated by Gandolfi et al. 
(1989). Macrophages cultured with mouse 
blastocysts have been shown in ultrastruc
tural studies to enter the cytoplasm of troph
ectoderm cells and to pass between ICM cells; 
there was no evidence that they exerted any 
cytotoxic effect (Tachi et al., 1985). 

Belling et al. (1985) have found that 5- to 6-
day rabbit blastocysts can conjugate and 
actively metabolize diethylstilboestrol, and 
infer that there are at this stage specific en-
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zyme activities, of which one, monooxy
genase, is not expressed in the adult animal. 
Other aspects of metabolism in cleaving eggs 
and blastocysts are discussed under 'Recov
ery, culture, storage and transfer' in section 
2.4.1. 

2.2.10 PROTEIN SYNTHESIS AND GENE 
ACTION 

The egg during fertilization has a high con
tent of RNA, but this is inherited from the 
oocyte ('long-lived RNA') and there appears 
to be no RNA synthesis. Some synthesis 
occurs at the two-cell stage and then rapidly 
increases (in the mouse, rabbit and hamster). 
At the four-cell stage, preponderance of 
radiolabel over the nucleoli supports the idea 
that ribosomal RNA (rRNA) synthesis is 
occurring at this time. Messenger RNA 
(mRNA) and transfer RNA (tRNA) are also 
synthesized from the two-cell stage onwards. 
When development reaches the blastocyst 
stage, the rates of synthesis of rRNA, mRNA 
and tRNA have reached levels seen in adult 
cells (though uterine flushings have an in
hibitory effect on RNA synthesis - Weitlauf, 
1976). 

Protein synthesis has been found to occur 
in the egg during fertilization (controlled 
solely by maternal genes), and from then 
onwards the incorporation of radiolabelled 
amino acids continues. Between the two-cell 
and eight-cell stages, the types of protein 
synthesized change greatly, though those 
synthesized at the two-cell stage can still be 
detected in the morula. Proteins specific to 
certain tissues are first seen at the morula 
stage. (Reviews on these topics have been 
published by: Epstein, 1975; Sherman, 1979; 
Magnuson and Epstein, 1981; Johnson, 1981; 
McLaren, 1982; Pratt et al., 1983; Johnson et 
al., 1984; Jackson, 1989.) 

On the other hand, Norris et al. (1985), 
characterizing proteins in the cleaving eggs of 
four species (mouse, rat, hamster and gerbil), 
found great similarity in the later stages but 
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striking differences between the species at 
the one-cell stage. They surmised that the 
distinctive early protein synthesis on matern
ally derived templates has the function of 
maintaining species integrity. At later cleav
age stages, the proportion of RNA synthesis 
controlled by the embryonic genome in
creases steeply throughout cleavage, so that 
at the eight-cell stage (or even the six-cell 
stage) it represents the total. From this point 
on, maternal genes no longer determine pro
tein characters, and at the blastocyst stage the 
level of RNA synthesis is equal to that seen in 
the adult cell. Protein synthesis presents a 
more complex picture, actual patterns show
ing the greatest change between the one- and 
two-cell stages, but synthesis dependent at 
the two-cell stage on embryo mRNA tem
plates seems to be limited to one protein, 
l3z-microglobulin. At the four-cell stage, 
l3-glucuronidase appears, and between the 
eight- and 16-cell two more enzymes, 
hypoxanthine-guanine phosphoribosyl trans
ferase (HPRT) and glucose phosphate iso
merase, and two distinctive proteins, the H-Y 
antigen and non-H-2 alloantigens. HPRT de
ficiency causes the Lesch-Nyhan syndrome 
in the human subject, and the enzyme is also 
of special interest in that its determining gene 
is located on the X chromosome. The anti
gens are important because they are ex
pressed on the surface of cells and are fairly 
readily detectable. 

Evidence of zygote genome expression is 
also forthcoming from observations on the 
time of death attributable to lethal mutations 
carried by the paternal genetic complement. 
Thus mutants t12 and tw32 begin to show 
effects on development at the two-cell stage 
and cause death of the morula. Homozygotes 
for the albino locus deletion C25H do not de
velop beyond a point between the two- and 
seven-cell stages. (For detailed reviews, see 
Mintz, 1974; McLaren, 1976a, 1982; Schultz 
and Tucker, 1977; Adamson and Gardner, 
1979; Johnson, 1981; Magnuson and Epstein, 
1981; Bolton et al., 1984.) The question 

whether or not the paternal genome could be 
dispensed with altogether, in the develop
ment of the new individual, is dealt with later 
under 'Induction of parthenogenesis'(section 
2.4.4). 

Mitochondria in the developing egg are 
evidently all maternal in origin; in many ani
mals, sperm mitochondria are released into 
the egg cytoplasm during early cleavage, but 
soon show signs of degeneration (Szollosi, 
1965, 1976). The wholly maternal origin of 
these bodies makes it possible to relate indi
viduals to one another by restriction enzyme 
mapping of the mitochondrial DNA, and 
study of mtDNAs from 147 individuals from 
African, Asian, Australian, Caucasian and 
New Guinea populations led to the con
clusion that all could have been descended 
200000 years ago from a single progenitor, 
probably of African origin (Cann et al., 1987). 

Further information on the early effects of 
the paternal genome in development comes 
from investigations on experimental hybrid
ization. Some hybrids are, of course, fully 
viable, but in other instances, though fertiliz
ation occurs, development fails before im
plantation. Insemination of the domestic 
rabbit with semen from the cottontail rabbits 
Sylvilagus floridanus and S. transitionalis 
resulted in apparently normal cleavage up to 
the morula stage but no further (Chang and 
McDonough, 1955; Chang, 1960). A similar 
experimental series with rabbits inseminated 
with semen from the hare Lepus europaeus 
yielded blastocysts but no implantation 
(Adams, 1957; Chang and Adams, 1962). 
When rabbits were inseminated with the se
men of the hare L. americanus, there were 
essentially the same findings (Chang et al., 
1964; Chang, 1965). (See also the review by 
Chang and Hancock, 1967.) These losses of 
cleaving eggs and blastocysts could presum
ably have been due to some form of chromo
somal imbalance, since in all instances the 
gametes came from animals with different 
chromosome number and constitution, but 
aneuploidy per se is not necessarily lethal. 



One of the most successful hybrids is the 
mule [2n=63; nombre fondamentale (NF)=99], 
whose parents are the horse Equus caballus 
(2n=64; NF=94) and the donkey E. asinus 
(2n=62; NF=104), and other examples are 
listed by Gray (1954). Probably the most sys
tematic enquiries into the effects of aneup
loidy were those of Gropp et al. (1970, 1976), 
who crossed the house mouse with the 
tobacco mouse Mus poschiavinus. All house 
mouse chromosomes are acrocentric, while 
those of the tobacco mouse include seven 
metacentrics. The hybrid males had high 
rates of non-disjunction in spermatogenesis, 
and when these were back-crossed with fe
male house mice the resulting conceptuses 
showed various forms of monosomy and tri
somy. Monosomy was the more lethal, early 
development regularly failing to pass the 
blastocyst stage. 

2.3 DEVELOPMENT IN MONOTREMES AND 
MARSUPIALS 

2.3.1 MONOTREMES 

In this order of mammals, the processes of 
egg maturation, fertilization and cleavage 
have many points of similarity with cor
responding events in Sauropsida; original 
observations are not particularly numerous 
but a coherent picture is emerging, and the 
subject has been well reviewed by Boyd and 
Hamilton (1952), Tyndale-Biscoe (1973), 
Hughes (1977, 1984), Luckett (1977), Hughes 
and Carrick (1978) and Tyndale-Biscoe and 
Renfree (1987) (the last named is a major 
work with a great deal of useful information 
on monotremes, though the title names only 
marsupials). 

During fertilization (which is still in pro
gress when the egg reaches the uterus), the 
cytoplasmic component of the egg takes the 
form of a flat germinal disc lying upon a large 
yolk body (see Figure 14.6 in the third edition 
of Marshall), much as in the bird egg. After 
syngamy, the first cleavage furrow divides 
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the germinal disc into two portions, which 
are commonly a little unequal in size, and the 
second furrow crosses the first approximately 
at right angles. The products are referred to 
as 'cells' despite the persistence of cytoplas
mic continuity between them (the distinctive 
feature of meroblastic cleavage) as well as on 
the surface of the yolk body. The third cleav
age involves the formation of two furrows, 
on either side of and roughly parallel to the 
first, thus dividing the disc into eight cells, 
regularly arranged but varying in size. The 
fourth and fifth series of furrows are less 
regularly oriented and produce groups of 16 
and 32 cells with increasing disarray (see 
Figures 14.7 and 14.8 in the third edition of 
Marshall). Cleavage planes also divide cells 
into more central and more peripheral 
portions, thus forming two or three layers of 
cells, a group of which then become separ
ated by a fluid-filled space from the layer of 
cytoplasm immediately covering the yolk 
body; this group forms the 'blastoderm'. The 
cytoplasmic layer on the yolk surface con
tains many nuclei and constitutes a syncy
tium, which spreads to enclose eventually 
the whole yolk body. The space beneath the 
blastoderm is termed the 'blastocoele' though 
not strictly homologous with the eutherian 
blastocoele. With further cell division, a 
superficial layer of cells of the blastoderm 
becomes identified as the embryoniC ecto
derm, the subjacent layer forming the endo
derm. The cells at the periphery of the 
blastoderm multiply rapidly, spreading over 
the syncytial layer and forming the 'tropho
blast' or 'epiblast'; and eventually, the two 
layers totally enclose the yolk body and thus 
the bilaminar blastocyst is established. The 
mural cells of the blastocyst develop tight 
junctional complexes and the blastocyst 
absorbs further fluid and so swells greatly. 
The ovulated egg was only some 3.5-4.0 mm 
in diameter, but the blastocyst soon achieves 
a diameter of 12 mm or more. 

While the egg passes along the oviduct and 
into the uterus (a destination thought to be 
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Table 2.3 Diameters of ovulated marsupial oocytes 

Species 

Dasyurus viverrinus 
Didelphis virginiana 
Sarcophilus harrisii 
Trichosurus vulpecula 

Vitellus 
(IL) 

240 
135 
210 
229 

Overall a Reference 
(IL) 

300 Hill (1910) 
750 Hartman (1916) 

300 (435b) Hughes (1982) 
290 Hughes and Hall (1984) 

"Including zona pellucida, mucoid layer and shell membrane. 
b After formation of fluid-filled perivitelline space. 

reached within 24 h of ovulation), it receives 
a thin layer of glycoprotein and a shell mem
brane; next a thick shell is deposited. The 
shell has been shown to be porous and allow 
passage of nutrients and gaseous exchange; 
this facility is important in view of the very 
limited reserves originally present in the yolk 
body, which is much smaller than the yolk of 
an egg of a bird of similar size. The fluids and 
essential metabolites that are absorbed by the 
late blastocyst and developing embryo derive 
from the uterine tissues, which are at this 
time in a congested and secretory state, 
under the control of progesterone (Hughes 
and Carrick, 1978). By contrast, some mem
bers of the Sauropsida, such as viviparous 
snakes and lizards, have well-developed 
chorioallantoic placentae (see Chapter 15 in 
the third edition of Marshall). Nevertheless, 
the monotreme embryo possesses a special
ized membrane active in metabolic exchange, 
and there is a functional (though not tactile) 
relationship with the maternal tissues; on this 
basis, the monotreme can be said to possess a 
placenta (choriovitelline, in this case) during 
its intrauterine existence. The duration of 
intrauterine life is about a month. 

Intrauterine development reaches approxi
mately the 18-somite neurula stage in the 
platypus and the 19-somite stage in echidna. 
Up to this time, the only extraembryonic fetal 
membrane formed is the yolk sac, which is 
still non-vascularized. Vascularization occurs 
soon after laying, and then the allantois 

develops rapidly and in turn becomes vascu
larized. Eventually, choriovitelline and 
chorioallantoic composite membranes show 
about the same degree of development. 
. The platypus lays its eggs apparently 
directly into the nest, while the echidna 
seems to provide pouch accommodation until 
the young develop their sharp spines. 
Hatching occurs about 10 days after laying in 
the echidna (Griffiths et al., 1969), but the 
period in the platypus is not yet known. 

2.3.2 MARSUPIALS 

The eggs are distinctly larger than those of 
eutherian mammals - figures available for 
four species are set out in Table 2.3. For com
parison, the range of diameters of the vitellus 
alone in eutherians is about 60-180 IJ-m, the 
largest being that in the sheep egg (Austin, 
1961), the overall diameter including the zona 
pellucida being 200 IJ-m. 

The vitellus of the Dasyurus egg contains a 
distinctive body which has been termed a 
'yolk mass'; it becomes separate after the first 
cleavage and is later enclosed within the 
cavity of the blastocyst. The relatively large 
size of marsupial eggs in general is com
monly attributed to the presence of a plenti
ful supply of yolk, existing in the dispersed 
state, the Dasyurus egg being exceptional 
with its striking aggregate, but the deuto
plasmic nature of this material is still only 
hypothetical. A similar 'yolk body' materia-



lizes after the second cleavage division in 
Antechinus stuartii and Sminthopsis crassicauda
tus and S. macroura (Selwood and Young, 
1983; Selwood, 1987). Unlike the eutherian 
egg, the marsupial egg at ovulation is not 
surrounded by a cumulus oophorus of follicle 
cells. Sperm entry occurs in the oviduct and 
fertilization is still in progress when the egg 
reaches the uterus, which it does within 24 h 
of ovulation. After sperm entry, the egg 
receives a thick coating of mucopolysacchar
ide, homologous with the mucin layer of the 
rabbit egg, and in addition a keratinous shell 
membrane which has no equivalent in euth
erian eggs, but resembles the corresponding 
investment in monotreme eggs. 

Cleavage results in the formation of in
creasing numbers of blastomeres, as in euth
erians, but a clear difference soon appears in 
that in marsupials the blastomeres become 
separated, taking up positions around the 
periphery. In this manner, in due course, a 
unilaminar blastocyst is formed, without the 
intervention of a morula stage or the segre
gation of an inner cell mass. (Successive 
stages in the cleavage of the Sarcophilus and 
Sminthopsis eggs have been described and 
illustrated by Hughes, 1982, and Selwood, 
1987.) The cells making up the wall of the 
blastocyst are attached to one another by 
tight junctional complexes, much as in the 
eutherian blastocyst, an arrangement permit
ting control over the passage of water and 
solutes (as discussed earlier in section 2.2.4). 
The cells at this stage of the unilaminar mar
supial blastocyst are apparently identical, so 
that there is no obvious way of recognizing 
the presumptive embryonic area; collectively 
they constitute the 'protoderm'. At about the 
60-cell stage, the blastocyst starts to expand, 
and indications are that, though develop
ment to this point can occur on endogenous 
resources, expansion and differentiation re
quire the contributions provided by the uter
ine secretions. 

The next step in differentiation involves 
the detachment of some of the cells in one 

Development in monotremes and marsupials 113 

hemisphere, which at first lie freely in the 
blastocoele but then come to constitute a 
layer of loosely connected cells under the 
protoderm; in this way the endoderm de
velops, conforming to a pattern like that in 
the avian egg, but unlike that in the euther
ian. Part of the protoderm then differentiates 
into an oval plate of cuboidal cells which later 
becomes the medullary plate of the embryo. 
A primitive groove with Hensen's node then 
appears in the medullary plate, and it is from 
the primitive groove that mesoderm cells are 
generated and become distributed between 
protoderm and endoderm. Subsequent 
developmental stages include the formation 
of the notochord and neural tube, and later 
the spinal cord, brain vesicles and the 
somites. During the course of these events, 
the extraembryonic membranes are being 
formed, and large differences in pattern are 
discernible in different species. As in euther
ians, two membrane structures can be im
portant in the establishment of a system 
allowing uptake of nutrients by the embryo, 
gaseous exchange and elimination of wastes; 
these are the yolk sac and allantois, though 
in order to achieve close relations with the 
maternal environment some collaboration 
with the chorion is also needed, and thereby 
choriovitelline and chorioallantoic placentae 
are formed. These composites vary in their 
extent of vascularization, and this in turn 
depends upon the range of development of 
the mesoderm at an earlier stage. In mar
supials, the mesoderm stops short of invest
ing more than about half of the wall of the 
embryonic vesicle, so that the regions of 
placentae that become trilaminar and vascu
larized are rather limited. In Didelphis and 
Dasyurus, the only region to become thus 
developed is part of the choriovitelline mem
brane, whereas in Phascolarctos and Perameles, 
the honour is shared between the two com
posites. The prevailing view is that vascular
ized regions are mainly concerned with 
respiration and the non-vascularized with 
nutrition. 
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Differences also exist among marsupial 
species in the degree of intimacy that is 
achieved between embryonic and maternal 
tissues. The shell membrane may persist in
tact through much of intrauterine life in some 
species, as for example in Trichosurus vulpe
cula in which Hughes and Hall (1984) found 
that the membrane was not lost before the 
two-thirds point of the 17.5-day gestation 
period. But a placenta involving invasion of 
the maternal tissues by the fetal is formed in 
other species, as distinctively shown in 
Perameles (see Amoroso, 1952). 

Both lactational and seasonal diapause are 
well known in marsupials. The former was 
demonstrated in the quokka Setonyx brachyur
us and the tammar wallaby Macropus eugenii 
by Sharman (1955), the presence of pouch 
young inhibiting implantation of the uterine 
blastocyst that had arisen from a post-partum 
mating. Implantation followed removal of the 
pouch young; and the same mechanism 
appears to exist in the euro M. robustus and 
the red kangaroo M. rufus. Here, too, arti
ficial control of photoperiod can produce the 
same result. 

For further information on the pre
implantation development of marsupials, the 
reader is referred to reviews by Tyndale
Biscoe (1973), Hughes (1977, 1984), Renfree 
(1978,1982), Tyndale-Biscoe and Renfree 
(1987) and to Chapter 7 in this volume. 

2.4 EXPERIMENTAL MANIPULATION 

2.4.1 RECOVERY, CULTURE, STORAGE, 
TRANSFER 

Recovery of cleaving eggs from the oviduct 
and blastocysts from the uterus is commonly 
achieved by flushing with a balanced salt 
solution or heat-treated homologous serum 
or a mixture of the two (Table 2.4). For this 
purpose, phosphate buffering is appropriate 
for maintaining a pH in the region of 7.0-7.5. 
In expendable animals, the oviduct is 
removed post mortem, straightened out if 

necessary by dissection, and then flushed by 
inserting a blunted hypodermic needle with 
syringe attached into the uterine ostium, the 
emerging fluid being collected in an embryo
logical watchglass. This procedure is satisfac
tory for the rabbit; with the rat and mouse, 
flushing is easier done in the opposite direc
tion, the needle being inserted into the infun
dibular end of the oviduct. In larger animals, 
and where the animal is to be preserved, 
laparotomy is performed and the ovarian end 
of the uterus is clamped off, the flushing 
medium being injected into this region and 
forced along the oviduct. 

To obtain blastocysts from the uterus, dis
section is usually depended on in expendable 
animals, but in others (generally farm ani
mals, but rather similar methods are used in 
the human subject) a non-surgical procedure 
is employed. This involves the use of a long 
plastic catheter, of which two designs are 
about equally popular. In both, there is an 
inflatable bulb within a short distance of the 
end that is to be passed into the uterus; when 
the bulb is expanded with air, a region at the 
ovarian end of the uterus is closed off so that 
it will retain injected fluids. Accordingly, in 
one design of catheter, there are two lumina, 
through one of which air is forced for pump
ing up the bulb, and through the other flush
ing fluid is injected and later drained out, 
carrying the blastocysts with it. The other 
design of catheter has three lumina, one for 
bulb inflation as before, a second for fluid 
injection and the third for fluid return (which 
with this device can be simultaneous with 
injection). (Detailed descriptions of these 
techniques are given by Croxatto et al., 1972; 
Hunter, 1980; Brackett et al., 1981; Buster et 
al., 1983; Trounson, 1983; Bavister et al., 1984; 
Betteridge, 1986; Brambati and Tului, 1990.) 
Loskutoff et al. (1990) describe the non
surgical transcervical recovery of embryos 
from the uterus of the suni (Neotragus moscha
tus zuluensis), a small East African antelope, 
and give references to similar work on other 
African ungulates. 



Culture of cleaving eggs, morulae and 
blastocysts has been carried out in several 
different kinds of receptacles, including small 
plastic Petri dishes, test tubes and aggluti
nation tubes, but some prefer embryological 
watchglasses, Carrel flasks or capillary tubes. 
The composition of the culture medium is 
critical in respect of pH, osmolarity, metab
olizable nitrogen and energy sources, certain 
ions and a macromolecular component such 
as serum albumin. Sometimes, additions of 
fetal calf serum or human umbilical cord 
serum appear necessary. Variations in the 
properties of the medium suit different 
species. 

Rabbit cleaving eggs were the first to be 
cultured through to blastocysts (Lewis and 
Gregory, 1929), for which a mixture of 50% or 
more of serum in balanced salt solution is 
sufficient, though a uterine secretory com-
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ponent may be needed for full blastocyst ex
pansion (see section 2.2, The cleaving euther
ian egg and the blastocyst). 

Most attention, however, has been given to 
determining the precise cultural require
ments for mouse pre-implantation develop
ment. Hammond (1949) observed that mouse 
eggs would proceed to the blastocyst stage 
from the eight-cell (but not earlier) in a simple 
saline mixture containing hen egg-white. 
Whitten (1956), however, found this medium 
to be unstable in air, the pH rising rapidly 
owing to loss of CO2 from the egg-white. He 
therefore used a Krebs-Ringer bicarbonate 
medium in stoppered tubes, but the addition 
of egg-white was still necessary, because of 
an essential but unidentified non-dialysable 
component. Bovine serum albumin came to 
be preferred to egg-white and, with this, eggs 
would consistently pass from the eight-cell to 

Table 2.4 Milestones in the history of oocyte and egg manipulation-publications on 
research that resulted in the birth of young (Dates in parenthesis apply to reports of 
observations that were the first of their kind, but did not include the birth of young.) 

Rabbit 
IVF 
Culture 
Transfer 

Mouse 
Oocyte cryopreservation 
Oocyte maturation 
IVF 
Culture 
Embryo cryopreservation 
Transfer 

Man 
Oocyte cryopreservation 
Oocyte maturation 
IVF 
Culture 
Embryo cryopreservation 

Transfer 

(1949)g 

1942i 

1977d 

1977d 

(1968r 1970£ 
1958h 

1971i 

(1986)k 
(1965i 
(1969)ffi 

(1970t 
(1980)° 
1985P 

1978q 

References: aChang (1959); bChang (1947); cHeape (1891); dWhittingham (1977); "Whittingham 
(1968); ~ukherjee and Cohen (1970); gHammond (1949); hMcLaren and Biggers (1958); 'Whitt
ingham (1971); IFekete and Little (1942); kChen (1986); lEdwards (1965); ffiEdwards et al. (1969); 
nEdwards et al. (1970); °Whittingham (1980a); PCohen et al. (1985); qSteptoe and Edwards (1978). 
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the blastocyst. Development from the two
cell stage to the blastocyst would occur if the 
glucose in the medium were replaced by lac
tate and the space above flushed out with 5% 
CO2 in air (Whitten, 1957; see also Whitten 
and Biggers, 1968, and Whitten, 1971). 
Development through from the one-cell 
zygote to the blastocyst, however, has been 
found unlikely to occur in chemically defined 
media, owing to the now well recognized 
two-cell block shown by many strains of 
mouse. The are also, however, non-blocking 
strains, which indicates that blocking could 
be attributable to a deficiency of some kind, 
an inference supported by the observation of 
Muggleton-Harris et al. (1982) and Pratt and 
Muggleton-Harris (1988) that the defect can 
be overcome by transfer of cytoplasm. Recent 
observations by Nasr-Esfahani et al. (1990) 
suggest that the cytoplasm in the non
blocking strains contains chelating agents 
that counter free radicle production by traces 
of iron responsible for the effect. More re
cently, Lawitts and Biggers (1991) have cul
tured pronuclear stage mouse eggs to the 
blastocyst stage in media whose composition 
was determined by 'simplex optimization', 
which examines a large number of variables 
simultaneously. 

The importance of the composition of the 
atmosphere over the culture medium was 
pursued by Quinn and Harlow (1978), who 
noted that the proportion of mouse blasto
cysts developing, as well as the number of 
blastomeres per blastocyst, was increased if 
the oxygen content were reduced to between 
2.5 and 5%. Later, Khurana (1987) reported 
that the turnover in acid-soluble glycogen in 
mouse morulas and blastocysts increased 
steadily as the oxygen concentration was 
reduced from 20% to 1 %, the trend being 
accompanied by increase in rate of cell 
division. 

That there were advantages in co-culturing 
eggs with other cells was reported by Cole 
and Paul (1965), who obtained enhanced 
development of mouse eggs if cultured with 

irradiated HeLa cells. Kuzan and Wright 
(1982) found that bovine blastocysts showed 
improved rates of hatching and attachment to 
the endometrium if previously incubated 
with a layer of 'feeder' cells. Wiley et al. (1986) 
obtained better development of mouse eggs 
when they were cultured in larger groups. 
Heyman et al. (1987) reported improved rates 
of development of cow and sheep eggs when 
cultured with trophoblastic vesicles and 
serum; the method also overcame the eight
to 12-cell stage development block, and cleav
age proceeded to 16 cells or more. Benefit 
was also noted following co-culture with ovi
duct tissue (Eyestone and First, 1989; 
Eyestone et al., 1991). Clearly there are com
ponents of a successful culture medium yet to 
be identified. An essential property would 
seem to be large molecular weight, as sugges
ted by the earlier observations of Cholewa 
and Whitten (1970) that mouse eggs would 
develop normally from two-cell stage to 
blastocyst in 
the absence of any fixed nitrogen source, 
including albumin, provided the medium 
contained polyvinylpyrrolidone. Hamster 
embryos were found to differ greatly from 
mouse embryos in their energy substrate 
needs by McKiernan et al. (1991), who suc
cessfully cultured them from one-cell stage to 
blastocyst. 

Rat eggs proved more difficult subjects for 
culture than mouse eggs, but rat blastocysts 
have nevertheless been maintained through 
to the mid-somite stage with beating 'heart' 
(Hsu, 1971), and even to the limb-bud stage 
of development (Chen and Hsu, 1982). 
Rabbit one-cell eggs have been grown in cul
ture to the hatching blastocyst stage in a de
fined protein-free medium by Carney and 
Foote (1991), who claim this to be the first 
such success. Pig embryos could be grown in 
culture from the one- to two-cell stage to the 
morula or blastocyst in 45-60% of trials if 
glucose or glutamine (or the two together) 
were present in the medium (Petters et al., 
1990). The success with glutamine demon-



strates that an amino acid can be used as 
the sole source of energy for full pre
implantation development. The metabolic 
availability of glutamine to early mouse em
bryos was confirmed by Chatot et al. (1990), 
who maintain that the amine plays an im
portant role in sustaining the earliest stages 
of development. Bovine embryos have been 
grown from the one- to two-cell stage to mor
ulae and blastocysts both in rabbit oviducts 
and in co-culture with bovine oviduct epi
thelial cells suspended in a simple medium 
(Ellington et al., 1990), or epithelial cells sus
pended in TCM-199 medium (McCaffrey et 
al., 1991); also in a mixture of synthetic ovi
duct fluid and fetal calf serum or human 
serum, under an atmosphere of 5% oxygen, 
by Fukui et al. (1991). Eggs from the rhesus 
monkey have been successfully cultured after 
fertilization in vitro, and viable young have 
been obtained after transfer to recipients (Fig
ure 2.6) (Bavister et al., 1983; Boatman, 1987). 
For the culture of human eggs from the one
cell stage through to the morulalblastocyst, 
good results have been obtained with Ham's 
F-12 medium (Muggleton-Harris et al., 1990). 
More recently, improved blastulation and im
plantation rates after co-culture of embryos 
with tubal ampullary epithelial cells have 
been reported (Bongso et al., 1992). The em
bryos of two dasyurid marsupials were cul
tured in cleavage and blastocyst formation by 
Selwood (1987). (Publications appearing up 
to 1958 on the culture of eggs and blastocysts 
were tabulated by Austin, 1961; for more 
recent reviews see Gwatkin, 1966; Bindon, 
1971; Daniel, 1971, 1978; Brinster, 1972; 
Hunter, 1980; Edwards et al., 1981; Bavister, 
1986; Greve et al., 1989.) 

Storage of mammalian embryos at average 
refrigerator temperatures is of limited value 
because of loss of viability within a few days. 
By contrast, storage at temperatures well be
low freezing has proved highly successful. 
Striking results were obtained first with the 
low-temperature preservation of spermato
zoa, blood cells and various tissues (see A.U. 
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Smith, 1961, for a review of earlier work), and 
these greatly stimulated efforts to do the 
same with oocytes, cleaving eggs and blasto
cysts. It was, however, several years before 
Whittingham (1971) was able to report 
encouraging results in the mouse; he held 8-
cell eggs and early blastocysts at -79°C for 30 
min, with only polyvinylpyrrolidone as cryo
protectant. With the aid of dimethylsulph
oxide (DMSO), it proved possible to store 
eggs at -196 and - 269°C for several weeks 
and yet obtain the subsequent birth of a high 
proportion of normal young (Whittingham et 
al., 1972). Some variables in egg survival 
were also studied by Wilmut (1972). Later, 
Whittingham (1974, 1975, 1976) reported that 
the freeze storage of eggs was a reliable and 
economical way of maintaining a large num
ber of inbred mouse strains, and that oocytes 
could be fertilized in vitro after storage and, 
on transfer to recipients, would develop into 
normal young at birth. More recently, RaIl 
and Fahy (1985) recommended a cryoprotec
tant mixture for mouse eggs consisting of 

Figure 2.6 'Petri', a rhesus macaque, the first non
human primate to develop from in vitro fertiliz
ation and embryo transfer, at 3 years and 5 months 
(see Bavister et al., 1984). (Courtesy of B.D. 
Bavister, Department of Veterinary Science, 
University of Wisconsin, Madison, USA.) 
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dimethylsulphoxide, acetamide, propylene 
glycol and polyethylene glycol. Kasai et al. 
(1990) obtained very high rates of survival of 
mouse embryos frozen after being equilib
rated in a medium containing ethylene glycol 
or glycerol. Shaw et al. (1991) have recom
mended rapid freezing of two-cell mouse em
bryos in just DMSO, but at a concentration of 
4.5 M, lower concentrations being associated 
with reduced embryonic viability and 
chromosome damage. 

Sheep and cow embryos have also been 
cryopreserved and later transferred to recipi
ents, those of the cow often on a very large 
scale (Wilmut and Rowson, 1973; Willadsen 
et al., 1974, 1976, 1978; Betteridge, 1977, 1986; 
Polge, 1978; Hunter, 1980; Seidel et al., 1983; 
Wright, 1985), but not very satisfactory re
sults have yet been obtained with the pig. 
Even 'half' and 'quarter' cattle embryos have 
been preserved by freezing (Lehn-Jensen and 
Willadsen, 1983). The freezing of horse em
bryos has been reported by Yamamoto et al. 
(1982) and Czlonkowska et al. (1985). Human 
cleaving eggs and blastocysts can be cryopre
served (Whittingham, 1980a; Trounson and 
Mohr, 1983; Mohr et al., 1985) and develop to 
birth after transfer (Cohen et al., 1985); this 
field has been reviewed by Ashwood-Smith 
(1986), and see also the 'Symposium on 
Embryo Freezing' (mouse, baboon, man) in 
the Journal of In Vitro Fertilization and Embryo 
Transfer (1986), Vol. 3, pp. 1-61. More re
cently, Fugger et al. (1991) and Hartshorne et 
al. (1991) reported on their experiments with 
the freeze-preservation of human embryos 
and subsequent establishment of preg
nancies. 

Transfer of cleaving eggs probably began 
with Heape's (1891, 1897) classical experi
ment of inserting two four-cell eggs from an 
Angora rabbit into the oviduct of a mated 
Belgian hare; two young Angora rabbits were 
among the litter of six born later. Heape re
cords how he made the transfer without the 
use of a fluid vehicle, picking up the eggs 'on 
the point of a spear-headed needle'. Since 

then a very large number of transfers has 
been made under a variety of circumstances. 
Literature surveys have been published by 
Adams and Abbott (1971) and Adams (1975, 
1977), the subject has been reviewed by 
Austin (1961), Chang and Pickworth (1969), 
Dickmann (1971), Polge (1978), Hunter (1980) 
and Trounson (1983) and a symposium vol
ume edited by Adams (1982) has been pub
lished. Animals used as donors and as 
recipients include the rabbit, hare, mouse, 
rat, hamster, guinea pig, ferret, mink, cow, 
sheep, goat, pig, horse, donkey, man, 
baboon, rhesus monkey, tammar wallaby 
and quokka (list compiled by Polge, 1978, 
and see also Oguri and Tsutsumi, 1982). To 
these can now be added: zebra (mare recipi
ent: Betteridge, 1986), water buffalo (intra
specific: Drost et al., 1983), rhesus monkey 
(IVF and transfer: Bavister et al., 1984), squir
rel monkey (IVF and transfer: Kuehl et al., 
1984), marmoset (intraspecific: Hearn, 1984), 
and embryos of Przewalski's horse and com
mon zebra (Equus burchellz) transferred to 
domestic horse and donkey (Hearn and 
Summers, 1986; Summers et al., 1987). 

Oocytes and cleaving eggs are commonly 
inserted into the oviduct at laparotomy. In 
the human, however, less invasive tech
niques are preferred. Unfertilized, pronuc
leate and cleaving eggs are transferred to the 
outer fimbriated ends of the fallopian tubes 
translaparoscopically (Asch et al., 1984; 
Yovich et al., 1987; Balmaceda et al., 1988). 
Several procedures have also been devised to 
visualize and access the tubes transvaginally 
using catheters, including radiography (Pla
tia and Krudy, 1986), hysteroscopy (Confino 
et al., 1986) and ultrasound Gansen and 
Anderson, 1987). Pregnancies have been 
established in human subjects using transva
ginal tubal transfer of gametes and embryos 
with (Bustillo et al., 1988; Jansen et al., 1988) 
and without (Bauer et al., 1990) ultrasound 
guidance. 

Embryos of various stages of development 
can also be transferred directly into the 



uterus. Surprisingly, even uterine transfer of 
pronucleate eggs has resulted in pregnancies 
in the human (Ahuja et al., 1985). Although 
embryos can be introduced surgically, most 
of the investigators (one of the earliest being 
Sugie, 1965) prefer non-surgical transfer in
volving the use of specialized equipment: a 
fine plastic catheter, outer sheath and instilla
tion syringe, for human subjects (as de
scribed by Craft, 1984), or 'French straws' 
and a Cassou artificial insemination gun for 
cattle (as described by Betteridge, 1986). 
Table 2.4 summarizes the chronology of tech
nical advances in the manipulation of oocytes 
and cleaving eggs. 

Embryos have also been deposited in loca
tions other than the genital tract ('ectopic 
transfer'). Some of the earliest successful 
transplants were of rat eggs to beneath the 
kidney capsule (Nicholas, 1942) and of mouse 
eggs to the anterior chamber of the eye (Faw
cett et al., 1947; Runner, 1947), where implan
tation on the iris often occurred and further 
development could be observed directly. 
Later, ectopic transfer was extensively used 
by Kirby (1960, 1963a,b, 1967), who found 
that cleaving mouse eggs would eventually 
develop some measure of placentation, not 
only in the kidney and spleen but even in the 
testis. Results showed the low antigenicity of 
the embryo, for grafts of more advanced tis
sues are very likely to be rejected. Then 
Stevens (1970) observed that mouse blasto
cysts injected under the testis capsule finally 
became disorganized and formed teratomas 
and teratocarcinomas, a finding that initiated 
a new line of research, which is discussed 
later in this chapter. 

2.4.2 ATTEMPTED INDUCTION OF 
DEVELOPMENTAL ANOMALIES 

With the successful induction of fertilization 
and cleavage in vitro of human eggs (Edwards 
et al., 1969, 1970), and research then directed 
to obtaining pregnancies and full-term births, 
concern was widely expressed that the ma-
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nipulations involved might interfere with 
normal development and produce birth 
defects, and so the literature was searched for 
any evidence to support these fears (Austin, 
1973). This revealed that cleaving eggs and 
blastocysts of several different species had 
been subjected to wide variations in culture 
conditions, including large differences in pH 
and osmolarity, to storage for many weeks at 
- 269°C, to incubation at temperatures up to 
40°C, to metabolic inhibitors and stimulants, 
and to ionizing radiations, and in no instance 
had there been a significant increase in the 
incidence of developmental defect among the 
young eventually born. This remarkable 
imperturbility is probably attributable to the 
fact that the cells destined to form the future 
embryo are undifferentiated in the cleaving 
egg and blastocyst, so that while traumatic 
agents may cause the death of cells they can
not affect subsequent genome expression. 

Later, Spielmann (1976) reviewed the field 
again and came to much the same con
clusion, pointing out, however, that agents 
applied to the blastocyst just before implan
tation might remain in the blastocoele and 
interfere with morphogenetic processes at 
later stages. Such damaged embryos, how
ever, almost certainly die before birth and do 
not contribute to the incidence of birth 
defects. 

Essentially consistent findings were 
reported more recently by Fabro et al. (1984), 
who treated eight- and 16-cell mouse and 
rabbit eggs with different concentrations of 
alkylating agents. In the mouse, methylmeth
anesulphonate reduced the number of moru
las and blastocysts developing in culture and 
the number of blastocysts 'hatching'. When 
treated eggs or blastocysts were transferred 
to recipients, implantation rate showed no 
reduction and the offspring at birth were free 
from major congenital defect, though mean 
birth weight was lower than in the controls. 
In the rabbit, following treatment with the 
same agent or with thalidomide or dichloro
diphenyltrichloroethane (DDT), there was a 
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reduction in birth weights but not in litter 
size and no congenital defects were ob
served. The authors inferred that damage 
was done to the developing conceptuses by 
the alkylating agents used, but that this was 
subject to compensatory repair during preg
nancy in those that survived. 

In human subjects, diabetic mothers have a 
two- to fourfold higher incidence of mal
formed infants than normal mothers, but ob
servations in the Chinese hamster showed 
that spontaneously occurring maternal dia
betes had no detectable influence on the 
cleavage rate of fertilized eggs or on the inci
dence of pre-implantation embryonic death, 
gross malformation or hypoplasia (Funaki 
and Mikamo, 1983). 

2.4.3 NUCLEUS REMOVAL AND INSERTION 

The pioneering work was that of Briggs and 
King (1952), following a suggestion made by 
Spemann (1938), who had observed that, 
when a fertilized newt egg was constricted by 
tying a hair about its equator, the cleaving 
nuclei were at first confined to one side of the 
knot; after some cleavage divisions, however, 
a nucleus sometimes migrated through the 
constricted region and initiated cleavage in 
the other half of the egg. Whether or not the 
two halves developed similarly or dissimi
larly depended on the position of the con
striction relative to the distinctive 'dorsal lip' 
region of egg cytoplasm, rather than upon 
the number of cleavages in the two halves. If 
the knot divided the dorsal lip cytoplasm 
equally, the two half eggs would produce 
identical embryos, even if the migrating nu
cleus had passed through when the cleaving 
half had reached the 16-cell or even the 32-
cell stage. It was surmised that all these early 
nuclei were developmentally totipotent. 
Spemann argued that particular interest 
would attach to the injection of nuclei taken 
at later stages, after differentiation had 
occurred, into nucleated one-cell eggs, but in 

his day the necessary technology was 
lacking. 

Briggs and King (1952) transferred nuclei 
from the animal hemisphere of frog blastulae 
to enucleated unfertilized eggs. Most of the 
treated eggs proceeded to develop normally 
into complete embryos, and many into nor
mal tadpoles. With nuclei taken from blas
tulae, early gastrulae and late gastrulae, the 
proportion of recipient eggs proceeding to 
normal tadpoles declined correspondingly, 
suggesting a progressively limiting differen
tiation, though even nuclei taken from the 
tissues of adult animals could support exten
sive development. Best results were obtained 
with Xenopus (see Table 2.5) (Gurdon, 1962; 
Gurdon and Uehlinger, 1966; and see the 
review by Briggs, 1977). 

Determined efforts have been made to re
peat these observations in mammals, but 
largely in vain. Bromhall (1975), transferring 
nuclei from rabbit morulae to enucleated 
oocytes, was able to observe good nuclear 
development but very limited cleavage. 
Illmensee and Hoppe (1981) and Hoppe and 
Illmensee (1982) claimed that nuclei taken 
from the inner cell mass cells of fertilized or 
parthenogenetic mouse blastocysts and 
injected into fertilizing eggs from which the 
pronuclei had been removed would, in a few 
instances, permit development to term; but 
these findings have not been confirmed. On 

Table 2.5 The developmental potential of nuclei 
from tadpole intestinal cells, as described by 
Gurdon (1968) 

Mononucleolated 
strain of frog 

Binucleated 
strain of frog 

Intestinal epithelial cell 
nucleus injected into: 

V 

Oocyte, previously irradiated 
to destroy nucleus. 
Cultured. Result: 

No cleavage OR 
Abnormal embryo OR 
Mononucleolated adult frog 



the contrary, McGrath and Solter (1983, 
1984a) found that when nuclei from two-cell 
mouse eggs were injected into enucleated 
eggs undergoing fertilization, the products 
developed only to the blastocyst stage, and 
the use of nuclei from four-cell or eight-cell 
eggs, or from the inner cell mass cells of 
blastocysts, was not followed by significant 
development. Surani (1984) also reported 
that eight-cell and ICM nuclei were incapable 
of supporting more than two or three cleav
age divisions. 

More recently, Willadsen (1986), working 
with the sheep, found that if the nuclei for 
transfer were taken from embryos that were 
themselves the products of nuclear transfer, 
more extensive development ensued. Prather 
and First (1990) infer that when lack of signifi
cant development after nuclear transfer is 
repeated, this reflects the effects of asynchro
nies in donor and recipient cell cycles, and of 
deficiencies in genomic modification. In addi
tion, however, Willadsen (1986) depended on 
blastomere transfer (from eight- and 16-cell 
embryos) as the means for nuclear transfer, 
achieving in this way development through 
to birth. Blastomere transfer avoids the prob
lem that damage is done to naked nuclei by 
manipulative procedures. By these means, 
other investigators have succeeded in obtain
ing live-born calves from blastomeres 
removed from embryos up to approximately 
the 64-cell stage (see Massey, 1990). Pros
pects for the production of very much larger 
numbers of cloned calves are discussed by 
First (1990), who explains how the embryo 
developing from an oocyte implanted with a 
blastomere can in its turn serve as the source 
of up to about 64 transferrable blastomeres. 
Prior to such multiplication, embryos can be 
sexed by immunological methods. 

2.4.4 INDUCTION OF PARTHENOGENESIS 

Development by parthenogenesis is known 
in a wide range of organisms, in many of 
which it represents a normal reproductive 
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process. Spontaneously occurring limited 
parthenogenetic development has been 
recorded in several mammalian species (see 
Kaufman, 1983) and is particularly notable in 
the ovaries of mice of the LT/Sv strain, in 
which egg cleavage frequently advances to 
the blastocyst stage and occasionally some
what beyond (Stevens and Varnum, 1974). 
In no mammal, however, is there certain 
evidence of unaided parthenogenetic devel
opment (spontaneous or induced) leading to 
the birth of viable young (the literature 
has been reviewed by Suomalainen, 1950; 
Beatty, 1957, 1967; Austin and Walton, 
1960; Tarkowski, 1971; C.F. Graham, 1974; 
Mittwoch, 1978; Whittingham, 1980a,b; 
Markert, 1982; Kaufman, 1983; Austin, 1987). 

Parthenogenesis may be defined as devel
opment of the egg without the involvement 
of the male in any way. Gynogenesis occurs if 
a spermatozoon activates an egg but provides 
no genetic material to the future embryo. In 
androgenesis, the spermatozoon participates 
as in normal fertilization but the egg's genetic 
material is not involved. A few species of 
non-mammalian animals are known to repro
duce by gynogenesis or by androgenesis, but 
we have very limited information on them. A 
major reason for continued research interest 
in this subject is that parthenogenetically and 
gynogenetically derived animals would 
possess only maternal genes and would be 
invaluable for the study of recessives. In 
addition, the fact that none of these alterna
tives to fertilization has yet been known to 
succeed demands an explanation. 

Some observations were made on the 
tendency of unfertilized eggs to undergo 
apparently normal cleavage, with or without 
experimental stimulation (Austin, 1949, 
1956). By contrast, human follicular oocytes 
are unusually resistant to parthenogenetic 
activation (Abramczuk and Lopata, 1990), 
although activation can occur after micro
manipulation of oocytes (Kola et al., 1990). 
The current phase of research on parthenoge
nesis may be said to have started with the 
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reports of C.F. Graham (1970) and Tarkowski 
et al. (1970) on their work in mice. C.F. 
Graham (1970) induced development simply 
by removing the cumulus oophorus with 
hyaluronidase, growing the eggs in culture 
for a short time and then transferring them to 
suitable recipients. Tarkowski et al. (1970) 
used electrical shock to stimulate eggs still in 
the oviduct, and recovered them at a later 
time or looked for any implantations. Both 
laboratories recorded a high incidence of acti
vation and some implantation, and occasion
ally the presence of developmental stages 
further advanced than those previously de
scribed, namely the egg cylinder stage, with 
some embryos surviving for 9-10 days. 
Development appeared to be normal as far as 
it went and so the possibility presented itself 
that at least a small proportion of partheno
genones might survive to birth and beyond, 
but as yet and despite diligent efforts such an 
outcome has not been observed. Interesting 
possible explanations have been put forward. 
Recent findings may be summarized as 
follows: 

1. Diploid parthenogenones have been 
united with cleaving fertilized eggs to 
make chimeras (entities that are discussed 
in the next section), and these, on being 
placed in recipient mice, have developed 
to term, further investigations revealing 
that the parthenogenetic line contributed 
to all tissue classes (Stevens et al., 1977; 
Surani et al., 1977), and even to fertile 
germ cells (Stevens, 1978; Anderegg and 
Markert, 1986). 

2. Gynogenetic and androgenetic develop
ment has been produced by removing the 
male or the female pronucleus, respect
ively, from eggs undergoing fertilization, 
and restoring diploidy by inhibiting the 
first cleavage division with cytochalasin B. 
A few of these embryos of both kinds 
were claimed to be capable of developing 
to term (Hoppe and llimensee, 1977). This 
report was later said to have been based 

on technical error (see Newmark, 1983, 
1984). 

3. After removal of the cumulus and zona 
pellucida, fusion was induced between 
oocytes and first polar bodies by treat
ment with 40% polyethylene glycol or 
UV-inactivated HVJ virus. The latter treat
ment yielded two blastocysts developing 
from 45 oocytes successfully fused with 
polar bodies (Tachi and Tachi, 1980a). 

4. Fusion between paris of denuded oocytes 
was induced by treatment with inacti
vated Sendai virus (Soupart, 1980, 1982) 
or with phytohaemagglutinin followed by 
polyethylene glycol (Gulyas et al., 1984), 
and then by a brief treatment with ethanol 
to increase the frequency of activation. 
Development in subsequent culture 
sometimes went as far as the blastocyst 
stage. When Gulyas et al. (1984) trans
ferred blastocysts to suitable recipients, 
about half implanted and one embryo 
proceeded to the 14-somite stage. 

5. Nuclei were removed from the inner cell 
mass of blastocysts developing from 
either fertilized or parthenogenetically 
activated eggs and injected into enu
cleated fertilized eggs, and some of the 
products were said to have developed to 
term (Hoppe and Illmensee, 1982). This 
paper was subject to the same qualifi
cation as that mentioned in paragraph 2 
above. 

6. Fertilized eggs were treated so as to in
duce suppression of the second polar div
ision, and diploidy was restored by 
removal of one of the female pronuclei or 
of the male pronucleus. Eggs retaining the 
male pronucleus often developed to term 
but all others failed (Surani and Barton, 
1983). 

7. The two pronuclei of eggs undergoing fer
tilization were introduced into enucleated 
parthenogenetic eggs; development then 
often continued to term (Mann and 
Lovell-Badge, 1984). Replacing the male 
and female pronuclei with nuclei from 



parthenogenetic eggs, however, did not 
have this effect. 

8. The introduction of a male pronucleus 
into a haploid parthenogenetic egg was 
often followed by development to term, 
but this did not happen when a female 
pronucleus was inserted (Surani et al., 
1984). 

9. Eggs undergoing fertilization were treated 
in two ways: (a) the male pronucleus was 
removed and replaced by either a male or 
a female pronucleus or (b) the female pro
nucleus was removed and replaced by a 
male or a female pronucleus; develop
ment to term only occurred when a male 
and a female pronucleus were present 
(Barton et al., 1984). 

10. Mouse blastocysts were reconstituted in 
two different ways: the inner cell mass 
from a parthenogenetic or a gynogenetic 
blastocyst was used to replace the ICM in 
a fertilized blastocyst, or the ICM from a 
fertilized blastocyst replaced that in a 
parthenogenetic or a gynogenetic blasto
cyst. In no instance did development go 
to term, nor did ICM or trophectoderm 
cells contribute to the deficient partner. 
Best results came from blastocysts in 
which parthenogenetic or gynogenetic 
ICMs existed within normal trophecto
derms - development was rarely less than 
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equivalent to 25 somites and in many in
stances proceeded to 30 or 40 somites 
(Barton et al., 1985). 

11. Gynogenesis and androgenesis were 
induced by removal of the male or female 
pronucleus, respectively, from mouse 
eggs undergoing fertilization and devel
opment was found generally to proceed to 
two- to 16-cell stages with gynogenesis 
and two- to four-cell stages with andro
genesis. Nuclei from cleaving gynogenetic 
eggs could replace female pronuclei (but 
not male pronuclei) in eggs undergoing 
fertilization, and the product would de
velop to term; the same outcome would 
ensue with the replacement of male pro
nuclei (but not female pronuclei) by nuclei 
from cleaving androgenetic eggs (Surani 
et al., 1986). 

From these observations (summarized in 
Tables 2.6 and 2.7) it is inferred that failure of 
parthenogenones is not attributable to homo
zygosity and the expression of recessive 
lethal genes, as has often been suggested, or 
to a possible 'essential' extranuclear contri
bution by the spermatozoon, but specifically 
to some influence conveyed by the male 
pronucleus. 

Surani et al. (1984) proposed that the male 
genome must undergo a distinctive 'imprint
ing' as to its paternal origin during gameto-

Table 2.6 Parthogenetic eggs have limited developmental potential unless appropri
ately modifed (Various sources) 

Parthenogenone (haploid or diploid) 
+fertilized embryo (chimaera) 

, enucleated, +0"+« pn 
,+2d' or 2« pn 

, +d' pn , +« pn 

Fertilized egg, triploidized with cytochalasin B 
and d' pn removed 
and 1 « pn removed 

pn=pronucleus 

Blastocyst 
Fertile adult, 

including germ cells 
Term 
Blastocyst 
Term 
Blastocyst 

Blastocyst 
Blastocyst 
Term 
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Table 2.7 Results of replacing pronuclei in fertilizing eggs with nuclei taken from cleaving gynogenetic 
and androgenetic eggs. See Surani et al. (1986) 

Fertilized egg, cJ' pn out (gynogenesis), 
nucleus used to replace 
nucleus used to replace 

Fertilized egg, <j? pn out (androgenesis), 
nucelus used to replace 
nucleus used to replace 

pn = pronucleus 

genesis, and that this influence is essential 
for the proper development of extraembry
onic membranes and trophoblast, since these 
structures are notably underdeveloped in 
parthenogenones. Eggs with one or two male 
pronuclei and no female pronucleus also fail 
to develop to term, the female contribution 
evidently being essential for some phase of 
embryogenesis, and again the suggestion is 
that genomic imprinting may take place dur
ing gametogenesis, this time in the ovary 
(Barton et al., 1984; McGrath and Solter, 
1984b; Solter, 1987). The observations sup
port the idea that the cytoplasm of partheno
genetic and fertilized eggs is similar and that 
it is some deficiency in the genotype of the 
former that is the reason for failure to achieve 
full development (Surani et al., 1987). The 
role of genomic imprinting is discussed 
further by Jackson (1989). 

A possible explanation for some of the ob
servations lies in the need for X-inactivation 
in the late blastocyst. As first reported by 
Takagi and Sasaki (1975), X-inactivation in 
mice is.random in embryonic cells but prefer
entially affects the male X chromosome in 
those of the extraembryonic tissues. If only 
female X chromosomes are present, there 
could be an imbalance affecting develop
ment, this state existing in diploid partheno
genones. Kaufman et al. (1978), however, 
found that X-inactivation did in fact occur in 
more than 50% of the cells, and Rastan et al. 
(1980) showed that a similar proportion 

<j? pn 
cJ' pn 

<j? pn 
d' pn 

develops to 
develops to 
develops to 

develops to 
develops to 
develops to 

2-16 cells 
term 
cleavage only 

2-4 cells 
cleavage only 
term 

existed in the yolk sacs. This explanation, 
therefore, appears inadequate. 

The effects of certain mutations can also 
differ according to their transmission through 
maternal or paternal routes. Hairpin-tail (Thp) 
in the mouse, for example, allows survival in 
the heterozygote when derived from the 
father but causes death of the embryo about 
half-way through pregnancy when derived 
from the mother. Then again, in the DDK 
strain of mouse, matings between males and 
females within the strain are much more fer
tile than outcrosses of the females witl). alien 
males, which result in frequent death of mor
ulae and blastocysts, and again just before 
the egg cylinder stage. A suggestion is that 
embryonic death is attributable to maldeve
lopment of the trophoblast. 

In summary, we still lack a working 
hypothesis for the limited viability of mam
malian parthenogenones. 

2.4.5 MICROSURGICAL FERTILIZATION 

In classic experiments using non-mammalian 
eggs, Hiromoto (1962) described a system for 
the mechanical breaching of the zona pellu
cida using a micropipette which has become 
the standard for sperm microinjection tech
niques in mammals. This and subsequent 
sperm microinjection studies have helped to 
elucidate the nature of gamete interaction. 

Several workers have demonstrated that 
the injection of motile and immotile sperma
tozoa, either directly into the cytoplasm of 



the oocyte or into the perivitelline space, can 
lead to pronuclear formation and normal 
development in mammals (Uehara and 
Yanagimachi, 1976; Thadani, 1980; Markert, 
1983; Mann, 1988). In addition, interspecies 
fertilization, which would not otherwise have 
been possible, has been shown to occur after 
injection of foreign sperm directly into the 
ooplasm (Thadani, 1980). From these studies, 
it can be concluded that normal surface inter
actions between the spermatozoon and the 
egg are not essential to initiate development. 

The ability of the oocyte to decondense 
sperm is acquired gradually by the egg cyto
plasm. Sperm which are injected into imma
ture eggs at the germinal vesicle stage do not 
decondense until the germinal vesicle breaks 
down and even then are unable to form 
pronuclei (Usui and Yanagimachi, 1976; 
Thadani, 1979). Conversely, unfertilized ma
ture mammalian oocytes will cause prema
ture chromosome condensation when fused 
with interphase blastomeres (Balakier, 1979). 
Thus, the capacity of the oocyte to support 
pronucleus formation develops towards the 
end of its meiotic maturation. Pronucleus for
mation is also dependent on egg activation. 
Mechanical stimulation of the oocyte plasma 
membrane or cytoplasm by the micropipette 
induces egg activation (Uehara and 
Yanagimachi, 1976). Therefore, injected 
sperm are deposited into an activated en
vironment and respond as if the egg had 
been activated by the sperm during the 
course of normal fertilization. 

Induction of the sperm acrosome reaction 
prior to subzonal insemination has led to 
higher rates of fertilization in the mouse 
(Yamada et al., 1988) and increased human 
sperm penetration of hamster (Mortimer et 
al., 1986; Lassalle and Testart, 1988) and 
human (Laws-King et al., 1987) oocytes. 
Fertilization also occurs in the absence of 
acrosome reaction inducers (Ng et al., 1988; 
Yang et al., 1990), although normal physio
logical capacitation and partial acrosome 
reaction is likely to have occurred during the 
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preparation of spermatozoa for injection. 
Pronucleus formation, however, does occur 
after direct injection of uncapacitated sperm 
heads (Thadani, 1980) and thus it may be 
argued that sperm capacitation and the acro
some reaction are relevant only to zona pellu
cida penetration and sperm-egg fusion and 
not to pronucleus formation. 

The demonstration by Aitken et al. (1983) 
that spermatozoa from men with immotile 
cilia (Kartagener's) syndrome could fuse with 
hamster eggs when injected under the zona 
pellucida and that normal homospecific ferti
lization could occur after subzonal insertion 
of spermatozoa into human oocytes (Laws
King et al., 1987; Lazendorf et al., 1988) had 
exciting ramifications for the alleviation of 
infertility in man. Shortly thereafter, the first 
human pregnancy (Ng et al., 1988) and live 
birth (Fishel et al., 1990) was reported as a 
result of subzonal insertion of multiple sperm 
from subfertile men. In addition, microsurgi
cal injection may also be applied to facilitate 
sperm-egg interaction where there are appar
ent structural defects in the zona pellucida, 
i.e. non-functional sperm receptors or zona 
matrix components which inhibit the passage 
of sperm. 

Modifications of the technique have also 
been used as alternatives to subzonal inser
tion. The procedure of zona drilling devel
oped in a mouse model a. w. Gordon and 
Talansky, 1986) involves the exposure of a 
small section of the zona pellucida to a 
minute volume of acid Tyrode's solution 
slowly delivered from a microneedle until the 
zona is breached. Subsequent in vitro insemi
nation allows sperm to utilize the artificially 
created gap (Conover and Gwatkin, 1988; 
Talansky et al., 1991) and results in increased 
rates of fertilization in the mouse. Zona drill
ing has been applied clinically, but the acid 
Tyrode's solution was found to interfere 
with normal embryonic development a. W. 
Gordon et al., 1988). A mechanical version of 
the technique, partial zona dissection, which 
employs a microneedle to form a slit in the 
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zona pellucida, has, however, been a suc
cessfully applied microfertilization technique 
in the human with normal births resulting 
(Cohen et al., 1989; Malter and Cohen, 1989). 
Several other variations on the zona drilling 
procedure have been attempted, including 
zona cutting and tearing (Depypere et al., 
1988; Odawara and Lopata, 1989) and the 
novel use of lasers (Godke et al., 1990; Tadir et 
al., 1991). 

2.4.6 PRODUCTION OF CHIMAERAS 

Mouse eight-cell eggs were first united in 
pairs by Tarkowski (1961, 1963), who 
removed the zona pellucida by drawing the 
egg into a pipette a bit narrower than the 
diameter of the egg, and by Mintz (1962, 
1964), who digested the zona with the en
zyme pronase. The resulting chimaeras re
vealed random intermingling of cells from 
the two sources and, on transfer to a recipi
ent, generally developed to birth and func
tional adulthood. From early days, the need 
for appropriate cell markers was appreciated. 
Pigmentation, especially when it was ex
pressed in the iris, was an early favourite; 
other markers have included enzyme vari
ants ([3-glucuronidase, glucose phosphate 
isomerase, isocitrate dehydrogenase), 
chromosome variations (T6 translocation in 
which the homozygote has two small 
'marker' chromosomes, differing amounts of 
pericentric Giemsa-stainable heterochroma
tin, and for XXlXY chimaeras the presence of 
the Y chromosome), immunological features 
(cell-specific antigens detected by haemagg
lutinin tests or immunofluorescent methods, 
and skin grafting) and isotope labelling of 
one component of the chimaera (see 
McLaren, 1976b, 1981, for full discussion). 
Use of these methods clearly showed the lack 
of any pattern in the distribution of the cells 
from the two sources, unless contrived 
experimentally, as in the work of Hillman et 
al. (1972) in their investigation of cell determi-

nation during blastocyst development (dis
cussed earlier in section 2.2.4). As expected, 
some chimaeras grew up as hermaphrodites, 
but most often the male cells assumed domi
nance and determined the functional sex. 
More than two cleaving eggs, from the two
cell stage to the late morula, can be induced 
to form a chimaera, and as many as 16 have 
been found capable of organizing in vitro into 
a single giant blastocyst of normal propor
tions. 

The work described so far involved the 
mouse as an experimental animal, but Mayer 
and Fritz (1974) used the rat, and Moustafa 
(1974) the rabbit. Other investigators have 
explored the potential for development of 
interspecific chimaeras by pairing the zona
free cleaving eggs of mouse and rat (Mul
nard, 1973; Stem, 1973; Zeilmaker, 1973; 
Tachi and Tachi, 1980b) or of mouse and bank 
vole (Mystkowska, 1975). Well formed 
expanded rat-mouse blastocysts were ob
tained, the cells of both species contributing 
to both SCM and trophectoderm, but implan
tation after transfer was not observed. 

Willadsen and Fehilly (1983), working with 
sheep eggs, also employed the 'aggregation 
technique' (as initiated by Tarkowski and by 
Mintz) to improve the chances of survival of 
separated blastomeres. Thus, when each of 
the blastomeres from an eight-cell egg was 
placed in an empty zona pellucida along with 
a blastomere from another eight-cell egg, the 
chances of survival and development were 
much improved. In one experiment, the 
blastomeres from an eight-cell Finn-Jacob 
egg were paired up with blastomeres from an 
eight-cell Suffolk egg, and five lambs were 
subsequently born (Figure 2.7). 

These were all of the Finn-Jacob pheno
type, and this result was attributed to the 
Finn-Jacob egg being developmentally some
what in advance of the Suffolk egg. By con
trast, when single blastomeres from two two
cell eggs were paired up, the resulting lambs 
were regularly visibly chimaeric. More re
cently, interspecific bovine chimaeras have 
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Figure 2.7 Quintuplet lambs, each arising from a blastomere from an eight-cell Suffolk egg. (Photo by 
courtesy of S.M. Willadsen.) 

been produced by Munro et al. (1986) (Figure 
2.8). 

Composite proembryos can also be con
structed by Gardner's method (1968, 1971, 
1978, 1982) and are distinguished as 'injection 
chimaeras'. This procedure involves the in
troduction of a whole or parts of an inner cell 
mass from one blastocyst into the cavity of 
another, the inner cell mass of which may 
have been partially or wholly removed. 
Gardner generally used the mouse as experi
mental animal, but occasionally also the rat 
(Gardner and Johnson, 1973; Gardner, 1975) 
and the rabbit (Gardner and Munro, 1974); 
and other workers have also used the sheep 
(Tucker et al., 1974, 1978). As with aggre
gation chimaeras, the introduced cells mingle 

with those of the other proembryo (though 
only with the inner cell mass cells in this 
case), with no detectable pattern in their dis
tribution. The recognizable contribution to 
the eventual adult animal varies a good deal
one introduced cell sometimes becomes the 
forerunner of half the final product, as 
judged by physical characteristics. (Chim
aeras can also be produced by aggregating 
embryonal carcinoma or teratocarcinoma 
cells with cleaving eggs, or by injecting them 
into blastocysts - this is discussed later under 
'Teratocarcinomas' in section 2.4.8.) 

The rare spontaneous chimaeras recorded 
in clinical studies on the human subject are 
thought to arise by eggs adhering to each 
other during cleavage. They should be dis-
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tinguished from 'mosaics', which can be very 
similar in physical characters; mosaics are 
generally caused by some chromosomal 
aberration during development, such as loss 
of a chromosome in mitosis, non-disjunction, 
somatic mutation or somatic crossing over. 
(The normal female mammal is, of course, a 
mosaic with cells differing through X 
chromosome inactivation.) By definition, 
mosaics necessarily derive from the fertiliz
ation of an egg by a single spermatozoon; if 
double fertilization occurs (of oocyte and 
polar body separately), or if cleaving eggs 
unite, the result is a chimaera. 

The study of experimental chimaeras can 
yield useful information on a variety of devel
opmental problems. One of the first to be 
investigated was the long-debated origin of 
skeletal muscle fibres (cells), which contain a 
central bundle of contractile elements as well 

Figure 2.8 Chimaeric calf ansmg from half a 
morula from a Brahman cow, aggregated with half 
a morula from a Hereford-Shorthorn hybrid cow. 
(Photo by courtesy of R.K. Munro, T.J. Williams 
and J.N. Shelton, Division of Tropical Animal 
Science, CSIRO, Rockhampton, Queensland, 
Australia. ) 

as numerous nuclei. In culture in vitro, simi
lar cells are formed by fusion of several pre
cursor cells, rather than through multiple 
karyokinesis without cytokinesis. That this 
was also the manner of development in vivo 
was demonstrated by Mintz and Baker 
(1967), who aggregated pairs of mouse moru
lae that were each homozygous for an elec
trophoretically different form of the enzyme 
isocitrate dehydrogenase, and found that in 
the resulting mice skeletal muscle tissues 
alone displayed an intermediate form of the 
enzyme (otherwise found only in Fl hybrids) 
in addition to the two original forms. 

As mentioned under 'Induction of parthe
nogenesis' (section 2.4.4), chimaeras have 
been used to test the viability of the cells of 
parthenogenones: fusion products of ferti
lized cleaving eggs and parthenogenones 
have been found to develop through to fertile 
adulthood, with the parthenogenetic cells 
contributing to the formation of fertile 
gametes (Stevens et al., 1977; Surani et al., 
1977; Stevens, 1978). Other examples of such 
'rescue' also exist. In Tfm male mice, sperma
togenesis is arrested in meiosis, but chim
aeras formed between XY cleaving eggs and 
those with XTfmy yield adults with normal 
spermatogenesis, for they sire both XY and 
XTfmy males. The sterility of Tfm males is 
thought to be due to supporting cells (e.g. 
Sertoli cells) failing to respond to androgen 
(Lyon et al., 1975). For further details, see 
McLaren (1981). 

Cross-insemination between Mus musculus 
and M. caroli rarely yields living young, but 
when chimaeras were made by injecting 
ICMs from M. caroli into M. musculus blasto
cysts, and transferred to M. musculus recipi
ents, the majority developed to adulthood 
and showed contributions from both sources 
(Rossant and Frels, 1980, 1981). 

Several attempts were made to produce 
intergeneric aggregation chimaeras between 
rat and mouse, but development went no 
further than the blastocyst stage (Mulnard, 
1973; Stern, 1973; Zeilmaker, 1973); the injec-



Figure 2.9 A sheep-goat chimaera arising from 
aggregated four-cell eggs, one from each species. 
(Photo by courtesy of S.M. Willadsen.) 

tion chimaeras of Gardner and Johnson 
(1973) and Gardner (1975) fared somewhat 
better, developing to the 33-somite stage. The 
most advanced stages reported so far are 
those obtained with sheep-goat aggregation 
chimaeras, some of which survived to adult
hood (Fehilly et al., 1984) (Figure 2.9). 

2.4.7 DISAGGREGATION, REAGGREGATION 
AND SECTION OF PROEMBRYOS 

Some of the earliest attempts to investigate 
the developmental potential of separated 
blastomeres were those of Nicholas and Hall 
(1942) and Nicholas (1947) in the rat, but a 
more definitive phase of research began with 
Seidel's (1952) success in obtaining develop
ment to birth of two-cell rabbit eggs in which 
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one blastomere had been destroyed by nee
dle puncture; four-cell eggs with three blasto
meres destroyed developed to somite-stage 
embryos. Then Tarkowski (1959) separated 
blastomeres of two- and four-cell mouse eggs 
and found that cleavage would often COn
tinue after transfer to recipients; in one test, 
six normal young were born (see also 
Rossant, 1976, 1986). Later, Moore et al. 
(1968) isolated blastomeres from early
cleaving rabbit eggs and found it necessary to 
replace these in their own zona pellucidas if 
cleavage were to proceed normally. By this 
means, full development to birth was ob
tained at frequencies of 38% for blastomeres 
from two-cell eggs, 19% for those from four
cell and 11 % from eight-cell. In the pig, the 
survival rate to the blastocyst stage was 35% 
for single blastomeres from both four- and 
six-cell eggs (Moore et al., 1969). 

Further technical improvements were 
introduced by Willadsen (1979), who worked 
with sheep, cow and horse eggs. After trans
fer of isolated blastomeres to new zonas, he 
embedded them in small agar cylinders 
which were lodged in a recipient sheep until 
blastocyst expansion had begun. The bias to
cysts were then released and placed in the 
uterus of a second recipient of the appropri
ate species (sheep, cow or horse) in which 
implantation could occur. By these meanS it 
proved possible to obtain normal monozygo
tic twins. Allen and Pashen (1984) produced 
twin foals by similar means (Figure 2.10). 

The blastomeres of later stages were found 
increasingly less likely to survive the rigours 
of transfer, presumably because of their pro
gressively smaller nuclear and cytoplasmic 
volumes; accordingly, several blastomeres 
were transferred together, and full develop
ment was frequently found to be obtainable. 
When pairs of blastomeres from four-cell 
eggs, or quartets from eight-cell eggs, were 
handled together, the probability of normal 
birth was 70% or better. When a quarter of 
the blastomere population was used, namely 
single cells from four-cell eggs or pairs of cells 
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from eight-cell eggs, the success rate was 
about 50% or better (Figure 2.11). 

Transferring single cells from eight-cell 
eggs yielded about 10% success. For further 
details, see Willadsen (1980, 1981), Willadsen 
and Fehilly (1983) and Fehilly and Willadsen 
(1986). (The technique of combining blasto
meres from different donors was discussed 
in the previous section on 'Production of 
chimaeras' . ) 

Success in obtaining full development with 
only one or two blastomeres from two-, four
or eight-cell eggs means, of course, that the 
'spare' blastomeres could be used for special 
studies, such as sex determination, karyotyp
ing for chromosomal anomalies, determi
nation of enzyme activity or identification of 
enzyme variants (see McLaren, 1985). Hardy 
et al. (1990) found that removal of one or two 
blastomeres from human eight-cell embryos, 

while reducing the numbers of cells in IeM 
and trophectoderm at the blastocyst stage, 
did not affect pre-implantation development. 
To overcome the handicap of small cell num
ber for analytical work, blastocysts have been 
cultivated in vitro to yield embryonic stem cell 
lines (Axelrod, 1984); alternatively, growing 
EK cells in vitro as described by Evans and 
Kaufman (1981) could provide ample material 
for analysis (as discussed further in the next 
two sections). Blastocyst biopsy in the rabbit 
was demonstrated by Gardner and Edwards 
(1968), and could be applied to other large 
blastocysts such as those of sheep, cattle and 
horses. Trophectoderm biopsy of human 
blastocysts can provide sufficient material for 
genetic diagnosis without impairing hatching 
potential (Dokras et al., 1990). With the aid of 
high-performance liquid chromatography, 
Leese et al. (1991) were able to assay the 

Figure 2.10 Twin foals produced by separating the blastomeres of a two-cell egg. (Photo by courtesy of 
W.R. Allen.) 
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Figure 2.11 Identical triplet calves, each deriving from two blastomeres of the same eight-cell egg (the 
product of the fourth pair failed to survive the birth). (Photo by courtesy of S.M. Willadsen.) 

enzyme HPRT in single cleavage-stage 
human blastomeres. 

Monozygotic cattle twins have been ob
tained by transferring bisected morulas to 
recipients (Ozil et al., 1982; Lambeth et al., 
1983; Baker et al., 1984; Voekel et al., 1984). 
Baker et al. (1984) obtained 79% of pregnan
cies with entire embryos and 68% with 'split' 
(bisected) specimens, the difference being 
insignificant, and Voekel et al. (1984) 42.6% 
with both. Tsunoda et al. (1985b) have 
reported the birth of twins in Japanese native 
goats following this procedure. 

2.4.8 TERATOCARCINOMAS 

These tumours can develop spontaneously 
from diploid spermatogonia in the testis or 

from oocytes after the first meiotic division 
(particularly in the LT/Sv mouse strain), but 
in the present context attention will be re
stricted essentially to teratocarcinomas aris
ing from transplanted mouse embryos (a field 
reviewed by Stevens, 1981). Some of the 
earliest work involved the initiation of tera
tomas by inserting cleaving eggs or six-day 
egg cylinders from mice of the 129 strain 
under the testis capsule; after passing 
through some normal stages of development, 
the cells became disorganized and growth 
continued as a teratoma. Induced in this way, 
teratomas are, therefore, derived from so
matic cells, in contrast to the germ cell 
origin of the spontaneous tumours. A minor 
proportion of the growths become teratocar
cinomas, consisting of undifferentiated em-
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bryonal carcinomic cells which can be 
maintained by reinsertion. The cells have 
been shown to be pluripotent or even toti
potent, but after several transfers some lose 
their ability to produce some or any kind of 
differentiated cell. 

Disaggregated teratocarcinomas injected 
into the peritoneal cavity can give rise to 
retransplantable ascites tumours, the ascitic 
fluid suspending many 'embryoid bodies'. 
These resemble the egg cylinder stage of 
development, with organized layers of em
bryonic ectoderm and endoderm (Stevens, 
1958, 1964; Pierce and Dixon, 1959), or else a 
core of Ee cells surrounded by a rind of cells 
resembling endoderm. 

Ee cells from a mouse of a black strain, 
when injected into the cavity of blastocysts 
from a white strain, became integrated with 
the inner cell mass cells and later contributed 
to parts of normal adult mice, as shown by 
the pigmented patches of fur (Brinster, 1974). 

These two lines of enquiry were drawn 
together when Mintz and Illmensee (1975) 
took embryoid bodies from mice with ascites 
tumours that had been passaged between 
recipients about 200 times, dissected off the 
rind and disaggregated the core cells (Figure 
2.12). 

These cells were injected into the cavity of 
blastocysts which later developed into mice 
exhibiting coat colour mosaicism, testifying 
to a contribution from the embryoid bodies. 
More than that, when these mice were mated 
with untreated animals, some of the resulting 
young had coat colours indicating that the 
core cells from embryoid bodies had given 
rise to normal functioning gametes. The fact 
that the properties shown by the embryoid 
bodies could be matched by those of Ee cells 
maintained in culture was shown by 
Papaioannou et al. (1978). 

A few years later, Evans and Kaufman 
(1981) found that, if experimentally delayed 
mouse blastocysts were held in culture, they 
became attached to the dish and trophoblast 

cells grew out, the inner cell mass differen
tiating into an egg cylinder-like structure 
(Figure 2.13). 

This could be removed, disaggregated and 
grown in culture over a feeder layer of inacti
vated fibroblasts. Soon, colonies of Ee cells 
could be discerned and subcultured; they 
were found to have a normal karyotype and 
often displayed a Y chromosome, both fea
tures distinguishing them from correspond
ing cells produced by other investigators. 
These cells were accordingly identified as EK 
cells; they behaved in much the same way as 
Ee cells, giving rise to teratocarcinomas on 
subcutaneous injection. When cultured with
out feeder cells, they formed embryoid 
bodies. When introduced into the cavity of 
blastocysts, the resulting adult mice showed 
visible evidence of the chimaeric origin 
(Figure 2.14), and mating studies revealed 
that several animals were functional germ cell 
chimaeras (Bradley et al., 1984). 

More recently, EK cells have come to 
be known as ES (embryonic stem) cells 
(see Robertson, 1987, and Jackson, 1989). 
Notarianni et al. (1990) have described the 
establishment in culture of cell lines from pig 
blastocysts that resemble mouse ES lines. 

In the meantime, Fujii and Martin (1980) 
and c.L. Stewart (1982) reported that viable 
chimaeras consisting of normal cells and car
cinoma cells could be produced not only by 
injection but also by aggregation of the 
carcinoma cells with those of eight-cell em
bryos. Subsequent development, however, 
was often abnormal, the degree of anomaly 
correlating with the proportion of carcinoma 
cells composing the fetus - when the pro
portion was large, the fetus was unlikely to 
reach term. The possibility existed that the ES 
cell lines tested (NG-2, PSA-1 and LTl-2D) 
failed because of chromosomal abnormalities. 
Rossant and McBurney (1982), however, 
found that major developmental errors were 
often associated with carcinoma cells that had 
normal karyotypes. 
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Figure 2.12 The remarkable experiment of Mintz and Illmensee (1975). (See section 2.4.8 for details.) 
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Figure 2.13 The potentials of mouse inner cell 
mass cells when cultured under different con
ditions. The arrow marked 'h' represents the 
accomplishment of Evans and Kaufman (1981) in 
obtaining clones of pluripotential 'EK' cells of nor
mal karyotype directly from blastocysts. 

2.4.9 RECOMBINANT DNA RESEARCH 

Probably the first indication that a subcellular 
substance could transmit a heritable character 
between individuals came with the obser
vations of Griffith (1928) on the exchange of 
colony characters between Sand R strains of 
Streptococcus pneumoniae; the active agent 
became known as the 'transforming prin
ciple'. Some years later, Avery et al. (1944) 
demonstrated that this was, in fact, DNA. So 
our understanding of transformation as a 
means of gene shift between individuals 
preceded recognition of 'conjugation' - the 
normal mode of sexual reproduction in bac
teria, seen first in Escherichia coli, whereby 
lengths of chromosome are passed froin one 
cell to another (Lederberg and Tatum, 1946). 
Shortly afterwards, Zinder and Lederberg 
(1952) observed 'transduction' of genes be
tween strains of Salmonella, effected by a 
temperate bacteriophage. In this process, a 
fragment of bacterial chromosome becomes 
incorporated into the virus particle and is 
carried to the next host cell. 
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Exploitation of viruses for the transfer of 
genetic information between mammalian 
cells would appear to flow logically from 
these observations, yet it was about 20 years 
before F.L. Graham and Van Der Eb (1973), 
interested in the infectivity of viral DNA, 
obtained transformation of cultured rat cells 
by the DNA of adenovirus. A year later, 
Jaenisch and Mintz (1974) announced that, 
when intact DNA from SV40 (a simian retro
virus) was injected into the cavity of mouse 
blastocysts, viral DNA sequences were later 
found incorporated into the adult mouse so
matic tissues. A much higher success rate 
was obtained when J.W. Gordon et al. (1980) 
inserted into the plasmid pBR322 the herpes 

Figure 2.14 Chirnaerism shown by the pigmen
tation of fur and iris in an adult mouse, which 
developed from a 'white' blastocyst into which EK 
cells from a black strain had been injected. (Figure 
5.7 from Kaufman, 1983.) 

simplex thymidine kinase gene together with 
the SV 40 virus origin of replication and 
injected the product into pronuclei of mouse 
eggs, which were immediately placed in 
recipient oviducts. Among the mice that 
developed to birth, some exhibited sequences 
in somatic tissues that were homologous with 
the injected plasmid, but there was no evi
dence of incorporation into the germ line. 
This step was achieved by Jahner and 
Jaenisch (1980) by viral infection of early 
mouse proembryos, and also by Costantini 
and Lacy (1981) by injection of a cloned rabbit 
DNA fragment containing the adult l3-globin 
gene into the pronucleus in mouse eggs; in 
both instances, transmission to subsequent 
progeny was demonstrated. T.A. Stewart 
et al. (1982) were able to transfer human 
l3-globin gene sequences to mice by pro
nuclear injection, and there was evidence of 
transmission to progeny by one animal. 

But the striking advance in this phase of 
research was the production of larger-than
normal mice, in some instances nearly twice 
the body weight of controls and maintaining 
approximately a fourfold elevation of circulat
ing growth hormone levels (Palmiter et al., 
1982). This was achieved by injecting into 
pronuclei of mouse eggs a DNA fragment 
containing the structural gene of rat growth 
hormone fused to the promoter of the mouse 
metallothionein I (MT-I) gene. Administra
tion of zinc to the resulting animals stimu
lated the MT-I gene, which in turn evoked 
expression of the growth hormone gene. The 
possibility that the introduced rat growth 
hormone genes were integrated into a single 
chromosome of the mouse genome was sup
ported by the pattern of inheritance through 
two successive generations (Palmiter and 
Brinster, 1984). The transfer of human 
growth hormone genes to mice by a similar 
means also resulted in growth promotion 
(Palmiter et al., 1983), and similar results 
were obtained by transfer of the human gene 
for growth hormone-releasing hormone 
(Hammer et al., 1985). The development of 



gene transfer methods in cattle is described 
by Roschlau et al. (1989). More recently, 
Pursel et al. (1990) have reported functional 
integration and inheritance of growth-related 
genes introduced into pigs, and Rexroad et al. 
(1990) have commented on the need for bet
ter control of inserted genes in ruminants. 
Other genes are also worthy of attention 
(Ward et al., 1984; Land and Wilmut, 1987; 
First, 1990). 

Prospects for the advantageous application 
of recombinant DNA technology to human 
problems depend firstly on reliable diagnosis 
of genetic diseases (see Cosden and Cosden, 
1985; Weatherall, 1985; and Akhurst, 1986, 
for reviews). Sometimes, diagnosis can be 
made by relatively simple biochemical 
means; for example, determination of the 
normality or otherwise of the gene for hypox
anthine phosphoribosyl transferase can be 
based on analyses for the presence or absence 
of the enzyme in single blastomeres from 8-
cell mouse eggs. 

More often, however, dependence must be 
placed on diagnosis much later, as in the 
examination of DNA in amniotic fluid cells 
collected usually in the sixteenth week of ges
tation, though adequate material can com
monly be obtained by chorionic villus biopsy 
in the eighth to twelfth week of gestation 
(Rhine and Milunsky, 1979; Williamson et al., 
1981; Maxwell et al., 1985; Brambati, 1986; 
Brambati et al., 1986; and see also abstracts in 
Human Reproduction, 1, pp. Al1-A13, A29-
A30, 1986). For direct chromosome studies, at 
least 5mg of villous tissue is necessary for the 
preparation of useful karyotypes (Dalpra et 
al., 1986). Satisfactory genomic analysis, 
however, can be made on 10 g of tissue, 
based on 'restriction endonuclease mapping'. 
Endonucleases cleave the DNA molecule at 
different highly specific points, and the nor
mal length of the fragments and their localiz
ations relative to particular genes are known, 
so that it is possible to detect mutations that 
produce new sites of enzyme action, or re
move sites, or cause the addition or loss of 
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one or more genes. This technique has been 
used successfully for the early recognition 
of sickle cell anaemia, some forms of 
l3-thalassaemia and phenylketonuria, and a 
marker has also been discovered for 
Huntington's chorea, but there are at present 
difficulties in the wider application. 

That sex determination at an early stage is 
of undeniable value has led to important ad
vances in the development of DNA probes 
for the detection of X- and Y-specific DNA 
sequences in the pre-implantation embryo. 
The sensitivity of DNA analyses permits 
genetic diagnoses to be made utilizing a 
single cell. At present, it is possible to deter
mine the sex of an embryo by analysing a 
single extracted blastomere using either in 
situ hybridization or the polymerase chain 
reaction. 

In situ hybridization is a technique that 
allows direct visualization of specific DNA 
sequences. Initially, the procedure utilized 
radiolabelled probes coupled with autoradi
ography, and was used to detect Y 
chromosome-specific repeated nucleotide se
quences in the human male embryo Oones et 
al., 1987) and in domestic species (Leonard et 
al., 1987; Matthews et al., 1987). More re
cently, rapid non-isotopic methods have 
been used for the detection of both X- and 
Y -chromosome sequences in human pre
implantation embryos (Penketh et al., 1989; 
Criffin et al., 1992). Since signals are visual
ized directly under the microsope, localiz
ation of the signal is more precise. Multiple 
signals using different reporter molecules 
such as fluorescein isothiocyanate (FITC) and 
rhodamine give different colour signals. 
Using different fluorochromes, it is possible 
to detect a number of autosomes as well as 
the sex chromosomes simultaneously, which 
opens up the possibility of using this tech
nique for the detection of inherited disorders. 

The polymerase chain reaction is a method 
which amplifies specific sequences of DNA 
for analysis. The sequence may be specific to 
a sex chromosome or may include a site of 
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deletion or mutation. The technique has been 
applied successfully for the screening of 
human pre-implantation embryos prior to 
transfer by determining the gender using Y
specific DNA amplification (Handy side et al., 
1990) and by the diagnosis of single-gene 
defects such as cystic fibrosis (Hardy and 
Handyside, 1992). 

Although these techniques open up new 
frontiers in genetic diagnosis, the technology 
is currently limited. Analysis of a single 
blastomere from an eight-cell embryo may 
not detect mosaicism or genetic modification 
at a later stage, and the methodology itself 
can have problems such as loss or inacti
vation of DNA, amplification failure and 
contamination. 

The problems of gene therapy are even 
more forbidding. The haploid human 
genome is considered to contain 3 X 109 base 
pairs, and some 50 000 to 100 000 structural 
genes. Many human genes have been iso
lated, along with their flanking regions, 
where regulatory sequences are likely to be 
found, and gene insertion into foreign cells 
has been widely achieved - for example, the 
recent transfer, with the aid of a mouse retro
virus, of a human gene for HPRT from a 
normal cell to a deficient cell, with transfer of 
appropriate function - but here there is great 
lack of tissue specificity. Some functions, 
such as the production of growth hormone, 
can evidently be performed by a wide range 
of cells with physiologically consistent conse
quences, but other functions, such as haemo
globin production, must be the prerogative of 
particular cells at particular stages of develop
ment. The problem is how to insert genes 
into selected target cells, and this is discussed 
by Weatherall (1985), with special reference 
to the haemoglobinopathies. Leads for future 
research may be derived from study of the so
called 'hotspots' or preferred sites for gene 
insertion, which could represent sites of 
DNAase hypersensitivity (Storb et al., 1979). 
More recently, Smithies et al. (1985) described 
the insertion of DNA sequences into the 

human l3-g1obin locus by homologous recom
bination, a procedure that could be applicable 
to the treatment of conditions such as thalas
saemia and sickle cell anaemia. 

Another and highly productive line of re
search in laboratory animals concerns the use 
of retroviruses and other foreign DNA forms 
to identify genes important in embryonic 
development. This has been exploited by 
Jahner and Jaenisch (1980) and more recently 
by Jaenisch et al. (1983), Schnieke et al. (1983), 
Wagner et al. (1983) and Jaenisch (1984). The 
introduced material either enhances the host 
gene transcription by the action of a strong 
promoter, or more commonly disrupts the 
host gene, both actions usually leading to a 
lethal mutation. The foreign DNA is gener
ally capable of becoming inserted at many 
points in the host genome, apparently at ran
dom, so that the function of virtually any 
gene can be affected. The consequences of 
these changes can be studied by genetic 
analysis, recognition of significant effects de
pending on the inviability of homozygotes. 

The following books are suggested as 
further reading: Connor and Ferguson-Smith 
(1984, 1987), Emery (1984), Glover (1984), 
Nossal (1985), Warr (1984); Jackson, (1989); 
Hansel and Weir (1990). 
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3.1 INTRODUCTION 

In the two or three decades prior to the first 
edition of this book much of the basic mor
phological analysis of implantation and 
placentation took place so that Marshall 
(1910) was able to give a fairly detailed 
account of the early stages of placentation in 
several species. His account now provides a 
very interesting historical survey of the sub
ject. Marshall did not separate implantation 
from placentation, in fact he only used the 
word implantation when talking of the 
implantation chamber which had been 
described by other workers. He mainly refers 
to attachment and embedding of the 
blastocyst. 

The fact that embedding was accompanied 
by decidualization and only occurred in some 
species had been known for some time (sec
tiOI~ 3.4.5). Huxley (1869) divided species into 
deCiduate and non-deciduate. 

Nowadays the word embedding has been 
largely replaced by implantation. However, 
currently implantation usually refers to the 
initial stage of placentation in all species 
regardless of whether the blastocyst is em
bedded in the wall of the uterus or remains in 
the lumen. The word nidation is sometimes 
use.d, usually with regard to those species 
wh~ch undergo d~cidualization. The large 
deCIdual cells are likened to a nest or nidus. 
The use of this word implies that the uterine 
response is a passive protective structure, 
whereas the cells are now known to be 
actively secretory (section 3.5.4). 

3.2 SPECIES VARIATION 

In evolutionary terms the attachment of the 
ovum to the wall of the uterus is a fairly 
recent event. Sexual reproduction started 
with the joining of gametes in the external 
environment and has gradually evolved 
through an intermediate stage in which there 
is internal fertilization of the ovum with ex
ternal development of the embryo, to the 
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final stage where the embryo develops inside 
the wall of the uterus. The evolution of vivi
parity can be traced through non-mammalian 
species (Amoroso, 1981; Heyner, 1981), but 
it is in mammals that implantation has 
achieved its most complex form. 

It is difficult, especially in the simplest 
forms of attachment between the mother and 
offspring, where there is little uterine reac
tio~ to the blastocyst, to separate implan
tation from the later stages of placentation. In 
order to avoid too much overlap, detailed 
descriptions of the early stages of placen
tation in species without much uterine 
response will be dealt with in Chapter 4 on 
placentation. 

The simplest form of viviparity is where 
the embryo develops inside the mother but 
isolated from her by a membrane, uses nutri~ 
~nts contained within the egg. The next stage 
IS the development of the egg inside the 
mother but utilizing nutrients supplied by 
the mother, mainly by glandular secretions. 
In this there is no attachment of the fetal 
membranes and it is doubtful if the term 
implantation should be applied. 

The simplest form of implantation is 
where the trophoblast of the embryo 
becomes closely applied to the surface of 
maternal cells so that nutrients can pass 
from the mother to the embryo directly 
across cell membranes. Among domestic 
animals this is found in the pig (Perry and 
Rowlands, 1962) and horse (Amoroso, 1952). 
In this form of implantation nutrients have 
to pass through several tissues from the 
maternal bloodstream to the embryo. To 
compensate for this the blastocyst, or at least 
the non-embryonic part of it, expands massi
vely before implantation, so that the area of 
contact between mother and fetus increases 
dramatically. At the same time the surface of 
the trophoblast cells develops microvilli 
which interdigitate with similar microvilli on 
the luminal surface of the uterine epithelial 
cells. The result is that a very large area of 
close contact between maternal and fetal 
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tissues is established to produce a very 
efficient organ of exchange. A newborn foal 
is testimony to this. 

Once this stage has been reached, the 
blastocyst cannot be easily washed from the 
uterus and the embryo is said to be attached 
to the uterine lumen. It is thought that the 
close contact between trophoblast and lumi
nal epithelial surface is an active process 
brought about by changes in the cell surfaces 
(discussed in section 3.4.5). Most implanting 
blastocysts go through this stage which is 
called the 'attachment phase'. Enders and 
Schlafke (1967) distinguish it from the appo
sition stage which precedes it and during 
which the blastocyst can be easily removed 
from the uterus, implying lack of adhesive 
forces. 

In spite of the effectiveness of the simple 
placenta, changes have taken place during 
evolution to bring the fetal and maternal 
blood system into closer contact, and one of 
the most fascinating facets of implantation is 
the variety of methods developed to ensure 
this (Finn, 1980). It is not proposed to give 
details of all the variations among species, as 
there are already several detailed accounts 
(Marshall, 1910; Amoroso, 1952; Boyd and 
Hamilton, 1952; Wimsatt, 1975), but it may be 
useful to highlight the main lines of 
development. 

As long ago as 1882, Bonnet divided im
plantation into central, eccentric and inter
stitial. These terms are still used today. They 
refer, of course, to the position of the blasto
cyst in the uterus. In the first, the blastocyst 
remains in the centre of the uterine lumen 
and usually expands considerably just before 
implantation. In eccentric implantation the 
blastocyst remains small and comes to lie at 
one side of the uterine lumen as seen in 
transverse section, whilst in interstitial im
plantation the blastocyst burrows through 
the luminal epithelial cells. 

Once settled in position the blastocyst and 
endometrium adopt various stratagems to 
'improve' intimacy between fetal and ma-

ternal tissues. In the cow the uterine epi
thelial cells are initially columnar in shape. At 
implantation binucleate cells from the tro
phoblast pass into the uterine epithelium 
where they fuse with the columnar cells to 
form giant cells (Wooding and Wathes, 1980). 
For a short period most of the uterine epi
thelium consists of these giant cells. 
Subsequently, these cells die off and the re
maining uterine columnar epithelial cells 
proliferate so that the maternal luminal epi
thelium is re-established (Wathes and 
Wooding, 1980). 

Similarly, in the goat multinucleate cells 
are formed in the uterine epithelium, 
although there is, at present, no evidence 
that cells from the trophoblast contribute to 
these. These cells form a syncytium which 
later degenerates and is replaced by uterine 
columnar epithelial cells (Dent, 1973). In the 
ewe, like the cow, a syncytium replaces the 
columnar uterine epithelial cells (Boshier, 
1969; Guillomot et al., 1981; Wooding et al., 
1982), but this appears to be largely derived 
from the trophoblastic binucleate cells. 
Unlike in the cow and goat however, this 
syncytium is continuously replaced from bi
nucleate trophoblast cells and remains 
throughout pregnancy. 

These examples from domestic ungulates 
demonstrate the tendency of the uterine epi
thelium firstly to form a syncytium and then 
to degenerate, although in each case the epi
thelial layer is re-established either from the 
uterine epithelial cells or from trophoblast 
cells. It has been suggested that the purpose 
of this manoeuvre is to transfer a prolactin
like substance in the trophoblast binucleate 
cells into the uterine epithelium. The import
ance to the blastocyst of ensuring that the 
secretion of progesterone is maintained will 
be discussed in section 3.4.3. 

In other species the uterine epithelium 
undergoes degeneration without subsequent 
re-epithelization. However, the mechanisms 
evolved to achieve this differ between 
species. For example, the rabbit undergoes a 



process whereby, during the preparation of 
the uterus for implantation, the uterine epi
thelium becomes a syncytium whilst a similar 
reaction occurs in the trophoblast. At the 
time of implantation the two syncytia 
(maternal and fetal) fuse to form a single 
tissue originally containing nuclei from both 
animals. Eventually the maternal nuclei dis
appear so that the syncytium can now be 
considered fetal. This very novel way of get
ting rid of the maternal epithelium has only 
so far been reported in the rabbit (Larsen, 
1970; Steer, 1970, 1971). In other animals it 
appears that the epithelial cells die by a pro
cess of programmed cell death in response to 
the presence of the trophoblast in contact 
with the uterine epithelial cells (discussed in 
section 3.4.6). 

It appears that in evolution the ability of 
cells to undergo self-destruction in a con
trolled manner in response to the turning on 
of information contained in the nucleus [a 
process commonly used m embryonic model
ling (Saunders, 1966)] has been adapted to 
allow the more intimate contact of the em
bryo with its mother. 

However, not all species have gone in this 
direction in which, at least initially, the uter
us is controlling the entry of the blastocyst 
into the uterine tissue. It was mentioned 
earlier that in the ungulates which have been 
studied cells migrate from the trophoblast 
into the uterine epithelium. It should also be 
added that the horse conceptus, later in preg
nancy, sends chorionic cells into the sub
stance of the uterus (W.R. Allen et al., 1973). 
In these cases it appears that the object is to 
get large molecular weight hormones from 
the embryo to the mother. This is one of the 
first signs of the fetus endeavouring to influ
ence its own destiny. Cell migration is carried 
a stage further in women and some other 
animals (chimpanzee, Heuser, 1940; guinea 
pig, Samson and Hill, 1931): it is not just 
isolated cells which migrate - large areas of 
trophoblast insinuate between the uterine 
epithelial cells. In order to do this some of the 
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trophoblast cells form into a syncytium. 
Enders and Schlafke (1971) consider that this 
improves the flow characteristics of the tis
sue. It would presumably decrease the likeli
hood of the tissue breaking up during 
migration and preserve the organization of 
the blastocyst. The process is very rapid and 
the embryo becomes established in the uter
ine tissues with little apparent degeneration 
of the uterine epithelium. In the case of the 
human, and probably other species, the chor
ion does produce hormones, however the 
chief aim of trophoblast migration is not the 
passage of these to the mother; in fact it 
seems probable that chorionic gonado
trophins can reach the maternal circulation 
before the blastocyst has passed into the uter
ine tissues. 

It is clear that the human embryo takes a 
much more active role in implantation than, 
for example, the pig or horse. However, the 
final product, the newborn animal, does not 
appear to be developmentally inferior in 
those species with simple placenta, and it is 
interesting to enquire what evolutionary 
advantage has come from the deep implan
tation of the blastocyst into the wall of the 
uterus, especially in view of the immunologi
cal and other problems which have had to be 
overcome. It is difficult to find any pattern 
relating the degree of intimacy in the attach
ment of the blastocyst with taxonomic pos
ition or size. Among the primates, for 
instance, there are species like man in which 
the ovum is deeply embedded in the wall of 
the uterus, whilst in other species, such as 
the marmoset, implantation is much more 
superficial. 

With the blastocyst remaining small and 
coming into closer contact with the maternal 
blood vessels it is presumably possible to get 
adequate fetal nutrition with the involvement 
of a smaller area of uterus. This might be 
thought to be a special advantage to polyto
cous species. However, the pig, which has 
large numbers of offspring, implants superfi
cially and gets round the problem by having a 
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very large uterus. Similarly, man, a species 
certainly larger than many which implant 
superficially, implants interstitially. 

One possible advantage to an animal of 
attaining a very close contact between ma
ternal and fetal bloodstreams is that it allows 
easier transfer of antibodies from the mother 
to the fetus, thus conferring on the neonate a 
degree of ready-made immunity which has to 
be acquired post-natally through the colos
trum in those animals with simple implan
tation. This occasionally leads to problems, 
for example, when rhesus negative mothers 
are carrying rhesus-positive offspring. 
Nevertheless, overall it is probably advan
tageous to the species. 

A great deal of care is needed in extrapo
lating information about implantation from 
one species to another. Owing to their ready 
availability a great deal of the research on 
implantation has been carried out on rats and 
mice, and these species have been particu
larly useful in providing basic information of 
the cell biology of the uterus and blastocyst. 
While much of this information will be of 
general applicability some will not. This is 
especially important when extrapolating 
from experimental animals to man (Finn, 
1983). 

3.2.1 DELAYED IMPLANTATION 

Apart from differences in their method of 
implantation, species vary in the timing of 
implantation. In all animals the fertilized 
ovum appears to spend a defined period in 
the oviduct, reaching the uterus after having 
completed the early stages of development, 
usually as far as the blastocyst stage. There is 
then a variable period of free life in the uterus 
before attachment starts. Usually this period 
is short. In some species however the period 
can be varied in such a way as to give a 
measure of control over the time of birth of 
the offspring. The most common method of 
controlling the season of birth is by regulat
ing the incidence of the oestrous cycle and 

ovulation in response to changes in the exter
nal environment. An alternative method is to 
insert a period of delay between the arrival of 
the blastocyst in the uterus and its implan
tation. This process of delayed implantation 
has evolved in several species over several 
taxonomic groups. In many cases the delay is 
inserted to allow a variable gestation period 
so that the young are born when the external 
environment is clement (roe deer, Ziegler, 
1843; Aitken, 1974; badger, Canivenc and 
Bonnin-Laffargue, 1963; red kangaroo, M.J. 
Clark, 1968; mink, Hansson, 1947; 
Concannon et al., 1980; black bear, Wimsatt, 
1963; spotted skunk, Enders et al., 1986). In 
these cases the delay is obligatory and con
trolled by seasonal factors in the environment 
(Mead, 1968; Hinds, 1989), probably via the 
pineal gland (May and Mead, 1986). 

An alternative form of delayed implan
tation is related to the reproductive needs of 
the mother. This was first demonstrated in 
mice (Lataste, 1891; Kirkham, 1916). In this 
facultative form of delayed implantation, 
blastocysts are held quiescent in the uterus so 
as to delay the time of parturition of the litter 
until the mother has finished weaning the 
previous litter. This is common in marsupials 
(see Chapter 8) and rodents (rats, mice, bank 
vole, Andersson and Gustafsson, 1979). 

Of course if implantation is delayed then 
development of the embryo must be halted, 
or slowed down very considerably. This con
dition of embryonic diapause is discussed 
here and in Chapters 6 and 8. 

3.3 PREPARATION OF THE UTERUS FOR 
IMPLANTATION 

3.3.1 THE OESTROUS CYCLE 

The oestrous cycle, although referring 
semantically to behavioural events, covers a 
whole cycle of changes in the hypothalamus, 
pituitary, ovary and female reproductive 
tract. The transport of the ovum through the 
oviduct has to be precisely timed so that it 



arrives in the uterus at the correct stage of 
development and at a time when the uterus is 
in a fit condition to receive it. The cellular and 
biochemical composition of the endometrium 
varies according to the hormonal influences 
acting on it and, although it has evolved to 
contain the blastocyst, it is, under most hor
monal conditions, hostile to it; more hostile 
in fact than some other areas of the body. For 
example, if a blastocyst is transferred to the 
kidney or testis it will grow and destroy 
maternal tissue. In the uterus however, if the 
hormonal conditions are not appropriate, it 
will not survive and will itself be destroyed. It 
seems that the lining epithelium of the uter
ine epithelium under most conditions is 
resistant to attachment and invasion by the 
trophoblast and only under very precise hor
monal states can implantation and survival of 
blastocysts take place. 

In most animals the uterine conditions 
necessary for reception of the blastocyst de
velop during the later part of the oestrous 
cycle and receptivity of the uterus is con
trolled by the sequential secretion of ovarian 
hormones. As the same hormones control the 
passage of the ova along the oviduct, the 
coincidence of the arrival of the blastocyst in 
the uterine lumen with receptivity of the 
endometrium is assured. 

A few animals, for example rats and mice, 
do not have a full oestrous cycle unless 
mating has occurred. Unmated animals, 
therefore, do not maintain the corpus luteum 
over the period during which ovum transport 
and implantation would be taking place. By 
abbreviating their oestrous cycles these ani
mals, who are mostly solitary scavengers, 
maximize their chances of becoming preg
nant. If a female is mated but the mating is 
infertile then the corpus luteum is main
tained for about 11 days and a cycle with a 
luteal phase is attained. This so-called pseu
dopregnancy or extended oestrous cycle is 
equivalent to the normal oestrous cycle of 
most other animals. It is possible to extend 
the oestrous cycle in rats and mice without 
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pregnancy by mating with a vasectomized 
male or in rats by artificially stimulating the 
vagina and cervix. In order to distinguish this 
from the abbreviated oestrous cycle it will be 
referred to as the 'extended' or 'mated' oes
trous cycle and where general reference to 
oestrous cycles is made it will refer to cycles 
with a full luteal phase. The use of the term 
'pseudopregnancy' is best reserved for a 
clinical condition in carnivores in which 
the bitch shows signs and symptoms of 
pregnancy. 

During the course of the oestrous cycle the 
uterus is required to perform two functions. 
After copulation it provides the tube through 
which sperm must pass and in which it is 
capacitated before reaching the oviduct, there 
to fertilize the ovum. Later, after arrival of the 
blastocyst in the uterine lumen it provides 
the tissue in which implantation takes place. 
These two functions require different en
vironmental conditions in the uterine lumen. 
For sperm capacitation and transport the 
uterine lumen is dilated, to a lesser or greater 
extent, with a thin watery fluid. Follow
ing fertilization, excess spermatozoa are 
removed, which probably involves the par
ticipation of eosinophil leucocytes. After 
arrival of the blastocyst in the lumen, the 
uterus is adapted, first to provide secretions 
for blastocyst nutrition and then to allow 
attachment and implantation of the tropho
blast. The former involves differentiation of 
the uterine glands, and the latter differen
tiation of the luminal epithelium and stroma. 

The cellular and biochemical changes that 
take place in the endometrium throughout 
the oestrous cycle have been most carefully 
worked out in rodents. This account there
fore will be largely based on work on the rat 
and mouse, but, wherever possible, refer
ence will be given to findings in other 
species. 

The endometrium is made up of three main 
tissues - luminal epithelium, glandular epi
thelium and stroma (Figure 3.1). 

Each of these has a specific role to play in 
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Figure 3.1 Diagrammatic cross-section of a uterus 
showing the main tissues (based on the mouse 
uterus) . 

implantation and each goes through a cycle 
of changes in preparation for this role. In 
addition to the resident cells making up the 
main tissues of the endometrium there are 
also cells which infiltrate from the blood
stream. Eosinophil leucocytes have already 
been mentioned, and during decidualization 
others become very important. 

Each of the resident cell types undergoes 
three basic processes - cell proliferation, cell 
differentiation and cell death. Quantification 
of these processes is difficult although 
attempts have been made, especially with the 
first and last. 

3.3.2 CELL PROLIFERATION 

Cells which are undergoing mitosis can be 
seen in histological sections with the light 
microscope after normal staining. The con
densation of the chromosomes during pro
phase and metaphase clearly distinguishes 
dividing from non-dividing cells. However, 
this stage of cell division is accomplished 

quickly so that even in an actively dividing 
tissue only a few cells will be visible. If, how
ever, a drug is administered which destroys 
the activity of the microtubules, for example 
colchicine or vinblastine, then mitosis is 
halted in the metaphase stage. The animals 
can then be killed at a specific interval after 
the administration of the drug and all cells 
which have entered division during that 
period will be visible and can be counted. 
When dealing with the uterus it would be 
exceedingly tedious to completely section 
and count the whole organ, and normally a 
section is taken from each uterus of a group 
of animals and the mitoses counted in each 
tissue. Thus an estimate of the mean number 
of cells in mitosis is obtained with an esti
mation of the variability between animals. 
This provides useful data for comparisons 
between animals in various reproductive 
states or under different hormone regimens. 

The results from such observations in the 
mouse (Finn and Martin, 1967) are demon
strated in Figure 3.2. 

Cell division occurs at different times in the 

2 

• 
" , , , , 

" '. , " ., 

3 

Days of pregnancy 

4 5 

Figure 3.2 Graph showing the distribution of 
mitoses in the various tissues of the mouse uterus 
during early pregnancy. The animals were treated 
with colchicine 2 h before autopsy and the number 
of mitotic figures counted in one cross-section 
taken at random from each uterus. (Data from 
Finn and Martin, 1967.) 



three uterine tissues. Luminal epithelial cells 
show maximum cell division at pro-oestrus 
with a second smaller increase on day 3 of 
pregnancy of the extended cycle. Glandular 
epithelial cells show a single peak of maxi
mum cell division on day 3, whilst the 
stromal cells do not divide until day 4. There 
is thus an abrupt change in the pattern of cell 
division between days 3 and 4 of the mated 
cycle. A similar pattern has been shown in 
the rat (Leroy and Galand, 1969; Marcus, 
1974a), guinea pig (Schmidt, 1943; Mehrotra 
and Finn, 1974; Marcus, 1974b) and hamster 
(Krueger and Craig-Maibenco, 1972). The 
situation in primates is not so well estab
lished. Human data come from biopsy 
material in which mitoses have not been 
pharmacologically arrested (Noyes et al., 
1950). It is difficult in this material to separate 
luminal from glandular cells. Nevertheless 
there appears to be a peak in epithelial mi
tosis during the follicular phase of the cycle 
with a peak in stromal mitosis in the luteal 
phase. Rhesus monkeys similarly show a 
peak in epithelial mitosis in the follicular 
phase (Bensley, 1951), but unfortunately no 
information seems to be available about 
stromal mitosis. 

The animals for which information on cell 
division is available are those in which blasto
cysts pass into the endometrial stroma and 
the stroma decidualizes. It would be very 
interesting to know whether animals with 
superficial implantation, such as the pig, 
show stromal mitosis during the luteal phase. 
The situation with regard to mitosis in the 
rabbit, which, as mentioned earlier, has a 
very unusual method of blastocyst attach
ment, is unusual. There is a peak of mitosis 
on days 3 and 4 of pregnancy in the epithelial 
cells with very little mitosis in the stroma on 
any day up to day 10 (A.E. Lee and Dukelow, 
1972; Davies and Hoffman, 1973). 

An alternative method for assessing the 
rate of cell proliferation in tissues is to inject 
labelled thymidine into the animals at a de
termined interval before autopsy. All cells 
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going into the S phase of the cell cycle will 
take up the nucleotide and they can be ident
ified and counted in histological sections as 
before. On the whole, similar results have 
been obtained using this method as using 
colchicine (Leroy and Galand, 1969; Leroy et 
al., 1969; Carter and McLaren, 1975). Another 
more recently developed method is to show 
the presence of proliferating nuclear antigen. 
Again, similar distribution of mitoses has 
been shown (Goodger and Rogers, 1993). 

3.3.3 THE HORMONAL CONTROL OF 
PROLIFERATION 

It has been known for many years that 
ovarian hormones influence cell division in 
the uterus (E. Allen et al., 1937; Lloyd, 1937). 
E. Allen and his colleagues (1943) seem to 
have been the first to introduce the use of 
colchicine for the study of cell division in the 
uterus. During the following 30 years the 
effect of oestrogens, in particular, on the 
endometrial epithelium was confirmed (Per
rota, 1962; Bertalanffy and Lau, 1963; Everett, 
1963; Epifanova, 1966; Beato et al., 1968; 
Leroy et al., 1969). Most of the work was 
carried out on rats and mice, in which it was 
shown that oestrogen caused mitosis pre
dominantly in the luminal epithelium. Work 
on rabbits demonstrated that progesterone 
stimulated proliferation of the glands 
(McPhail, 1934; Lloyd, 1937; A.E. Lee and 
Dukelow, 1972), whereas in the rat and 
mouse progesterone given alone· had little 
effect on endometrial mitosis (luminal or 
glandular). 

What was not apparent from the earlier 
work was the cause of change from predomi
nantly luminal to predominantly glandular 
mitosis and then the abrupt change from epi
thelial to stromal during the extended oes
trous cycle or early pregnancy in the rat and 
mouse. The answers became apparent when 
the effect of the ovarian hormones was stud
ied, taking into account the fact that hormone 
secretion from the ovary occurs in a charac-
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teristic temporal pattern. During the oestrous 
cycle there is secretion of high levels of oes
tradiol from the follicle during pro-oestrus 
followed by secretion of progesterone from 
the corpus luteum after ovulation. There is 
also in mice and rats a second small surge of 
oestrogen during the luteal phase of the 
cycle. 

Using ovariectomized mice treated with 
exogenous ovarian hormones, Martin and 
Finn (1968) showed that the mitotic response 
of the endometrium to oestradiol was more 
complicated than originally thought. They 
demonstrated that the injection of a single 
dose of 100 ng of oestradiol into ovariecto
mized mice was followed 24 h later by div
ision of the cells of the luminal epithelium. 
When daily injections were given and groups 
of animals killed every 24 h the luminal epi
thelial cells divided in response to the injec
tions on the first 2 days but not to subsequent 
injections. However, animals killed after 
three daily injections showed large numbers 
of cells undergoing mitosis in the glandular 
epithelium (Finn and Martin, 1973). This 
rather surprising finding showed that the 
luminal and glandular epithelia respond dif
ferently to oestradiol. However, these results 
did not explain the rise in glandular mitosis 
on day 3 of the mated cycle. Oestrogen se
cretion is not high for longer than 2 days in 
late dioestrus and pro-oestrus in the mouse 
so continuous high levels of oestrogen could 
not explain the pattern of cell division during 
the oestrous cycle. Subsequent experiments 
showed that a differential effect on epithelial 
mitosis could be demonstrated if animals 
were given injections of 100 ng of oestradiol 
on only 2 days and killed at daily intervals for 
the following 5 days. The mitotic counts 
showed clearly that a level of oestradiol such 
as would be expected at pro-oestrus would, 
as before, have an immediate effect on 
mitosis in the luminal epithelium but a 
delayed one on the glandular, thus mimic
king the situation observed during the mated 
cycle. 

The next question concerns the cause of the 
switch from epithelial to stromal mitosis. Cell 
division is not seen in the endometrial stroma 
in the mouse in response to oestradiol. In 
view of the known presence of progesterone 
during the luteal phase it seemed likely that 
progesterone would be responsible for the 
switch from epithelial to stromal division be
tween day 3 and day 4 of the mated cycle. 
However, the injection of progesterone into 
ovariectomized mice did not cause stromal 
mitosis, in fact after a single injection of the 
hormone cells undergOing division were 
found in the luminal epithelium. This unex
pected result was explained when progester
one treatment was preceded by oestrogen, on 
a schedule to mimic the hormonal conditions 
of the mated cycle. Given at the appropriate 
time after oestrogen priming, a single injec
tion of progesterone does stimulate stromal 
division. Combined with the previous results 
it was thus possible to reproduce the pattern 
of division characteristic of the mated cycle or 
early pregnancy by treating ovariectomized 
mice with two daily doses of 100 ng of oestra
diol followed by 3 days rest then daily injec
tions of 500 p.,g of progesterone. The numbers 
of stromal mitoses were not as high as 
expected. However, if a small dose of oestra
diol is given in addition to the progesterone 
then a larger response is obtained. In fact, it 
is possible to get stromal proliferation with
out pro-oestrous oestrogen if progesterone is 
given for 3 or 4 days and a small quantity of 
oestradiol is added to the progesterone injec
tions. Similar results have been obtained in 
rats (B.F. Clark, 1971). Recently the role of 
progesterone in inducing the switch from 
epithelial to stromal division has been con
firmed using the antiprogestin, RU 486 (Cull
ingford and Pollard, 1988) and antibodies to 
progesterone (Heap et al., 1988). 

It is pertinent to ask what is the function of 
the cell division. As mentioned earlier, each 
uterine tissue, in preparation for implan
tation, differentiates to perform a specific 
function. It has been suggested that before 



they can differentiate cells must perform a 
quantal mitosis, which in some way prepares 
them for differentiation. This was originally 
suggested for the mammary gland (Stockdale 
and Topper, 1966), but no concrete evidence 
has yet been found for such a role in the 
uterus. 

An alternative, simpler explanation is that 
there is a need for an increased number of 
cells. Certainly the lumen has to increase 
very rapidly at oestrus, and increased cell 
division would be necessary. The glands, 
although not appearing to be as active in the 
mouse as in some animals, e.g. rabbit and 
man, presumably are brought up to full size 
by the cell division, whilst the number of 
stromal cells would need to increase to pro
vide a stock of cells for decidualization. 

3.3.4 INTRACELLULAR MECHANISMS IN 
CELL PROLIFERATION 

Following the discovery of the importance of 
oncogenes and growth factors in cell prolifer
ation, a considerable amount of effort has 
been expended in demonstrating their pres
ence in the endometrium during pregnancy 
and after hormone treatment (Brigstock et al., 
1989; J.W. Pollard, 1990; Brigstock, 1991; 
Simmen and Simmen, 1991; Stancel et al., 
1993). 

It appears that when oestradiol passes into 
a cell and attaches to its receptor (which is a 
transcription factor) several oncogenes are 
activated. The products of the nuclear onco
genes, c-jun and c-fos (which make up the 
transcription factor AP-1) increase within 2 h 
of oestradiol injection (Loose-Mitchell et al., 
1988; Weisz and Bresciani, 1988; Weisz et al., 
1990; P.J. Baker et al., 1992). These genes are 
known as immediate early nuclear onco
genes. The presence of their products is 
short-lived and can be induced by oestroge
nic compounds which are not able to initiate 
DNA synthesis and cell division (Persico et 
al., 1990), indicating that some other factor is 
necessary for the completion of mitosis. This 
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correlates well with the earlier finding that 
impeded oestrogens are not firmly bound in 
the nucleus and are not therefore able to 
induce an oestrogenic response (Martin, 
1964). Progesterone inhibits their expression 
in the luminal epithelium (Kirkland et al., 
1992), which is consistent with the earlier 
finding that progesterone inhibits cell div
ision in the luminal epithelium in response to 
oestradiol. 

Other nuclear oncogene products found in 
the endometrium after oestrogen treatment 
include those from c-myc (Weisz and 
Bresciani, 1988; L.J. Murphy, 1991) and c-ras 
(Cheng and Pollard, 1986). The latter is anal
ogous to a G protein and presumably plays 
an important role in the transmission of 
messages associated with mitosis. 

Some of the products of other oncogenes 
stimulated by oestradiol are growth factors or 
growth factor receptors, for example that of c
erb-B is the receptor for both epidermal 
growth factor and transforming growth factor 
and its level is influenced by oestradiol 
(Lingham et al., 1988). The product of c-sis is 
platelet-derived growth factor (see review 
Stancel et al., 1993). Growth factors and their 
receptors play an important part in the reac
tions between the arrival of oestradiol in the 
cell and mitosis. Several have been demon
strated in the uterus. In most cases they are 
little in evidence in the uterus of the ovariec
tomized animal but increase after oestradiol 
treatment although basic fibroblast growth 
factor appears to be an exception to this 
(Wordinger et al., 1992). In some cases their 
distribution is modified by progesterone in 
such a manner as would be expected from the 
hormonal control of mitosis. Growth factors 
and their receptors which are associated with 
hormone-induced mitosis in the uterus in
clude epidermal growth factor (Mukku and 
Stancel, 1985a,b; DiAugustine et al., 1988; 
Lin et al., 1988; Huet-Hudson et al., 1990), 
insulin-like growth factor (L.J. Murphy et al., 
1987; L.J. Murphy, 1991; Norstedt et al., 1989; 
Kapur et al., 1992), fibroblast growth factor 
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(Brigstock, 1988), platelet-derived growth fac
tor (Stiles, 1985) and transforming growth 
factor (Tamada et al., 1991). Other growth 
factors have been demonstrated in the uterus 
(colony stimulating factor 1, Bartocci et aI., 
1986; transforming growth factor J3 Lea et aI., 
1992) but their relationship with mitosis is 
less certain. They will be discussed in section 
3.4.4 on cytokines and implantation. 

The presence of growth factors and their 
receptors is by no means exclusive to the 
uterus. They are probably found in all cells 
which undergo division. The difference 
between endometrial cells and non
reproductive cells, such as those in the liver 
and skin, is that the prime stimulus for their 
synthesis comes from the ovary, whereas 
non-reproductive tissues are stimulated by 
other factors such as injury to the skin or 
removal of part of the liver. However, even in 
the uterus the presence of a blastocyst or a 
drop of oil or injury considerably increases 
cell division (section 3.5.3). 

The intracellular mechanisms within the 
endometrial cells which bring about mitosis 
are similar to those within other cells and 
these have been studied in more detail, espe
cially in cultured cells. The literature is very 
extensive but a good summary, relevant to 
reproduction, can be found in the review by 
Paton and Collins (1992) on the differen
tiation of ovarian granulosa cells. 

3.3.5 CELL DIFFERENTIATION 

(a) Luminal epithelium 

In all animals the luminal surface of the epi
thelial lining to the uterus provides the first 
area of contact with the trophoblast. With the 
possible exception of animals undergoing 
interstitial implantation, the first stage of im
plantation involves adherence of the tropho
blast to the luminal epithelium with very 
close contact between apposing surfaces. To 
attain this the surface of the epithelial cells 
has to undergo specialized changes. In many 

Figure 3.3 Cross-section of mouse uterus under 
the influence of an oestrogen, treated to demon
strate the presence of alkaline phosphatase. (From 
Finn, 1971, by permission of the editor, Advances in 
Reproductive Physiology.) 

animals the changes can be seen at the appro
priate stage of the extended oestrous cycle 
between apposing surfaces of the lumen even 
though blastocysts are not present. The 
changes can be followed in histological sec
tions of uteri of animals killed at intervals 
during the cycle but for a full demonstration 
of the changes it is necessary to use the elec
tron microscope. 

After the burst of cell division, just before 
oestrus, the uterine lumen is dilated and 
irregular in cross-section; the epithelial cells 
are tall columnar with basophilic cytoplasm. 
Their luminal surface is active for alkaline 
phosphatase (Figure 3.3) (Arzac and 
Blanchet, 1948) and with the electron micro
scope can be shown to have numerous long 
microvilli, covered with a fuzzy material (gly
cocalyx). 



During the first few days of the mated cycle 
the lumen is gradually reduced in size. This 
appears to be at least partly brought about by 
the death of many of the epithelial cells 
which follows the cessation of oestrogen 
action (section 3.3.7). With the formation of 
the corpus luteum a further loss of luminal 
fluid takes place by pinocytosis (Vokaer, 
1952; Vokaer and Leroy, 1962; Enders and 
Nelson, 1973; M.B. Parr, 1980). In cross
section the uterine lumen now appears as a 
slit orientated in a mesometriaVantimeso
metrial axis (Figure 3.4). 

The uptake of fluid from the lumen is 

Figure 3.4 Cross-section of mouse uterus under 
the influence of progesterone. The lumen is slit 
shaped and orientated in the antimesometrial
mesometrial axis. The section is treated to demon
strate alkaline phosphatase which is present espe
cially in the longitudinal muscle layer and the 
blastocyst. (From Finn and McLaren, 1967, by per
mission of the editor, Journal of Reproduction and 
Fertility. ) 
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accompanied by changes on the luminal sur
face of the epithelial cells. These can be seen 
when the cells are examined with the trans
mission electron microscope. Small blebs 
appear on the surface which have been 
shown to be absorbatent. With the scanning 
electron microscope they appear as 'small 
anemone-shaped structures' (Psychoyos and 
Mandon, 1971; Nilsson, 1972). These have 
been demonstrated in the uteri of rats 
(Enders and Nelson, 1973; M.B. Parr and 
Parr, 1974), ewes, cows (Guillomot and 
Guay, 1982) and women (Martel et ai., 1987). 
Endocytosis is probably also carried out by 
small coated vesicles (M.B. Parr and Parr, 
1974, 1977). The cells are now regularly 
aligned and lipid droplets appear in the base 
of the cells (Alden, 1947). The tight junctions 
at the apical margins of the cells also change 
as differentiation proceeds (C.R. Murphy et 
al., 1982a,b; Johnson et al., 1988). 

As a result of these and possibly other 
changes, the uterine lumen becomes almost 
obliterated with close interdigitation of the 
microvilli from apposing surfaces. This 
occurs at the time when the blastocysts have 
settled down to their determined position in 
the uterus and holds them firmly in place. It 
is called the first stage of closure (Figure 3.5) 
or the apposition stage of pregnancy. 

With most fixatives used in light micro
scopy the apposing surfaces are pulled apart 
and have a scalloped or corrugated appear
ance in cross-section (Finn and McLaren, 
1967). However, fixatives used for electron 
microscopy (glutaraldehyde) retain the clos
ure (Nilsson, 1966). 

During delayed implantation the uterus re
mains in this stage, but when implantation 
has been stimulated (section 3.4.3) a further 
change takes place in the lumen. On day 5 of 
the extended cycle in mice, the day on which 
implantation would be expected, the uterine 
lumen closes completely, so that the appos
ing surfaces now run together in a haphazard 
way with a small gap (about 150A) between 
the apposing surfaces, 'the second stage of 
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Figure 3.5 Electron micrograph of the lumen of a mouse uterus in the first stage of closure. The 
microvilli from opposing surfaces are interlocking. (Picture by Dr Rosemary Pollard.) 

closure' (Figure 3.6) (Nilsson, 1966; R.M. 
Pollard and Finn, 1972). 

Guinea pigs do not appear to undergo this 
second stage (Green, 1979), and no such 
stage has been reported in ruminants. The 
cause of the pronounced changes in the uter
ine luminal surface is probably the alterations 
to the cytoskeleton. It is suggested (Luxford 

and Murphy, 1989, 1992) that the ovarian 
hormones control the microfilaments under
lying the apical plasma membrane (section 
3.4.5 on attachment of blastocyst). 

Rabbits undergo a very complicated pro
cess of preparation for implantation. Division 
of the epithelial cells occurs several days after 
ovulation (the rabbit is an induced ovulator 



and does not have a cycle) following forma
tion of the corpus luteum. Then, just before 
the expected time of blastocyst attachment, 
the luminal epithelial cells join together to 
form large multinucleated cells (syncytium) 
(Davies and Hoffman, 1973; Winterhager et 
al., 1984). The fusion seems to be preceded by 
the formation of many gap junctions between 
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the lateral surfaces of adjacent cells (Winter
hager and Kuhnel, 1982). 

(b) Glandular epithelium 

Uterine glands are developed as down
growths of the luminal epithelium. They are 
coiled structures and are, therefore, usually 

Figure 3.6 Electron micrograph of the lumen of a mouse uterus in the second stage of closure. The 
microvilli are no longer clearly defined and a very complex channel is formed between opposing 
surfaces. (Picture by Dr Rosemary Pollard.) 
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seen in histological sections as round fol
licles. After the peak of cell division on day 3 
of the extended cycle (in the mouse) the cells 
differentiate to produce a periodic acid-Schiff 
(P AS)-positive secretion (Finn and Martin, 
1971). This secretion is present in the glands 
in the later part of the luteal phase of the 
menstrual cycle in women and on day 6 of 
the extended cycle of mice, which would be 
after the blastocyst had attached but before 
chorioallantoic placentation had developed. 
It is interesting that the gland cells, although 
developed from the luminal cells, behave so 
differently in timing of mitosis and type of 
differentiation. 

The secretions of these glands are probably 
important in animals in which there is a long 
period between arrival of the blastocyst in the 
uterus and permanent attachment. The se
cretion presumably contributes to the histio
trophe (Hoyes, 1972). The glands may also be 
important in the secretion of some of the 
specific polypeptides found at certain times 
in the uterus. An interesting recent finding is 
that leukaemia inhibitory factor (LIF) is found 
in the glands on day 4 of pregnancy in mice 
(Bhatt et al., 1991). Mutant mice unable to 
synthesize LIF do not implant blastocysts 
(C.L. Stewart et al., 1992), suggesting an im
portant role in pregnancy. It had been 
suggested earlier (Aitken, 1976, 1977a) that 
gland secretions may be involved in acti
vating the blastocyst during delayed implan
tation. Given and Enders (1980, 1981) have 
made an ultrastructural study of the glands of 
the mouse during the peri-implantation 
period, and have concluded that the mode of 
secretion is similar to that of other exocrine 
glands. The fine structure of the glands at 
various stages of the menstrual cycle has also 
been studied in women (Gompel, 1964). 

(c) Stroma 

The main stromal cells are the undifferen
tiated mesenchymal cells or fibroblasts. In 
rodents during the luteal phase of the mated 

cycle (and probably in man), these cells 
undergo division and are considerably 
influenced by the ovarian hormones. Their 
appearance after the burst of division on days 
4 and 5 of the mated cycle in the rat has been 
examined with the electron microscope (Jollie 
and Benscosme, 1965). Endoplasmic reticu
lum is abundant and there are observable 
changes in the nucleoli. In view of the pres
ence of large quantities of collagen, they are 
presumably actively secreting this substance 
(Figure 3.7). 

However, in most animals, they do not 
differentiate further except during pregnancy 
and then only in areas where a blastocyst is 
present. There they differentiate into de
cidual cells. In man and a few other species 
decidualization takes place during the un
mated cycle (section 3.5.8 on menstruation). 

The stroma also contains blood vessels 
which undergo changes during the cycle. 
These are particularly prominent in the pri
mate endometrium, where there is consider
able development of the blood vessels. 
During the luteal part of the cycle the vessels 
grow towards the lumen and there is an in
crease in coiling (Daron, 1936; Phelps, 1946; 
Kaiser, 1948) and blood flow (Prill and Gotz, 
1961). 

The flow of blood through the uterus of 
other animals also varies during the cycle. In 
all animals studied the flow increases at pro
oestrus and oestrus. In some animals there is 
a second increase of blood just before the 
expected time of implantation. This has been 
shown in several rodents (guinea pig, 
Markee, 1929; Bacsich and Wyburn, 1940; 
Garris, 1984; rat, M.F. Williams, 1948; Einer
Jensen, 1977; Garris and Whitehead, 1981; 
and mouse, Bindon, 1969; Edwards and 
Milligan, 1987), although not in the ewe 
(Greiss and Anderson, 1969), rabbit (Kri
chesky, 1943) or sow (Ford and Christenson, 
1979). 

An interesting vascular change reported by 
Lunam and Rogers (1981) is an increase in the 
number of pericytes around the blood vessels 
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Figure 3.7 Low-power electron micrograph of an area of endometrial stroma of a mouse. Typical 
fibroblasts are shown. 

of the endometrial stroma. These are flat
tened cells which have been reported in 
various situations and can be distinguished 
from the other connective tissue fibrocytes, 
although their origin or function is not 
known. It is, nevertheless, very interesting 
that they appear to increase markedly just 
before the expected time of implantation. 

3.3.6 HORMONAL CONTROL OF 
DIFFERENTIATION 

The same sequence of hormone secretion 
already shown to control cell division is 

responsible for directing the differentiation of 
the tissues. Hitschmann and Adler (1908) 
were probably the first workers to show that 
the cyclic changes in the endometrium were 
related to changes in the ovary. Since then 
many workers have studied the influence of 
oestrogen and progesterone on the mor
phology of the uterus, both with the light 
microscope (W.M. Allen, 1937; Loeb et al., 
1938; Burgos and Wislocki, 1958) and with 
the electron microscope (Nilsson, 1958; R.M. 
Pollard and Finn, 1972; Ljungkvist, 1971a-c). 
There is some variation between species and 
it is somewhat difficult to bring together all 
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the data into a coherent picture. The re
sponse to one of the ovarian hormones 
depends very much on the dose given, the 
period over which it is administered and the 
relationship to previous or concurrent injec
tions of the other hormone (and possibly 
non-ovarian hormones). This was shown to 
be true of the effect of the hormones on mi
tosis, but is equally true of differentiation. 

(a) Luminal epithelium 

The uterus of any animal becomes atrophic 
after ovariectomy (Langston and Robinson, 
1935), the epithelium becomes thinner and 
has an eosinophilic surface. The cytoplasm 
stains lightly and there are some fat droplets 
(triacylglycerols, Boshier et al., 1981) in the 
base of the cells (Alden, 1947). The nuclei are 
small without prominent nucleoli. After a 
single dose of oestradiol (20-100 ng) the epi
thelium becomes thicker and, if appropriate 
staining methods are used, the luminal 
surface can be shown to contain alkaline 
phosphatase (Atkinson and Elftman, 1947; 
Atkinson and Engle, 1947; Aldeen, 1970). 
With higher doses, to give a level probably 
equivalent to pro-oestrus, the lumen fills 
with fluid (Astwood, 1938), which may 
escape during fixation and processing so that 
in cross-section, the lumen is very irregularly 
shaped and the cells bunched up. The 
amount of fluid in the uterus varies consider
ably between species and is particularly 
prominent in the mouse and rat. Associated 
with the passage of fluid is the appearance of 
gaps in the normally complete endothelial 
lining of capillaries and venues (Ham et al., 
1970). The lipid droplets in the base of the 
cells disappear after oestrogen treatment. 
Progesterone causes the epithelium to be
come thicker, with an extensive accumulation 
of subnuclear fat. After three or more daily 
injections of progesterone, the lumen closes 
with interdigitation of microvilli as seen on 
day 4 of the mated cycle in mice (Martin et al., 
1970). Using the electron microscope, it is 

found that to obtain the second stage of clos
ure as seen on day 5 of the extended cycle it is 
necessary to administer a small quantity of 
oestrogen in addition to progesterone; pro
gesterone alone can only induce the first 
stage of closure in mice. The second stage of 
closure can, however, only be maintained for 
a short period, after which the lumen re
opens and an electron-dense substance 
appears in the uterus. At this time the uterine 
glands are actively secreting, and possibly it 
is their secretion which causes the morpho
logical changes seen. Pinocytosis in the uter
ine epithelium is also under hormonal control 
and requires the same hormonal parameters 
as are required for implantation (Leroy et al., 
1976), as does the formation of pinopodes on 
the surface of the luminal epithelium (Martel 
et al., 1991). 

(b) Glandular epithelium 

Although in the rabbit progesterone stimu
lates proliferation of the glands, its effect in 
most animals is to convert the glands into a 
secretory condition. This has been shown in 
women (Good and Moyer, 1968) and many 
other animals in vivo and in tissue culture 
(man, Kohorn and Tchao, 1969; guinea pig, 
Everett, 1962, 1963). 

In the mouse daily injections of progester
one alone stimulate only a small amount of 
secretion by the glands even after 9 days' 
treatment. However, if a small quantity of 
oestradiol (10 ng) is added to the daily 
injections of progesterone, then the glands 
secrete, producing maximum secretion on 
the fifth day (Finn and Martin, 1976). 

(c) Stroma 

In women, stromal cells differentiate into de
cidual cells under the influence of progester
one or synthetic progestins (Ober et al., 1964). 
However, in most animals differentiative 
changes in the stroma are more limited in 
response to hormones. The cells increase in 



size somewhat and the nuclei (and nucleoli) 
get larger (Hooker, 1945; Tachi et al., 1974). 
Under the influence of progesterone there 
is also evidence of increased activity in the 
cytoplasm (Greenwald and Everett, 1959; 
Brinsfield and Hawk, 1974) with an increase 
in rough endoplasmic reticulum and free 
ribosomes. Other changes in the organization 
and activity of the uterine stromal cells have 
been described (Wischik and Rogers, 1982; 
Rogers and Wischik, 1983). Blood vessels are 
also affected by the ovarian hormones so that 
blood flow is increased in preparation for 
implantation (Bacsich and Wyburn, 1941; 
Gilman, 1941; Salvatore, 1968; W.M. Dickson 
et al., 1969; Ford et al., 1977; Edwards and 
Milligan, 1987). 

Clearly, the hormones secreted before im
plantation affect the stroma, however it is 
probably not correct to call these 'differen
tiated' changes, such as the decidual changes 
to be described later. 

3.3.7 CELL DEATH 

Cell death in a tissue is very difficult to 
measure quantitatively. Cells that are dying 
can be identified in histological sections from 
the shape and staining properties of the 
nuclei. However, dead cells are soon broken 
down and removed, probably at varying 
speeds, and therefore it is not possible to get 
a reasonably quantitative assessment of the 
number of cells dying over a period of time 
by simply counting the dead or dying cells. 
From histological studies in mice it is appar
ent that there is a significant amount of cell 
death in the endometrium during the mated 
cycle (Martin et al., 1973). This is necessary to 
remodel the uterine lumen between oestrus 
and implantation. It is also obvious that the 
big increase in cell numbers in the stroma 
following the onset of progesterone secretion 
must be followed, if implantation does not 
take place, by a reduction in cell numbers 
before the start of the next cycle. 

Several possible approaches to the assess-
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ment of the extent of cell death are possible. 
Each cell contains a characteristic quantity of 
DNA in the nucleus so that any change in 
total DNA in a tissue will represent a change 
in cell numbers. If cells are not proliferating, 
then a drop in DNA would represent cell 
removal and thus give some estimate of cell 
death. There is, however, the problem of the 
migration of cells from the blood. Under most 
conditions, this is not likely to be very great 
but it might complicate the picture. The prob
lem with regard to this approach to the uter
us is the difficulty of separating the various 
cells and tissues for biochemical analysis, 
although some success has been achieved at 
least in separating the endometrium from the 
myometrium and the luminal epithelium 
from the stroma (Fagg et al., 1979; Glasser 
and Julian, 1986). 

An alternative approach to the problem 
(Finn and Publicover, 1981) is to utilize the 
findings discussed earlier, that the different 
tissues of the endometrium undergo mitosis 
at different times and in response to different 
hormone treatments. Thus, the cells of each 
tissue will be synthesizing DNA and taking 
up thymidine at different times. When an 
injection of tritiated thymidine is given to an 
animal, cells in the S phase of mitosis take up 
the nucleotide and become radioactively 
labelled. This can be confirmed by making 
autoradiographs of the sections of the uterus 
after such an injection when the labelled cells 
show up clearly (Finn and Bredl, 1977). Thus, 
if an injection of tritiated thymidine is given 
to ovariectomized mice after two injections of 
100 ng of oestradiol, then most of the luminal 
epithelial cells will be labelled and none of 
the stromal, whereas if the thymidine is 
given following treatment with oestrogen 
and progesterone to mimic the preparation 
for implantation then the label is found pre
dominantly in the stromal cells. 

With this technique, it is possible to ident
ify a distinct population of cells and to follow 
their fate. It is assumed that any fall in the 
level of radioactivity in the uterus indicates 
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that cells from the tissue which was labelled 
have died and been removed. To estimate the 
number of labelled cells, it is easy to measure 
total radioactivity in the uterus by scintil
lation counting. As expected, it was found 
(Finn and Publicover, 1981) that the uteri of 
animals given tritiated thymidine after two 
daily injections of oestradiol had a very high 
level of radioactivity when killed soon after, 
but this had dropped to about 25% by the 
third day after injection, indicating that many 
of the luminal epithelial cells had been 
removed. If the oestrogen treatment was 
maintained, however, the level of radio
activity did not decrease, demonstrating that 
it is the decline in oestradiol levels which 
causes the cells to die. 

When the thymidine is injected so as to 
label the stromal cells, i.e. after progesterone 
treatment, then the radioactivity is main
tained for 2 days and then declines over the 
following 5 or 6 days. The reduction is less if 
the progesterone treatment is continued, but 
is still very significant. If, however, the uter
us is stimulated to induce the decidual cell 
reaction (section 3.5) then the level of radio
activity is maintained. It was concluded that 
many of the stromal cells which are formed 
following mitosis in preparation for im
plantation are in an unstable condition in 
which they can either decidualize or die. 
Maintenance of a large population of undeci
dualized stromal cells does not occur. 

In women decidualization occurs during 
the menstrual cycle, but if pregnancy does 
not follow there is overt breakdown of endo
metrial tissues causing menstruation (section 
3.5.8). Whilst the extent of cell death has not 
been assessed quantitatively during menstru
ation it must be very high. 

Clearly, there is no really satisfactory way 
of accurately measuring cell death at the mo
ment. Nevertheless, it is clear that it is an 
important factor involved in the preparation 
of the uterus for implantation. 

3.4 IMPLANTATION OF THE BLASTOCYST 

3.4.1 LOCATION OF THE BLASTOCYST 

Whether the blastocyst remains small and 
ultimately comes to lie in the wall of the 
uterus, or increases in size and fills the uter
ine lumen, the first stage of implantation is 
apposition of the trophoblast against the 
luminal surface of the uterine epithelium. 
Before this happens however, the blastocyst 
has to be positioned both with regard to its 
place along the length of the uterus, the 
orientation of the embryonic disc, and, in the 
case of the blastocysts which remain small, 
with regard to its position across the axis of 
the uterus. As discussed in the previous 
section, the uterus, even in the absence 
of a blastocyst, closes down during the mated 
cycle, and in the case of the mouse and rat 
the lumen appears as a slit orientated in a 
mesometrial-antimesometrial direction (Fig
ure 3.4). 

When blastocysts are present in mice and 
rats they locate themselves fairly evenly 
along the length of the uterus at the antime
sometrial side of the lumen with the embry
onic disc facing towards the mesometrium. In 
other species the location is different but 
characteristic for the species. This spacing 
and locating mechanism is also found in the 
uteri of animals undergoing delay of implan
tation (McLaren, 1968). 

Three interesting questions present them
selves: 

(1) What forces operate on the blastocysts to 
space them along the length of the 
uterus? 

(2) What causes the blastocyst to position on 
the antimesometrial side of the lumen? 

(3) What is the mechanism causing the em
bryonic knob to face in a particular direc
tion with regard to the mesometrium? 

All of these problems have been investigated 
but no conclusive answers have been 
reached. (For a more detailed discussion of 



the possible mechanisms see Mossman, 1971; 
Wimsatt, 1975) 

When a small quantity of oil is injected into 
the uterine lumen to stimulate an implan
tation reaction (Finn and Keen, 1963), it 
breaks up into small droplets and a decidual 
response is always formed round the antime
sometrial side of the lumen (Finn and 
Hinchliffe, 1964). The oil droplets are, how
ever, found randomly along the uterine slit 
(Finn and Pope, 1989). However, pieces of 
muscle or tumour cells placed in the uterus 
become located antimesometrially (Wilson, 
1960, 1963). There seem to be two factors 
operating: a locating mechanism and a 
preferential sensitivity for stimulation of the 
decidual cell reaction. Martin (1979) has stud
ied the locating mechanisms in the mouse 
and has suggested that the circular muscle 
layers of the myometrium are active at the 
time of implantation under the influence of 
progesterone, and it is their contraction 
which forces the blastocyst towards the anti
mesometrial side. Martin points out that 'in 
transverse sections the antimesometrial ex
tremity of the lumen is usually closer to the 
centre of a circle formed by the circular 
muscles than the mesometrial extremity. A 
body lying mesometrially would therefore 
receive asymmetric forces from the circular 
muscle and would tend to move to the centre 
of symmetry of the antimesometrial cleft.' An 
alternative hypothesis (Finn, 1989) suggests 
that the surface of the luminal epithelium on 
the antimesometrial side is preferentially 
organized both for reception of the decidual 
stimulus and for the attachment of the blasto
cyst. Myometrial activity would cause ran
dom movement of the blastocyst, which 
when it came in contact with the antimeso
metrial epithelium would not only stimulate 
a decidual reaction but become attached 
there. Oil droplets, whilst stimulating a de
cidual reaction, would not become attached 
and therefore are still free to move. 

Spacing of blastocysts along the length of 
the uterus ensures that each blastocyst has 
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sufficient space in which to develop. When 
there are many blastocysts this means more 
or less even spacing, although this is not 
necessarily so when there are only a few. 
Several suggestions have been proposed to 
account for the spacing. Mossman (1937) pro
posed that as each blastocyst starts to implant 
it sets up around itself an inhibitory zone 
which prevents other blastocysts implanting 
nearby. This hypothesis was challenged by 
Boving (1954) and McLaren and Michie 
(1959), who suggested that on arrival in the 
uterus the blastocysts are subjected to press
ures exerted by muscular activity, which 
have the effect of distributing them along the 
length of the uterus. Evidence in favour of 
this view comes from the work of Pusey et al. 
(1980), who showed that relaxin, a hormone 
known to affect the activity of the myome
trium, if given before implantation, upsets 
the normal distribution of blastocysts along 
the length of the uterus. 

Whilst it seems very likely that muscular 
movement plays some role in the early distri
bution of the blastocysts, it may not by itself 
be sufficient to obtain the degree of even 
spacing attained when there are, for instance, 
17 or more ova in the uterus of a mouse. A 
further mechanism has therefore been pro
posed in which, after an initial approximate 
distribution by muscular activity, more accu
rate spacing is achieved by growth of the 
uterus between implantation sites (Ham
mond, 1935; Reynolds, 1949; Finn, 1968). 
Certainly a very rapid increase in length of 
the uterus at the time of implantation has 
been noted, which might be due to increased 
cell proliferation (Finn, 1968) or to tissue 
hydration following a local increase in endo
metrial microvascular permeability at the im
plantation sites (Rogers et al. 1982a). 
However, Hamilton (1973) contests the view 
that there is growth of the uterus at the time 
of implantation. 

The constant orientation of the embryonic 
knob with regard to the mesometrium and 
thus the entry point of the blood vessels is 
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associated with the final form of the placenta 
(Mossman, 1937). This is probably not so 
important in animals with placentae which 
involve the whole uterine surface (such as the 
pig and horse) or specialized areas over the 
whole surface (such as the cotyledenous 
placenta of the sheep, cow and goat). 
Consideration of the possible forces oper
ating to fix the position of the embryonic disc 
led Kirby et al. (1967) to propose that once the 
blastocyst had been fixed in position the em
bryonic disc moved round the trophoblast 
shell to obtain its correct position. Gardner 
(1975) tested this hypothesis by growing 
blastocysts in culture medium and labelling 
the cells abutting the embryo with particles of 
melanin. He then transferred them to recipi
ents (prepared hormonally to receive them). 
Once inserted, they orientated themselves 
correctly but the melanin-labelled cells were 
still in contact with the embryonic knob. It 
seems very unlikely therefore that the latter 
had migrated round the trophoblast and 
suggests that whatever causes the orientation 
acts on the whole blastocyst. 

3.4.2 ACTIVATION OF THE BLASTOCYST 

The arrival of the blastocyst in the lumen of 
the uterus is a crucial stage of pregnancy. For 
further growth of the embryo it is necessary 
for the blastocyst to become fixed against the 
wall of the uterus so as to tap the resources in 
the maternal bloodstream more directly. In 
most animals this happens at a predeter
mined time, soon after arrival of the blasto
cyst in the uterus, and if it does not the 
embryo will die. A few animals, however, 
can maintain the blastocysts in a condition of 
delayed implantation and embryonic dia
pause for extended periods (Lataste, 1891). 
During this time protein synthesis and 
metabolism of the blastocyst are reduced 
(Weitlauf, 1973, 1985). This latter can be 
shown by the very low level of carbon diox
ide production (Menke and McLaren, 1970), 
the cessation of cell division (McLaren, 1968) 

and the reduction in RNA synthesis (Gulyas 
and Daniel, 1969). Some stimulus is necess
ary to bring the blastocyst out of this dormant 
condition. The ability of the blastocysts of 
some animals to stay in this state of sus
pended animation is very interesting. 
However, it is probably not a general prop
erty of blastocysts, and it is unlikely that 
activation is in general necessary for embry
onic development. Findings about activation 
of rodent blastocysts should not therefore be 
extrapolated too freely to other species. 

The mechanisms whereby the blastocyst is 
activated have been studied mainly in small 
rodents in which the condition of embryonic 
diapause occurs during lactation or can be 
easily induced artificially by removing the 
ovaries early in pregnancy and maintaining 
the animals on progesterone (Cochrane and 
Meyer, 1957). Implantation and activation of 
the blastocyst can be induced in such animals 
by the injection of small quantities of oestra
diol - the same regimen required for the 
induction of the second stage of closure. 
Although there can be no doubt that this 
causes changes in the endometrium which 
lead to attachment of the blastocyst, it has 
been suggested that oestrogen also acts 
directly on the blastocyst to cause activation 
(D.M. Smith, 1968). This work has been criti
cized (Wu and Meyer, 1970; Weitlauf, 1973), 
and it is now generally thought that the oes
trogen acts first on the endometrium, which 
then activates the blastocyst. There is less 
agreement concerning whether activation in
volves the turning off of an inhibitory influ
ence of the uterus or the production of a 
stimulatory factor. It is also possible that 
the change in the surface of the luminal 
epithelium which allows attachment of the 
trophoblast is sufficient to activate the 
blastocyst. 

If an unimplanted blastocyst is transferred 
from the uterus to another organ, for 
example the eye (Fawcett et al., 1947), kidney 
(Fawcett, 1950; Kirby, 1960), testis (Kirby, 
1963a; Mayer and Duluc, 1966) or spleen 



(Kirby, 1963b), it continues its development, 
indicating that it is not reliant on a specific 
uterine factor. Similarly, if blastocysts from 
animals in delay are grown in tissue culture 
medium containing serum and amino acids 
they resume development (Gwatkin, 1966; 
Psychoyos and Bitton-Casimiri, 1969; Bitton
Casimiri et al., 1976). It is clear from these and 
other findings that the uterus in delay either 
produces something inhibitory to develop
ment of the blastocyst or fails to provide it 
with necessary nutrients. 

As the embryos of the majority of species 
develop continuously from fertilization to 
gestation, it seems likely that inhibition of 
blastocyst development, in those few species 
in which embryonic diapause is necessary 
for reproductive success, would have been 
superimposed during evolution as an active 
mechanism. Inhibitory substances have been 
demonstrated in washings from the uteri of 
animals in delay (Psychoyos and Bitton
Casimiri, 1969; Weitlauf, 1973; Aitken, 
1977a,b; Weitlauf, 1978). Furthermore a 
finding which indirectly suggests that the 
uterus produces an inhibitory substance is 
that delayed blastocysts can be induced to 
implant by the injection into the mother of 
the drug actinomycin D (Finn, 1974; Camus et 
al., 1979). It is suggested that this drug in
hibits the synthesis of a newly synthesized 
protein of approximate molecular weight 
7000 daltons O.W. Pollard et al., 1976), which 
is responsible for the dormant condition of 
the blastocyst. Recently, from a study of 
endometrial protein changes during sensi
tization for implantation, Mulholland and 
Leroy (1989) have also concluded that recep
tivity is effected by repression of certain 
proteins. 

On the other hand, work on animals show
ing obligatory delay suggests that activation 
is brought about by increased nutrients in the 
uterus (protein, ferret, J.e. Daniel, 1970; hex
oses, roe deer, Aitken, 1974). Probably the 
mechanisms for maintaining the blastocyst in 
diapause differ between those species in 
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which it has evolved as a facultative response 
to lactation and those in which it is an obliga
tory part of the reproductive process. 

Whether specific uterine secretions are 
necessary for normal blastocyst development 
in those species which do not undergo delay 
of implantation is undecided. Provided the 
correct nutrients are available, ova grow 
and develop normally in culture medium 
(McLaren and Biggers, 1958). However, a 
specific uterine protein called either 'blasto
kinin' (Krishnan and Daniel, 1967) or 'utero
globin' (Beier, 1968) has been isolated in the 
rabbit, and it has been suggested that it 
regulates blastocyst development. No such 
regulator has been shown in other species 
(e.g. sheep, Staples et al., 1976). 

3.4.3 HORMONAL CONTROL OF 
IMPLANTATION 

The necessity of the ovarian hormones for 
implantation has been known for a very long 
time (Corner, 1921). Ablation of the corpus 
luteum was shown to cause failure of implan
tation (Corner, 1928), which could be 
reversed by the administration of extracts of 
the corpus luteum (W.M. Allen and Corner, 
1929), showing clearly the necessity for pro
gesterone. This has been confirmed by the 
demonstration that antibodies to progester
one will block pregnancy (Rider et al., 1985, 
1986). Krehbiel's (1941) discovery that oestro
gen could precipitate implantation of mouse 
blastocysts held in delay during lactation led 
to work indicating a role for oestrogen in 
implantation, at least in the mouse. 

Two groups of workers showed that, 
whilst removal of the ovaries always pre
vented implantation in rats, the ability of 
exogenous progesterone alone to allow im
plantation when administered after ovari
ectomy depended on the time at which the 
ovariectomy was performed (Canivenc et al., 
1956; Cochrane and Meyer, 1957). If the 
ovaries were removed from mated rats or 
mice before a critical time then a small 
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amount of oestrogen had to be administered 
in addition to progesterone. However, the 
importance of this so-called nidatory oestro
gen does not seem to be universal - many 
species require only progesterone during the 
luteal phase for implantation (ewe, Bindon, 
1971; guinea pig, Deanesly, 1960; hamster, 
Orsini and Meyer, 1959; Harper et al., 1966, 
rabbit, Kwun and Emmens, 1974; ferret, Wu 
and Chang, 1973; Mead and McRae, 1982; 
weasel, Shelden, 1973; skunk, Mead et al., 
1981). The situation in primates is equivocal. 
Some recent work suggests that there may be 
a need for luteal phase oestrogen in monkeys 
(Ravindranath and Moudgal, 1989). 

It is also likely that the oestrogen secreted 
during pro-oestrus is important in preparing 
the uterus for implantation. Pro-oestrous oes
trogen plays a role in controlling cell prolifer
ation and differentiation in the endometrium 
and affects the timing of sensitivity to im
plantation in the mouse (Finn and Pollard, 
1973). Possibly pro-oestrous oestrogen plays 
a more crucial role in species which implant 
following a set time interval after ovulation 
(Marcus and Shelesnyak, 1967; Finn and 
Martin, 1970; Moore and Miller, 1976), 
whereas in rats and mice, in which there is a 
variable timing of implantation associated 
with the presence of lactating pups, nidatory 
oestrogen has become important. (For a 
detailed review of the hormonal control of 
implantation see Psychoyos, 1974.) 

The state of blastocyst acceptance or sensi
tivity is maintained for only a few hours (the 
so-called implantation window). At other 
times the uterus is hostile to the blastocyst. 
Such a condition of insensitivity was predic
table from the early work on sensitivity to a 
decidual stimulus (Loeb, 1908a; W.M. Allen, 
1931). 

The critical timing of uterine sensitivity to 
the implantation of blastocysts was shown 
originally in mice by McLaren and Michie 
(1956), who transferred fertilized ova to 
pseudopregnant mice on succeeding days of 
pseudopregnancy and found that attachment 

of blastocysts would only occur over a very 
limited period. This was subsequently con
firmed in rats (Noyes and Dickman, 1960). 

During the oestrous cycles of animals 
which have a spontaneous luteal phase, the 
demise of the corpus luteum occurs very 
soon after the time when full sensitivity of 
the uterus had been attained and the fall in 
progesterone would be sufficient to render 
the uterus insensitive to the blastocyst. 
However, in animals with an induced luteal 
phase (pseudopregnancy) the progesterone 
levels remain high until well after the 
expected time of implantation, but the uterus 
nevertheless still becomes insensitive. 

Most of the experimental work on the 
attainment of sensitivity and insensitivity has 
been carried out on species in which insensi
tivity occurs in spite of high progesterone 
levels, and it may not be valid to extrapolate 
results from these animals to species in which 
such a condition would not naturally exist 
(for example man). 

Experimental work on ovariectomized mice 
has shown that if they are treated with hor
mones on a schedule of injections, which 
causes morphological changes in the endo
metrium similar to those found in pregnancy 
or the extended oestrous cycle, then the uter
us will respond to a blastocyst or artificial 
decidual stimulus 4-6 Hafter the nidatory 
oestrogen injection but will then become 
refractory to such a stimulus even though 
progesterone treatment is continued (Finn, 
1966a; Psychoyos, 1963; Finn and Martin, 
1969a, 1972a; Finn et al., 1991). Associated 
with the refractory state is the presence in the 
lumen of an electron-opaque substance 
which may be the result of secretion of the 
glands. The luminal surface of the epithelial 
cells loses its typical appearance of the 
second stage of closure. Whether such a 
refractory period with its associated morpho
logical changes occurs in animals with a 
spontaneous luteal phase if progesterone is 
maintained artificially beyond the time of 
sensitivity is not known. 



A similar condition of insensitivity to an 
implantation stimulus is produced if high 
doses of oestrogen are given during the luteal 
phase. It has been known for a long time that 
pregnancy can be interrupted by the adminis
tration of oestrogens before the time of 
implantation (Parkes et al., 1938). Unlike pro
gesterone, excess levels of which, provided 
the dosage is above the threshold, have no 
effect on uterine sensitivity, the response to 
nidatory oestrogen is critically dependent on 
the dose given (Finn and Martin, 1969b). 
Morphological examination of animals given 
high doses of nidatory oestrogen suggests 
that the onset of the closure reaction of the 
luminal surface is accelerated, which may be 
a factor causing insensitivity (R.M. Pollard 
and Finn, 1972). 

3.4.4 CYTOKINES AND IMPLANTATION 

Implantation involves a series of changes in 
the uterus and blastocyst involving endo
crine, autocrine and paracrine control mech
anisms. The role of growth factors and 
oncogenes in cell proliferation has been dis
cussed earlier and the role of cytokines in the 
immune response will be discussed later. 
Although there may be redundancy in the 
system it is likely that removal of any of these 
would affect the course of implantation. 

Some of these growth factors and other 
cytokines must also be involved in differen
tiation of the endometrium and attachment of 
the blastocyst. Two in particular have been 
implicated as playing a crucial role in implan
tation - leukaemia inhibitory factor (LIF) 
(C.L. Stewart et al., 1992) and colony
stimulating factor 1 (CSF1) (J.W. Pollard et al., 
1991). Mice containing mutant genes render
ing them unable to synthesize the cytokine 
have been developed, and in both cases preg
nancy is compromised. It is suggested that 
CSF1 is necessary for placental development 
(Pollard et al., 1987; Pampfer et al., 1991, 
1992), although the stage of placental devel
opment affected is not clear. The suggestion 
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seems to be that endometrially produced 
CSF1 is essential for the growth of tropho
blast cells. It is difficult to reconcile this with 
the fact that the trophoblast grows in animals 
in which transcription has been stopped by 
the administration of actinomycin D (Finn 
and Bredl, 1975). 

The finding that blastocysts grow actively 
in other tissues (discussed earlier), although 
not ruling out the necessity for the presence 
of CSF1, suggests that it is not having a con
trolling influence. It would be interesting to 
know whether such ectopic blastocysts 
would grow in mutant mice devoid of CSF1. 
Further work is also needed to find the stage 
of implantation at which failure occurs. 
Actinomycin D, which presumably blocks the 
transcription of genes for CSF1, does not 
block attachment of the blastocyst or the pon
tamine blue reaction but does block apoptosis 
of the luminal epithelium and decidualiza
tion. Clearly, more biological information is 
needed before one can be sure that the uterus 
is producing cytokines which control the 
growth of the blastocyst. 

Both LIF and CSF1 are cytokines originally 
discovered for their effects on the haemo
poietic and immune systems. Colony
stimulating factor controls the recruitment of 
macrophages and other leucocytes to the 
uterus and is itself under the control of oes
trogen and progesterone (G.W. Wood et al., 
1992). The role of bone marrow-derived cells 
in implantation is discussed in the section 
on the decidua, but whether there is any 
relationship between their presence and 
successful pregnancy is at present unknown. 

3.4.5 ATTACHMENT OF THE BLASTOCYST TO 
THE UTERUS 

On arrival in the uterus the blastocyst is nor
mally still encased in the zona pellucida. In 
most animals this is removed before there is 
any contact between the trophoblast and 
endometrium. However, in the guinea pig, 
tongues of trophoblast penetrate through the 
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zona to make contact with the luminal epi
thelium whilst the zona is largely intact 
(Blandau, 1949). The rabbit also differs from 
the majority in secreting around the blasto
cyst additional coats of glycoprotein-like ma
terials, which subsequently have to be 
removed before attachment, probably by 
proteases in the uterine secretions (Kirchner, 
1975). 

Removal of the zona appears to be largely 
brought about by enzymes in the uterine 
luminal fluid (McLaren, 1969, 1970; 
Rosenfeld and Joshi, 1981). There is some 
suggestion that the blastocyst contributes to 
the activation of this enzyme, and indeed 
blastocysts can hatch from the zona even in 
the absence of the proteolytic enzymes. This 
happens in delayed implantation (McLaren, 
1968), when empty zonas can sometimes be 
seen in the uterus from which blastocysts 
have hatched without prior dissolution of 
the zona (Alloiteau and Psychoyos, 1966; 
McLaren, 1970). Similarly, if blastocysts are 
delayed in the oviducts, they will hatch, 
although at a later time than normal (Orsini 
and McLaren, 1967). 

After emerging from the zona the blasto
cyst continues to have a surface coat of 
glycoprotein. This may be very thick, as 
found on the blastocysts of the rabbit and 
ferret, or only visible after the use of special 
stains, such as concanavalin A or ruthenium 
red (rodents; Enders and Schlafke, 1974; 
Nilsson, 1974; Wu and Chang, 1978). 

The initial contact between the trophoblast 
and the luminal surface of the uterine epi
thelium has been studied in several animals 
(human, Aplin, 1991; rats, Nilsson, 1966; 
Enders and Schlafke, 1967, 1969; Schlafke 
and Enders, 1975; and mice, Mayer et al., 
1967; Reinius, 1967). Attachment involves 
changes in the chemical and physical nature 
of the contacting membranes of both the uter
ine epithelial cells (Murphy et al., 1982b) and 
the trophoblast (although it only seems to be 
the mural trophoblast). The morphological 
change in the lumen of the mouse uterus 

which occurs at the expected time of implan
tation brings about closure of the uterine 
lumen and requires the intervention of a 
small quantity of oestrogen against a back
ground of high levels of progesterone. It does 
not take place during delayed implantation in 
the mouse and is not dependent on the pres
ence of a blastocyst, although there is some 
evidence that contact of the trophoblast may 
accelerate onset of the change (R.M. Pollard 
and Finn, 1974). When a blastocyst is present 
a similar condition of very close contact is 
formed between the trophoblast and uterine 
luminal surface (Figure 3.8) (Nilsson, 1967; 
Hedlund et al., 1972; Ljungkvist, 1972). 

Because it is not possible to wash the 
blastocysts out at this stage, it is called the 
adhesion stage. 

The chemical and physical basis of this ad
hesion between the blastocyst and uterus is 
still being actively investigated (Anderson, 
1989). It is assumed that there must be some 
sort of adhesive force holding the cell mem
branes together. Cells are held apart by the 
negative charge on their surfaces, and re
duction of this is thought to be a necessary 
step in attachment. Attempts have been 
made to assess changes in negativity, both at 
the surface of the luminal epithelium and the 
blastocyst, using electron-dense probes, for 
example ruthenium red, alcian blue, colloidal 
iron hydroxide and polycationic ferritin 
(Holmes and Dickson, 1973; Nilsson et al., 
1974; Jenkinson and Searle, 1977; Hewitt et 
al., 1979; Guillomot et al., 1982; Anderson and 
Hoffman, 1984). In some animals a change 
has been demonstrated, but not in others. 

The cause of the change in charge on the 
cell membranes is probably associated with 
the complex carbohydrate moieties of the gly
coprotein, glycolipids and glycosoaminogly
cans located at the cell surface in the 
glycocalyx (Wordinger and Amsler, 1980; 
c.R. Murphy and Rogers, 1981; Chavez and 
Anderson, 1985; Whyte and Allen, 1985; 
Chavez, 1986; Aplin, 1991). It has been 
suggested that the reduced negativity may be 



caused by decreased amount of sialic acid 
residues (Nilsson et al., 1974; Jenkinson and 
Searle, 1977). 

Some authors have reported a thinning of 
surface coat material before attachment 
(Salizar-Rubio et al., 1980), while others have 
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been unable to show such an effect (Enders et 
al., 1980; Guillomot et al., 1982). Changes in 
the chemical nature of the surface carbo
hydrates have been studied by assessing the 
binding of various lectins and antibodies (hu
man, M.e. Lee and Damjanov, 1985; Duncan 

Figure 3.8 Electron micrograph of the junction of a trophoblast cell (top) with the uterine epithelium at 
the adhesion stage of implantation in the mouse. The interlocking microvilli have flattened out and very 
close contact has been established between the surfaces of the apposing cells. (Picture by Dr Rosemary 
Pollard.) 
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et al., 1988; cow, Wordinger and Amsler, 
1980; rat, e.R. Murphy and Rogers, 1981; 
e.R. Murphy and Turner, 1991; and mouse, 
Wu and Chang, 1978; M.e. Lee et al., 1983). 
Chavez (1986) tested the binding of several 
lectins to both surfaces and showed changes 
at the time of adhesion in only one lectin, 
succinylated wheat germ agglutinin. From 
these studies he suggests that at the time 
of attachment there is a change in N
acetylglucosamine on the cell surfaces. 

Changes in cell-surface molecules in re
sponse to ovarian hormones have also been 
demonstrated. The cell adhesion molecule 
(CAM 105) is controlled by oestrogen and 
progesterone (Svalander et al., 1987, 1990) in 
rats as are lacto-N-fucopentose (Kimber and 
Lindenberg, 1990) and lactosaminoglycans 
(Barbiarz and Hathaway, 1988) in mice. 
Recently, Potter and Morris (1992) have 
demonstrated changes in the distribution of 
heparin sulphate proteoglycan in response to 
oestradiol (they were unable to show any 
response to progesterone, but as they used 
an extremely low dose, 1.25 JJ..g per mouse, 
this is not surprising). 

Attempts have been made to isolate and 
purify the plasma membranes from the lumi
nal epithelial cells and investigate their pro
tein content (rabbit, Lampelo et al., 1985; pig, 
Mullins et al., 1980). This has shown that at 
the time of acquisition of receptivity to a 
blastocyst there is a change in protein compo
sition of the endometrial plasma membranes. 
It is suggested (Lampelo et al., 1985) that this 
may involve a shift in the number, distri
bution or configuration of some of the mol
ecules on the surface. Similarly, Anderson et 
al. (1986) have shown that three new poly
peptides can be identified in endometrial 
epithelial cells from rabbit uteri at the time of 
sensitivity to implantation. e.R. Murphy and 
Martin (1985) have suggested a different 
organization of cholesterol in the apical 
plasma membrane at the time of implanta
tion. 

It is clear that the adhesion between tro-

phoblast and uterine luminal epithelial cell 
surface (and the second stage of closure) in
volves complex molecular changes. These 
changes do not occur in all species, and have 
indeed been studied in relatively few. It is 
nevertheless very relevant that the uterine 
changes in those animals in which they do 
occur take place during the extended oes
trous cycle and produce adhesion between 
apposing surfaces along the length of the 
uterus. In pregnancy, it is only in those areas 
where a trophoblast is in contact with the 
epithelial surface that decidualization is trig
gered in the stroma, indicating that the cellu
lar contact between trophoblast and epithelial 
surface must be different from that between 
apposing epithelial surfaces. The nature of 
the triggering stimulus is discussed later in 
section 3.4.6. 

3.4.6 EPITHELIAL RESPONSE TO THE 
BLASTOCYST 

In many species the close attachment of the 
trophoblast to the luminal epithelium is the 
final stage in the joining together of the fetal 
and maternal tissues (e.g. pig and horse). 
However, in some species there are further 
developments in the epithelium which bring 
about a closer fetal-maternal union. The 
changes in the domestic ungulates are de
scribed briefly in section 3.2 on species vari
ation, and details will be found in Chapter 4. 
In this section the changes associated with 
implantation in species in which penetration 
of the trophoblast into the uterine stroma 
takes place will be described. 

Deep implantation of the blastocyst into 
the wall of the uterus can come about either 
by degeneration and removal of the uterine 
epithelium which lies between the stroma 
and the blastocyst, with the trophoblast tak
ing a passive role, or by the trophoblast 
actively invading through a healthy epi
thelium. The former appears to take place in 
rats and mice (Finn and Lawn, 1968) while 
the latter occurs in guinea pigs (Green, 1979), 



ferrets and probably women (Knoth and 
Larsen, 1972; Lala and Graham, 1990). 

It has been known for a long time that the 
uterine luminal epithelium, which in the rat 
and mouse is in contact with the blastocyst, 
undergoes degeneration, and that the cells of 
the trophoblast phagocytose the dead cells 
(Galassi, 1967; Mulnard, 1967; Finn and 
Lawn, 1968). However, there was dispute as 
to whether the trophoblast actively brought 
about the death of the epithelial cells or 
whether death was due to activity within the 
epithelial cells which was simply triggered by 
the attachment of the trophoblast. Such pro
grammed cell death plays an important part 
in the modelling of tissues during embryo
genesis (Saunders, 1966). 

Most of the evidence points to the latter. If 
the drug actinomycin D is given to mice just 
before implantation the epithelial cells sur
rounding the blastocyst do not die (Finn and 
Bredl, 1973, 1975). This suggests that the 
drug, which stops transcription of DNA in 
the nucleus, is preventing the release of in
formation which would bring about epithelial 
cell death. The blastocyst, on the other hand, 
does not appear to be affected by the drug 
and both the trophoblast and embryonic 
knob develop surrounded by intact uterine 
epithelium. At a later stage the trophoblast 
may send out processes between the luminal 
epithelial cells (Finn and Bredl, 1973). An
other relevant finding is that when a decidual 
cell reaction is initiated by the instillation of a 
droplet of oil in the uterine lumen, the epi
thelial cells on the antimesometrial side of the 
lumen, but not those on the mesometrial 
side, degenerate, again indicating that the 
breakdown of the cells is spontaneous and 
only requires the stimulus to trigger it off. 
The instillation of oil into the uterine lumen 
of a mouse which has not been prepared 
hormonally for implantation does not cause 
the cells to die, indicating that the death of 
the cells is not due to any trauma caused by 
the oil but is part of the implantation reaction 
triggered off by it (Finn and Hinchliffe, 1965). 
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The rabbit blastocyst demonstrates a very 
unusual method of transit to the endometrial 
stroma. At the time of implantation areas of 
the trophoblast become syncytial and pegs of 
tissue pass through the blastocyst coverings 
to make contact with the uterine epithelial 
cells. Here the apposing surfaces of the two 
tissues fuse to form a single syncytium. As 
discussed earlier, the luminal epithelial cells, 
as part of their hormonal preparation for im
plantation, form a syncytium, so that there is 
now a combined maternal-fetal syncytium; 
with nuclei from both tissues. Soon the fetal 
nuclei become predominant and the maternal 
nuclei disappear so that the blastocyst has in 
effect penetrated the uterine epithelium 
(Larsen, 1961; Enders and Schlafke, 1971; 
Steer, 1971). 

The other method of trophoblast pene
tration, which Schlafke and Enders (1975) re
fer to as intrusive implantation, can be seen 
in several species, but has been mainly 
studied in the ferret and guinea pig (von 
Spee, 1893; Samson and Hill, 1931; Blandau, 
1949; Enders and Schlafke, 1972). In this 
method, processes from the trophoblast 
penetrate between the uterine epithelial cells 
with no apparent damage to the cells, beyond 
the breaking down of the apical junctions 
between them. The process is very rapid and 
few studies have been made of blastocysts in 
the process of passage through the epi
thelium (Schlafke and Enders, 1975; Green, 
1979). Subsequently, the trophoblast, which 
is largely syncytial, penetrates deeply into 
the stroma and surrounds blood vessels and 
glands (Enders and Schlafke, 1971). 

It is likely that women and some of the 
other primates undergo intrusive implan
tation. Unfortunately, however, the few de
scriptions of human implantation are of a 
fairly late stage, and intrusion can only be 
inferred (Knoth and Larsen, 1972; Hertig and 
Rock, 1941; 1945). Recent in vitro studies also 
point in this direction (Lindenberg et al., 
1986). Similarly the few detailed studies of 
other primates provide suggestive but not 
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decisive evidence for intrusive implantation 
(chimpanzee, Heuser, 1940; rhesus monkey, 
Reinius et al., 1973; Heuser and Streeter, 
1941). 

Following the breakdown of the luminal 
epithelial cells surrounding the blastocyst, 
the trophoblast cells become very active, 
first penetrating the epithelial basement 
membrane (Schlafke et al., 1985; Blankenship 
and Given, 1992) and then invading and 
ingesting the stromal cells (Bevilacqua and 
Abrahamsohn, 1989). Protease enzymes are 
probably involved (Kubo et al., 1981; Lala 
and Graham, 1990), especially matrix 
metalloproteinase (collagenase, gelatinase 
and stromelysin) (Salamonsen et al., 1991). In 
vitro studies suggest that fibronectin and lam
inin (Armant et al., 1986; Sutherland et al., 
1988; Romagnano and Barbiarz, 1990) or 
heparinlheparin sulphate (Farach et al., 1987) 
are involved in the attachment and invasion. 
The adhesion molecule CAM 105 has also 
been implicated (Julian et al., 1992; Svalander 
et al., 1990). 

Hqwever, there is good evidence that apart 
from trophoblast invasion the stromal cells, 
which by now are decidualized, are very 
active in modelling of the implantation 
chamber. They appear to have a greater ca
pacity to degrade extracellular matrix in vitro 
than either rat or mouse trophoblast cells 
(Welsh and Enders, 1989). The fact that im
plantation chambers form in animals stimu
lated with oil (Finn and Hinchliffe, 1965) also 
indicates that much of the apoptosis and re
modelling of the stroma is independent of the 
trophoblast. 

3.5 THE DECIDUAL CELL REACTION 

In those species in which the blastocyst 
comes to lie within the stroma, the cells 
and blood vessels of the stroma undergo a 
marked transformation into a specialized 
tissue called the decidua. 

3.5.1 HISTORICAL SURVEY 

Interest in the decidua as part of the human 
placenta probably precedes interest in im
plantation of the ova. More than 200 years 
ago Hunter (1794) in his treatise on human 
gestation described the decidua as follows: 

This is a membrane of a very peculiar 
nature, the knowledge of which throws 
great light upon the contents of the preg
nant uterus, and upon the connection be
tween the mother and child. It is the outer 
membrane of the uterus. 

By this description of the human decidua and 
the earlier pictures (Figure 3.9) he published 
of the gravid uterus (Hunter, 1777), Hunter 
first showed the maternal origin of the deci
dua and can be said to be the father of over 
200 years of research on this fascinating 
tissue. 

Although primitive microscopes were 
available in the eighteenth century, the study 
of the histology of tissues did not get under 
way until the nineteenth century. What 
Hunter described was a tissue or membrane 
clearly visible macroscopically, and it need~ 
to be stressed even today that the decidua is a 
tissue, consisting of several cell types and 
specialized blood vessels. 

Like much scientific progress, advance in 
knowledge of the decidua has gone hand 
in hand with advances in technology. The 
advent of the compound microscope and 
techniques for the sectioning of tissues, orig
inally using hand-held razors and sub
sequently using the microtome, allowed the 
cellular nature of the tissue to be investi
gated. The demonstration of the specialized 
decidual cells and their very large size must 
have come in the second half of the nine
teenth century. In his review of anatomy in 
1873, Sir William Turner refers to the 'well 
known colossal decidual cells'. In fact the 
cells seem to have been widely studied dur
ing the later part of the nineteenth century, 
and it was during this time that they were 
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shown not to be the sole preserve of the 
human placenta. In 1878 Creighton demon
strated their presence in the guinea pig 
placenta, and this was soon followed by their 
demonstration in other rodents (mouse, 
Tafani, 1886; rat, Duval, 1891), although we 
now know that they are an exclusive type of 
cell - most species manage without them. 
Apart from their size, another very character
istic feature of decidual cells, the presence of 
glycogen, was demonstrated before the end 
of the nineteenth century (Langhans, 1890). 

As the cells appeared to be very unusual, 
there was obviously a lot of interest in their 
origin. Henning (1872) considered them to be 
enlarged and modified leucocytes, whilst 
Overlach (1885) and Frommel (1883) de
scribed them as modified glandular cells. 
However, their true origin from stromal 
fibroblasts was first suggested by Creighton 
(1878) from studies on the guinea pig pla
centa. The resemblance of the decidua to 
granulation tissue had been noted by Turner 
in 1876, who thought that it might have a 
similar defensive function. This theme was 
expanded by Fothergill (1899). 

The fertilized ovum, in arranging for its 
own nutrition, is known to make an attack 
on the maternal structures. The decidual 
cell, it is suggested, has been evolved as a 
protection, its function being to prevent 
injurious invasion of the uterine wall by 
the fetal elements of the placenta. 

In the same paper Fothergill also makes the 
important statement 'the formation of a 
decidual membrane is now thought by some 
to be possible apart from pregnancy either 
uterine or ectopic'. The observation that a 
decidual reaction takes place in the uterus in 
cases of ectopic pregnancy had been noted 
earlier and had been commented upon by 
Turner in 1873. It was in fact a very interest
ing observation as it could only have been 
made in women. Apart from the fact that 
other animals rarely, if ever, have ectopic 
pregnancies it is only in women that decidual 

transformation occurs in the absence of a 
stimulus to the wall of the endometrium, 
which is normally of course an implanting 
blastocyst. This was apparently puzzling 
Marshall (1910) when he wrote the first edi
tion of this book. Discussing decidual cells in 
the text he says 'the first appearance in the 
superficial layers of the mucosa has sugges
ted a stimulus for their formation arising 
from the products of conception' but he adds 
a footnote: 

Under abnormal conditions the formation 
of decidual cells occurs even though no 
ovum is present in the uterus, e.g. in tubal 
pregnancy in the human female. Whether 
this indicates a chemical stimulus from the 
ovum, or perhaps from the corpus luteum, 
effected through the blood stream, is not 
yet known. 

Here, before the isolation of the hormones of 
the ovary, we see one of the first suggestions 
that there might be hormonal control of de
cidual transformation and the first indication 
of the difference between the stimulus for the 
formation of the decidua in rodents and 
women. 

At about the same time that Marshall was 
writing his book two very important disco
veries were made by Leo Loeb (1907, 1908a), 
a pathologist working in America. He, like 
earlier workers, had been impressed by the 
similarity of the decidual response in rodents 
to the granulation tissue response following 
injury in other connective tissues. He there
fore investigated the reaction of the guinea 
pig uterus to injury. However, he had the 
foresight, presumably influenced by the 
work on oestrous cycles by Walter Heape 
(1900), to injure the uterus on various days of 
the oestrous cycle. He obtained a decidual 
response to the trauma, but only when the 
uterus was injured at certain times. Thus, in 
one series of experiments he made two very 
important discoveries: first that the rodent 
uterus would respond to trauma with the 
formation of a decidual cell reaction and sec-



ondly that the responsiveness of the uterus 
varied during the cycle. This was later con
firmed by W.M. Allen (1931) in the rat and 
Courrier and Kehl (1930) in the rabbit. [As 
Loeb (1923) was also the first to demonstrate 
the influence of the uterus on the corpus 
luteum he must surely rank as one of the 
greatest uterine physiologists.] 

Loeb likened his trauma-induced deciduo
mata to tumours of decidual tissue which had 
already been reported in women (Ladinski, 
1902) and which were known as deciduomas 
malignum. The name deciduoma has stuck 
for artificially induced decidual tissue 
although they are the antithesis of tumours, 
showing highly organized and controlled 
growth and programmed cell death. They are 
sometimes referred to as placentomas. 

Loeb's discovery of the traumatic decidual 
cell reaction in guinea pigs was soon followed 
by its demonstration in other rodents (rat, 
rabbit, and dog, Loeb, 1908b; Frank, 1911; 
Gasbarrini, 1911; Kranz, 1914), and in 1922 
Long and Evans introduced what they con
sidered to be a more physiological method of 
decidual induction - a silk thread placed in 
the uterine lumen. 

The end of the nineteenth and first third of 
the twentieth century saw the beginnings of 
reproductive endocrinology starting with the 
discovery of the endocrine functions of the 
ovarian follicle (Lataste, 1887) and corpus 
luteum (Beard, 1897; Prenant, 1898; Fraenkel 
and Cohn, 1901; W.B. Bell and Hicks, 1909) 
and the demonstration of the correlation of 
the menstrual cycle with ovarian activity 
(Schroder, 1915). This culminated in the 
isolation of oestradiol (E. Allen and Doisy, 
1923) and progesterone (W.M. Allen and 
Wintersteiner, 1934; Slotta et al., 1934; 
Butenandt and Westphal, 1934). The role of 
the anterior pituitary in the control of the 
ovary and the importance of copulation for 
the maintenance of the corpus luteum in rats 
was also discovered during this period 
(Brouha, 1928). A useful technological 
advance at the end of this period was the 
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discovery by Shelesnyak (1931) that pseudo
pregnancy could be induced in rats by electri
cal stimulation of the cervix. This is not 
possible in the mouse. 

By the end of this period it had been estab
lished that both ovarian hormones in suc
cession are required for decidualization 
(Corner and Warren, 1919; Weichert, 1928). 
This was summed up by Nelson and Pfiffner 
(1930): 

The conditions essential for placentoma 
formation are (1) the uterus must be pre
pared for the luteal stimulus by the action 
of the follicular hormone upon the endo
metrium - a priming action, (2) the uterus 
must be sensitized by progesterone for 
several days prior to stimulation and must 
be under its influence throughout the life 
of the decidua. 

Soon after the elucidation of the hormonal 
involvement in the regulation of the decidual 
cell reaction two classic descriptions of 
the histology of the decidual cell reaction 
were published (Selye and McKeown, 1935; 
Krehbiel, 1937). These publications showed 
clearly that the decidua is a complex structure 
which forms during several days following 
implantation (Figure 3.10). 

In their descriptions the authors showed 
that the decidua contained three primary cell 
types: 

1. the antimesometrial cells which form first, 
in close association with the implanting 
blastocyst, 

2. the mesometrial decidual cells, which 
form later around the lateral and mesome
trial aspects of the lumen and 

3. granulated cells which form in the meso-
metrium, the metrial gland cells. 

Antimesometrial decidual cells are large 
basophilic cells containing two or more nuclei 
with many mitochondria, abundant rough 
endoplasmic reticulum and Golgi complexes, 
while the mesometrial cells are smaller, 
irregular in shape, close packed, and usually 
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Figure 3.10 Diagrammatic representation of trans
verse sections of implantation sites on day 81iz of 
pregnancy in the mouse. Implantation of the 
embryo (E) occurs in the antimesometrial side of 
the lumen. The antimesometrial decidua forms 
the decidua capsularis (DC). The untransformed 
region of the stroma is termed the basal zone (BZ). 
The mesometrial decidua is composed of the cen
tral zone (CZ) and the lateral sinusoids (LS). The 
lateral decidual zone (LDZ) is formed between the 
major decidual ones. The metrial gland develops 
in a restricted region of the myometrium (M), 
the mesometrial triangle (MT) through which 
maternal blood vessels gain access to the uterus. 
(From S.c. Bell, 1983a, by permission of the 
editor, Oxford Reviews of Reproductive Biology.) 

have a single nucleus and much glycogen. 
The third type of cell, the granulated metrial 
gland cell, was clearly described by Selye and 
McKeown (1935). The major development of 
these cells does not occur until later than the 
first two types of cell. Similar granulated cells 
had already been described in the human 
uterus during pregnancy (Weill, 1921), 
although the relationship of metrial gland 
cells to these was not appreciated at the time. 

These early workers also described the for
mation of large vascular sinuses laterally to 
the implanting blastocyst, indicating the im
portance of vascular changes. 

It is apparent that by about 50 years ago 
many of the fundamental facts about the 
decidua were known. Progress since then has 
been partly in response to advances in tech
nology, for example the development of the 
electron microscope, autoradiography, histo
chemistry and the availability of drugs affect
ing cellular metabolism, and partly due to the 
conceptual advances in other aspects of cell 
biology, especially concepts about local hor
mones and cell control mechanisms. Whereas 
the emphasis for the first hundred years after 
Hunter's death had centred on the human 
decidua, most of the emphasis over the last 
50 years had centred on the decidua of 
experimental animals, especially rats and 
mice. 

3.5.2 THE ORIGIN OF DECIDUAL CELLS 

The problem of the origin of decidual cells, 
which had caused much controversy in the 
later nineteenth century, was settled beyond 
reasonable doubt with respect to the antime
sometrial and mesometrial decidual cells 
using the technique of autoradiography. 
Galassi (1968) labelled stromal cells during 
the S phase of mitosis with radioactive thymi
dine and found that the label appeared in the 
nuclei of the decidual cells which formed sub
sequently, thus confirming Creighton's orig
inal suggestion. The suggestion of Kearns 
and Lala (1982) that the decidual cells derive 
from the bone marrow has been challenged 
by several workers (Gambel et al., 1985; S.c. 
Bell, 1983a). 

(a) Metrial gland 

The origin of the metrial gland cells was not 
so easily settled. The early workers con
sidered they formed from mesometrial mes
enchymal cells (Selye and McKeown, 1935; 



Baker, 1948), from the trophoblast (A.D. 
Dickson and Bulmer, 1961) or stromal fibro
blasts (Larkin and Schultz, 1968; Larkin and 
Cardell, 1971). The first suggestion of what is 
now considered to be their true origin was by 
L.J. Smith (1966), who proposed that they 
were transformed from lymphocyte-like pre
cursor cells. This suggestion was based on 
light microscope studies but supported later 
from examination with the electron micro
scope (I. Stewart and Peel, 1977, 1978). More 
recent work using bone marrow chimeras be
tween rats and mice has confirmed that the 
metrial gland cells are derived from cells orig
inating in the bone marrow (Peel et al., 1983). 
A similar origin for endometrial granulocytes 
in the human uterus has been demonstrated 
a.N. Bulmer and Sunderland, 1983; J.N. 
Bulmer et al., 1987). The presence of immuno
globulin in the cytoplasm of metrial gland 
cells (D. Bulmer and Peel, 1977; Mitchell et 
al., 1980) adds further weight to a lympho
cyte origin. 

3.5.3 THE MORPHOLOGY OF THE DECIDUA 

(a) Resident decidual cell 

There have been many detailed histological 
descriptions of the decidua (both natural and 
artificial) in several species (Finn and 
Hinchliffe, 1965; DeFeo, 1967; S.c. Bell, 
1983a) since the classic papers by Selye and 
McKeown (1935) and Krehbiel (1937). The 
use of Feulgen straining and the realization of 
the importance of DNA in the nucleus of the 
antimesometrial decidual cell led to the 
finding that the decidual cell, described by 
Turner as being colossal, is polyploid (Sachs 
and Shelesnyak, 1955) and very often bi
nucleate. Using autoradiography, it has been 
shown that the nucleus of the antimesome
trial decidual cell can have up to 64 times the 
haploid DNA content and arises by a process 
of endoreduplication, whilst multinucleate 
cells arise from mitoses without subsequent 
cell division (Zybina and Grishenko, 1972; 
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Leroy et al., 1974a; Ansell et al., 1974). The 
mesometrial decidual cells are somewhat 
smaller but still polyploid. 

The decidual cell has also been shown to 
acquire the ability to synthesize specific en
zymes, such as alkaline phosphatase (Finn 
and Hinchliffe, 1964) and ornithine decarbox
ylase (Collawn et al., 1981). 

With the electron microscope a character
istic relationship between the decidual cells 
has been demonstrated (Finn and Lawn, 
1967; Kleinfeld et al., 1976). The cells send out 
processes which make contact with adjacent 
cells and very often send finger-like pro
cesses into the cell. The area of contact be
tween cells is characterized by gap junctions. 
Similar gap junctions have been shown be
tween the predecidual cells which are formed 
during the menstrual cycle in women, 
although in later pregnancy the decidual cells 
are separated from each other by a connective 
tissue matrix (Lawn et al., 1971). Gap junc
tions are now known to be formed of connex
ins, and high expression of these is found in 
developing decidual cells (Winterhager et al., 
1991). Intercellular junctions are thought to 
be important in the flow of material from one 
cell to another, especially in tissue growth 
and differentiation (Lowenstein and Penn, 
1967). Decidual cells have also been shown to 
contain large quantities of intermediate 
fibres, made of two different proteins -
vimentin and desmin. The former is also 
present in non-decidualized stromal cells, 
whereas the latter accumulates predomi
nantly after decidualization (Glasser and 
Julian, 1986). 

In the early stages of decidualization the 
stromal cells around the periphery of the 
decidua are undergoing active division (Finn 
and Martin, 1967). This is in response to the 
decidual stimulus. 

(b) Extracellular matrix 

The extracellular matrix surrounding the 
developing decidual cells changes, especially 
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with regard to hyaluronic acid (Brown and 
Papaioannou, 1992), collagen (Kisalus et al., 
1987; Karkavelas et al., 1988), laminin (Wewer 
et al., 1986) and fibronectin (Grinnell et al., 
1982). 

Hyaluronic acid disappears from the extra
cellular matrix as decidualization progresses 
(Brown and Papaioannou, 1992), and the 
amount of collagen is reduced considerably 
(Myers et al., 1990), with a change to pre
dominantly non-fibrillar type IV collagen 
(Aplin et al., 1988) and loss of collagen type 
VI (Mulholland et al., 1992). 

Decidual cells, however, retain their ability 
to synthesize collagen (Oliveira et al., 1991), 
and the diameter of collagen fibres increases 
with decidualization (Alberto-Rincon et al., 
1989). At the same time decidual cells take up 
collagen (Zorn et al., 1989), thus contributing 
to the remodelling of the stroma. 

(c) Vascular changes 

An important early response to a blastocyst 
noted by the earlier workers was oedema of 
the stroma. Extravasation of fluid into the 
tissues is an early response to an inflamma
tory stimulus and is caused by increased per
meability of the blood vessels supplying the 
area. This can be demonstrated by injecting 
pontamine sky blue or some other dye into 
the bloodstream. The dye binds to albumin 
and normally therefore remains in the ves
sels. Blue staining of the tissues indicates 
increased vascular permeability. By injecting 
the dye into rats over the first few days of 
pregnancy Psychoyos (1960, 1961) showed 
that an increase in vascular permeability was 
a very early response of the uterine stroma to 
a blastocyst. The injection of 125I-labelled 
human serum has since been used to give a 
more accurate picture of changes in vascular 
permeability (Milligan and Mirembe, 1984). 
The dye reaction has proved to be a very 
important finding, not only for its inherent 
interest but also because it makes it possible 
to delineate areas of the uterus which are 

responding to a decidualizing stimulus (for 
example an implanting blastocyst) well be
fore any change in the uterus can be seen 
macroscopically. It is interesting to quote the 
comments of Emrys-Roberts (1909), one of 
the earliest investigators of implantation in 
the guinea pig: 

serial sections were cut from one end to 
another. This was necessarily a laborious 
and trying undertaking; each individual 
section had to be examined since there was 
no macroscopic indication as to the site of 
the embryo. Indeed it happened that 
many thousands of sections have been 
examined fruitlessly. 

(By marking out areas with the dye much 
fruitless work is avoided!). 

Several other species also undergo the dye 
reaction, and it is likely that it is of general 
applicability (rabbit, Hoos and Hoffman, 
1980; mouse, Finn and McLaren, 1967; 
Milligan, 1987; guinea pig, Orsini and 
Donovan, 1971; ewe, Boshier, 1970; sow, 
Keys and King, 1985, 1988; ferret, Mead et al., 
1988). [The dye reaction to injected oil will, 
however, occur in the uteri of animals which 
have not been sensitized for decidualization 
(Milligan and Mirembe, 1985), indicating that 
although it is a prerequisite for decidualiza
tion it is not exclusive to it.] Abrahamsohn et 
al. (1983) and Hoffman and Hoos (1984) have 
shown ultrastructural changes in the relevant 
blood vessels, including fenestrations in the 
endothelial cells and gaps between them. 

Oedema occurs in the stroma of the human 
and monkey endometrium during the men
strual cycle, probably associated with a 
change in the permeability of the blood ves
sels. This does not depend on a stimulus 
from the blastocyst. Further increase in vas
cularity does however occur in the human 
following implantation (Bouda, 1969). 

Another interesting vascular effect is the 
absence of a basement membrane around the 
large endothelial cells which form the large 
sinusoids in the lateral decidua (Hall, 1968, 



1969). Associated with this is the disappear
ance of the enzyme adenosine triphosphatase 
(Hall, 1968). The vascular changes in the 
rodent uterus during early pregnancy have 
been studied using the transmission electron 
microscope (Christofferson and Nilsson, 
1988) and scanning electron microscope 
examination of corrosion casts (Takemori et 
al., 1984). It has been shown that the area 
around the implanting blastocyst (the pri
mary decidual zone) is free of blood vessels 
(Rogers et al., 1982a,b) and may provide a 
partial permeability barrier (M.B. Parr and 
Parr, 1989). This has been confirmed by later 
work (Tawia and Rogers, 1992) using an in 
vivo microscopy technique in rats. At the time 
of implantation an avascular area surrounded 
by large-diameter vessels in which the flow 
was sluggish was demonstrated. Leucocyte 
rolling and adhesion was also a feature of 
these vessels, which fits well with the finding 
of increased numbers of leucocytes in the 
stroma at that time (Finn and Pope, 1991). 

(d) Metrial gland 

The granulated cells of the metrial gland 
which form in the metrial triangle in rodents 
have been extensively studied over the last 50 
years (B.L. Baker, 1948; Wislocki et al., 1957; 
A.D. Dickson and Bulmer, 1961; L.J. Smith, 
1966; Larkin and Schultz, 1968; Larkin and 
Flickinger, 1969; Peel and Bulmer, 1977; I. 
Stewart and Peel, 1977; Bulmer et al., 1983; 
Peel, 1989) as have the similar granulated 
cells in the uterine stroma of the human and 
rhesus monkey (Cleveland, 1941; Hamper, 
1955; Dallenbach-Hellweg, 1967; Cardell et 
al., 1969; Asplund and Holmgren, 1974; J.N. 
Bulmer et al., 1980). As with the formation of 
oedema and decidual cells, primate granu
lated cells appear in the endometrium 
towards the end of the menstrual cycle and 
are not dependent for their formation on the 
presence of a blastocyst. Furthermore, they 
are scattered throughout the stroma. 

Metrial gland cells are characterized by 
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having numerous diastase-resistant P AS
granules in the cytoplasm. By day 12 in the 
rat they form a mass of cells in the mesome
trial triangle. The cells have only been stud
ied in detail in the rat and mouse, where 
rather surprisingly they differ in size of cell 
and size of granule. The mouse cells and their 
granules are much larger (Peel and Bulmer, 
1977), although the rat cells have more gran
ules (I. Stewart and Peel, 1977). The granules 
have an electron-dense amorphous matrix 
enclosed by a close-fitting membrane, and it 
has been suggested they are lysosomes 
(Peach and Bulmer, 1965). This is supported 
by the localization of acid phosphatase, leu
cine aminopeptidase and nitrocatechol sul
phatase in the granules (D. Bulmer, 1968). 

In addition to the three main cell types 
described and the blood vessels, other cells 
have recently been delineated by the use of 
cell-surface markers (Bernard et al., 1978; S.c. 
Bell, 1985). The best defined are the Fc 
receptor-bearing cells, which are probably 
macrophages (G.W. Wood, 1980; Kirkwood, 
1981). They also bear Ia antigen (Searle et al., 
1983). These are also found in non
decidualized uteri (Kirkwood, 1981), but 
there is a higher number in the decidualized 
uterus (Rachman et al., 1981). They are 
probably an infiltrating cell (S.c. Bell, 1985). 
Fc receptor-bearing cells have also been 
reported in the metrial gland (Bray et aI., 
1978; Bray and Craggs, 1979). 

3.5.4 BIOCHEMICAL CHANGES 

Obviously the morphological changes in the 
stroma will be accompanied by biochemical 
changes. For a detailed account see S.c. Bell 
(1983a,b). 

(a) Nucleic acids 

Any tissue undergoing cell division will be 
increasing its content of DNA (Ledford et al., 
1978) and RNA (Miller et al., 1968; Jayatilak et 
al., 1989) and of course the reverse is true for 
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tissues undergoing cell death. Equally, tis
sues undergoing active differentiation will 
most likely register changes in RNA and pro
tein content (Lejeune et al., 1982). Actino
mycin D halts decidualization in rats (Burin 
and Sartor, 1965; Sennanes and Psychoyos, 
1970) and mice (Finn and Martin, 1972b), 
suggesting that transcription and translation 
are taking place. Changes in RNA content of 
the uterus during decidualization have been 
among the earliest changes recorded (Heald 
et al., 1970; Glasser, 1972; Miller, 1973). Most 
of the change is due to increased ribosomal 
RNA synthesis (Heald et al., 1972). More 
detailed analysis has revealed changes in the 
species of RNA synthesized (Heald and 
O'Hare, 1973; O'Grady et al., 1975; Glasser 
and Clark, 1975). S.c. Bell (1983a) pointed 
out that as some of these changes occur very 
early in the decidual reaction they may rep
resent the onset of rapid cell division follow
ing the initiation of decidualization. It would 
nevertheless be very surprising if the com
plex differentiative changes of decidualiza
tion were not controlled to a large extent by 
changes in types of RNA synthesized. 

(b) Enzymes 

Changes in the synthesis of several enzymes 
have been demonstrated. Associated with 
increased ribosomal RNA synthesis in the 
early stages of decidualization there is an in
crease in RNA polymerase I activity (Serra et 
al., 1978). Another enzyme which is probably 
associated with RNA synthesis is ornithine 
decarboxylase. This is involved in the pro
duction of polyamines, which are thought to 
be involved in the stabilization of ribosomes, 
the stimulation of RNA synthesis and inhi
bition of RNA degradation (Tabor and Tabor, 
1972). Increased activity of ornithine decar
boxylase has been demonstrated in the uter
us in the early stages of decidua formation 
either during pregnancy (Saunderson and 
Heald, 1974) or after the artificial induction of 
decidualization (Heald, 1979; Collawn et al., 

1981). However, Milligan et al. (1992) have 
found that the enzyme increases in the uterus 
in response to stimuli not causing a decidual 
reaction and they question an association 
with decidualization. 

Amine oxidase. has been demonstrated in 
the decidual portion of the human placenta, 
and it has been suggested that it may fulfil a 
maternal protective role in neutralizing high 
levels of polyamines derived from the feto
placental unit (see S.c. Bell, 1986). 

Lysosomes contain several proteolytic en
zymes. These are important in the break
down and remodelling of tissues. During the 
stage when decidual tissue is growing there 
is a decrease in some lysosomal enzymes 
(acid cathepsin D: J.G. Wood and Barley, 
1970; Moulton, 1974; Moulton and Ingle, 
1981), with little change in others (13-
glucuronidase, Moulton, 1974; Jelinek and 
Jelinkova, 1977; J.G. Wood and Barley, 1970). 
During decidual regression, mostly investi
gated using the artificially induced decidual 
reaction, there is a dramatic rise in lysosomal 
enzymes (Lobel et al., 1965; J.G. Wood and 
Barley, 1970). 

Whilst changes in the enzymes so far dis
cussed can be fairly easily understood in 
terms of what is known to be happening 
during decidual growth and regression; the 
reason for the appearance of the enzyme 
alkaline phosphatase in the decidua is at 
present unknown. The presence of this en
zyme was first shown histochemically during 
implantation and after oil induction of deci
dualization in mice (Finn and Hinchliffe, 
1964). It first appears soon after the pont
amine sky blue reaction, coincidental with 
decidual transformation of the stromal cells 
(Finn and McLaren, 1967) and disappears 
when regression of the tissue has com
menced (Hall, 1969). In vitro and in vivo the 
presence of the enzyme is enhanced by pros
taglandin E2 (S.A.J. Daniel and Kennedy 
1987; Yee and Kennedy, 1988). It belongs to 
the bone-liver-kidney class of alkaline phos
phatase (J.W. Pollard et al., 1990). 



Alkaline phosphatase has also been 
demonstrated biochemically in the decidua of 
rats and mice (Manning et al., 1966) and 
histochemically in the pre decidual cells in the 
human uterus (E.W. Wilson, 1969). The role, 
if any, played by the enzyme in the decidua is 
unknown, although there have been sugges
tions (R.N. Murdoch et al., 1978). Alkaline 
phosphatase is also found in the embryo in 
association with differentiating tissues, and it 
has been suggested that it is in some way 
involved in the differentiation of cells. 

Other enzymes which have been demon
strated in decidual cells but to which no func
tion can be assigned are adenosine 
deaminase (Hong et al., 1991; Knudson et al., 
1991) and renin (K.J. Shaw et al., 1989). The 
latter is involved in salt and water balance 
when produced by the kidney but its func
tional significance in the decidua is 
unknown. 

(c) Polypeptides and proteins 

The possible functions of the decidua involve 
actions on tissues or organs remote from the 
implantation site. It is not surprising there
fore to find that the secretion of proteins and 
smaller polypeptides by the decidua is an 
active area of study (see S.c. Bell, 1983a, 1985 
for reviews). 

For both the human and rodent, evidence 
is accumulating that decidual cells secrete a 
protein with prolactin-like properties (hu
man, Riddick and Kusmik, 1977; Golander et 
al., 1978; Tomita et al., 1982; rat, Gibori et al., 
1974; Basuray and Gibori, 1980; Terranova, 
1980). In women decidual tissue, whether 
obtained in the late luteal stage of the men
strual cycle or in pregnancy, contains prolac
tin. It is likely that the prolactin in amniotic 
fluid arises from the decidua and it has been 
suggested that it is related to osmoregulation 
across the amnion (Tomita et al., 1982). 

Rodents require an additional source of 
luteotrophin in the second part of pregnancy 
to maintain the corpus luteum, and it is likely 
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that decidual prolactin supplies this. Pseudo
pregnancy is prolonged in the rat when deci
duomata are present in the uterus (Peckham 
and Greene, 1948). 

Many other polypeptides have been found 
to be secreted during the early stages of preg
nancy. Some of these are associated with the 
differentiation of the stroma into the decidua, 
e.g. basement membrane materials, laminin, 
fibronectin, type IV collagen (Wewer et al., 
1986), whereas others appear to be a re
sponse of the uterus to the hormones of preg
nancy (Adams et al., 1981; Waites and Bell, 
1984, 1989; Bell, 1985; Nieder and Macon, 
1987). A particularly interesting recent 
finding is that the human decidualized endo
metrium secretes pregnancy associated endo
metrial arglobulin, which is an insulin-like 
growth factor binding protein. It is suggested 
that it may be involved in trophoblast in
vasion of the endometrium (S.c. Bell et al., 
1988). 

An interesting protein which has been 
found in the plasma during the late secretory 
phase of the human menstrual cycle and 
early pregnancy (Bischof, 1981) is pregnancy
associated plasma protein A (PAPP-A). This 
is probably secreted by the decidua 
(Schindler et al., 1984). It has been suggested 
that PAPP-A is a pregnancy-associated ana
logue of normal human aTmacroglobulin. 
Bischof et al. (1984) speculate that PAPP-A, 
by its inhibitory effect on C3, reduces 
complement-mediated lysis and this contrib
utes to survival of the fetal allograph. 
Similarly, a protein found in rat decidual 
tissue (decidualization-associated protein, 
DAP) is immunochemically identical to 
serum aTmacroglobulin (S.c. Bell, 1979a,b). 
This protein is an acute-phase reactant (Koj, 
1974) which is synthesized by the liver in 
response to inflammatory stimuli. Pregnancy
associated az-macroglobulin has been dem
onstrated in the serum of normal pregnant 
women (Stimson et al., 1983) (see Waites and 
Bell, 1986, for a discussion of the pregnancy 
proteins and the acute-phase response). 
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There are many studies on decidual pro
teins being carried out at present, and with 
the continuing development of protein chem
istry major advances can be expected in the 
next few years (Nieder, 1988; Weitlauf and 
Suda-Hartman, 1988; S.c. Bell et al., 1989). 

3.5.5 HORMONAL CONTROL OF 
DECIDUALIZA nON 

Decidualization is normally part of implan
tation, and in preparing the uterus for im
plantation the ovarian hormones also prepare 
the endometrium to respond to an artificial 
decidual stimulus. Changes in receptors for 
oestrogens and progesterone have been 
demonstrated in the uterus during deciduali
zation (Martel et al., 1984). Not surprisingly, 
animals which do not require nidatory oes
trogen for implantation do not require it for 
decidualization (guinea pig, Deanesly, 1960). 
It is also found that more traumatic stimuli 
such as crushing can elicit a decidual cell 
reaction (DCR) in the rat (Rothchild and 
Meyer, 1942) and mouse prepared only with 
progesterone, although to obtain a response 
to intraluminal inducers, such as oil, nidatory 
oestrogen is necessary (Finn, 1965, 1966a). 
Once established, the decidual reaction in
cluding the metrial gland (Martel et al., 1989) 
is dependent on a supply of progesterone. 
However, even with a continuous availability 
of progesterone, the decidua has a predeter
mined lifespan in the mouse and rat and 
regresses after 6 or 7 days. 

The pituitary hormones of course control 
the secretion of the ovarian hormones and 
are thus critical in decidualization. There is 
some evidence that as well as the gonado
trophins, growth hormone and thyroxine are 
also involved directly in decidualization 
(Kennedy and Doktorcik, 1988). 

In women the situation is different. 
Decidualization occurs during the menstrual 
cycle (Novak and Te Linde, 1924) and 
requires only ovarian hormones for its 
induction. Whether both progesterone and 

oestrogen are necessary is not known but 
once started, the decidua will continue to 
grow with progestin treatment only, and the 
decidual tissue is maintained as long as a 
source of progesterone is available (Durham, 
1961; Eichner et al., 1951). 

3.5.6 MEDIATORS OF THE DECIDUAL 
RESPONSE 

In spite of much work on the nature of the 
stimulus for the induction of decidualization 
(DeFeo, 1962) there is at present no under
standing of the exact mechanism whereby 
the presence of a blastocyst triggers off the 
events leading to decidualization. The fact 
that several artificial stimuli can elicit the 
reaction possibly suggests that the triggering 
involves some fairly simple physical reaction 
between the contacting surfaces of the tro
phoblast and uterine epithelium, rather than 
the passage of a chemical substance from the 
blastocyst. Although Weitlauf (1989) has 
suggested that the mouse blastocyst may re
lease factors which influence the uterus in the 
peri-implantation period, this has not been 
confirmed. 

Stimuli which overtly damage the uterus, 
such as crushing, scratching or the insertion 
of a thread through the wall, are unlikely to 
mimic closely the presence of a blastocyst in 
the rat or mouse, which does not appear 
(from light or electron microscopic examin
ation) to be associated with damage to the 
endometrium. This may not however be true 
for animals with interstitial implantation, 
such as the guinea pig, in which the blasto
cyst burrows actively into the endometrium. 
It is interesting that trauma but not oil or 
beads is an effective decidual stimulant in 
the guinea pig (Blandau, 1949) and baboon 
(Wheeler et al., 1983). Furthermore, the 
endocrinological conditions necessary for the 
traumatic deciduoma in the rat and mouse 
are not identical to those necessary for im
plantation (Finn, 1965). 

It would be expected that the instillation of 



substances into the lumen of the uterus 
would mimic more closely the presence of a 
blastocyst. They are acting at the same site as 
the blastocyst, and require the same hor
monal conditions as implantation to be effec
tive. The chemical nature of the substances 
does not appear to be important. Among the 
most effective intraluminal inducers are vari
ous vegetable and mineral oils (including the 
non-toxic fluorocarbon oil, Flutec (Milligan, 
1987), solutions of carrageenan and agar and 
air (Finn and Keen, 1962a; Orsini, 1963). It is 
also important to recognize that the injection 
of a substance into the lumen may not be 
mimicking the initial stimulus. The substance 
may pass through the surface membrane of 
the luminal epithelial cells and activate later 
stages in the message transmission process. 
For example, the injection of phorbol esters 
and calcium ionophores into the uterine 
lumen induces a decidual reaction (Kyd and 
Murdoch 1992), presumably indicating that 
the decidual stimulus activates the phospha
tidylinositol pathway within the cell. 

It is tempting to try to find a common factor 
associated with all the decidual stimuli. It 
has been suggested that the activation of 
Hageman factor (factor XII) may be a com
mon attribute (Finn, 1986). This factor has a 
central role in the inflammatory response, 
blood clotting and the complement system. It 
is activated by the presence of negative ions, 
which in injury are provided by exposed col
lagen. Carrageenan is known to provide 
negatively charged particles (Warren and 
Kellermeyer, 1968) and the blastocyst has 
negative charge on its surface (Clemetson et 
al., 1970; Nilsson et al., 1974). Possibly oil also 
acts in a similar way. 

Whatever the initial trigger, its effect will 
be transmitted by the luminal epithelium 
(Lejeune et al., 1981) and will be followed by a 
chain of chemical changes in the epithelium 
and stroma leading to the various vascular 
and cellular events of decidualization. 
Possibly traumatization of the uterus acti
vates the chain after the initial reaction at the 
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luminal surface. As the traumatic decidual 
stimulus does not depend on luteal-phase 
oestrogen, it suggests that the changes 
induced by luteal-phase oestrogen on the 
luminal cell surface (causing the second stage 
of closure) in some way allows triggering of 
the decidual cell reaction by the blastocyst 
or oil. 

Several substances reviewed here have 
been implicated in the propagation of the 
decidual reaction once triggered, and it is 
interesting that most of these are substances 
involved in inflammation (Solomkin and 
Simmons, 1983). 

(a) Histamine 

A possible role for histamine in the stimu
lation of the decidual cell reaction was put 
forward by Shelesnyak (1957). He and his co
workers published evidence that a decidual 
cell reaction could be stimulated by the intra
luminal injection of solutions of histamine 
and prevented by the administration of anti
histamines (Shelesnyak, 1960). The evidence, 
however, has been challenged by later 
workers, who were unable to confirm that 
intraluminal histamine caused a reaction 
(Finn and Keen, 1962; Banik and Ketchell, 
1964) or that classical antihistamines blocked 
either implantation or the decidual reaction 
(Finn and Keen, 1962c) when injected syste
mically. When injected intraluminally anti
histamines caused such profound disruption 
of cellular integrity that any effect on implan
tation may not be associated with an effect of 
histamine (Tachi et al., 1970). Several workers 
have also shown a change in the mast cell 
population in the uterus at the time of 
implantation (Gibbons and Chang, 1972; 
Brandon and Bibby, 1979), and as these cells 
release histamine (Archer, 1959) this was 
taken as evidence for a role for histamine in 
implantation. However, the finding that the 
uteri of mast cell-deficient mice decidualize 
normally (Hatanaka et al., 1982; Wordinger et 
al., 1986) makes it unlikely that products of 
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these cells play an essential part in eliciting 
the decidual cell reaction, although it does 
not rule out a role for histamine from other 
cells. 

Since the discovery of Hz receptors and 
drugs which block them, interest has been 
renewed in a possible role for histamine, 
especially in the elicitation of the vascular 
response (Brandon and Wallis, 1977; Dey et 
al., 1979) in association with other mediators. 
In support of this, it is suggested that the 
enzyme histamine decarboxylase may be 
present in the endothelium of small uterine 
blood vessels (Psychoyos and Martel, 1985). 

(b) Prostaglandins 

There is little doubt that prostaglandins and 
possibly leukotrienes (Cejic and Kennedy, 
1991) are involved in the development of the 
decidual cell reaction, and many relevant 
studies have been published over the last two 
decades (Hoffman and Strong, 1976; Tobert, 
1976). Their exact role in decidualization is 
not however settled. It is very likely that they 
play some role in vascular changes (T.J. 
Williams, 1979; Kennedy, 1979; Psychoyos 
and Martel, 1985) and may promote fibroblast 
proliferation (Hial et al., 1977) and alkaline 
phosphatase activity (Daniel and Kennedy, 
1987). Prostaglandin antagonists such as 
indomethacin and tranyccypromine prevent 
implantation and the artificially induced de
cidual cell reaction in several species (Castra
cane et al., 1974; Tobert, 1976; Saksena et al., 
1976; Hoffman, 1978; Rankin et al., 1979), as 
do leukotriene inhibitors in rats (Tawfik and 
Dey, 1988). 

Concentrations of various prostaglandins 
increase in areas of the uterus which have 
been stimulated to decidualize, e.g. PGEz 
(Hoffman et al., 1977; Kennedy, 1977; Evans 
and Kennedy, 1978; Jonsson et al., 1979), 
PGFz (Saksena et al., 1974; Milligan and 
Lytton, 1983), PGIz (Kennedy and Samecnik, 
1978; Phillips and Poyser, 1981). 

Decidual cells synthesize prostaglandins, 

principally PGEz (Anteby et al., 1975; K.1. 
Williams and Downing, 1977; Tsang and Ooi, 
1982), and the uterine stroma acquires recep
tor for PGEz when under the hormonal con
ditions which induce sensitivity for 
decidualization (Kennedy et al., 1983; 
Psychoyos and Martel, 1985). It is suggested 
that the uterine epithelium releases prosta
glandin, which passes to the stroma, causing 
decidualization; the decidual cells so pro
duced then produce more prostaglandin to 
propagate the response. They are presum
ably involved in the signalling of decidual 
transformation throughout the process (Ken
nedy, 1985), but are probably not the initial 
stimulus. 

(c) Cyclic AMP 

Prostaglandins increase the concentration of 
cyclic AMP (cAMP) in many cells, so it is not 
surprising that there is a rapid rise in levels of 
the nucleotide after decidual induction 
(Leroy et al., 1974b; Swift and O'Grady, 1976; 
Rankin et al., 1977; Kennedy, 1983). Attempts 
to induce implantation in ovariectomized rats 
and mice with dibutyryl cAMP have given 
contradictory results, some workers claiming 
a positive effect (Webb, 1975; Holmes and 
Bergstrom, 1975) and others no effect (Wu 
and Chang, 1977). Fernandez-Noval and 
Leroy (1978) were able to induce implantation 
with non-cyclic AMP. 

Adenylate cyclase, the enzyme responsible 
for the formation of cAMP, is activated after 
the application of a decidual stimulus in the 
rat (Sanders et al., 1986; Yee and Kennedy, 
1991), and alloxan, an inhibitor of adenylate 
cyclase, inhibits implantation. There is also 
alteration of adenylate cyclase activity in the 
rabbit endometrium during pseudopreg
nancy, suggesting an involvement of cAMP 
in the regulation of endometrial sensitivity 
(Fortier et al., 1989). 

Whilst the results from these experiments 
must be considered inconclusive, it is likely 
that cAMP is a component of the transfer of 



information from the decidual stimulus to the 
differentiated cell. 

(d) Platelet-activating factor (P AF) 

P AF is a potent vasoactive agent which is 
involved in inflammation. In early pregnancy 
it is produced by mouse embryos and causes 
thrombocytopenia (O'Neill, 1985). It has also 
been demonstrated in the rabbit uterus dur
ing early pregnancy (Angle et al., 1985). It has 
been suggested that it is involved in the sig
nalling of the decidual cell reaction (Spinks 
and O'Neill, 1988). In view of the relationship 
of the decidual reaction to inflammation, this 
is a very attractive idea. However, whilst 
some workers have been able to obtain a 
decidual reaction with synthetic P AF (Acker 
et al., 1989), others have not (Milligan and 
Finn, 1990). The latter authors were also not 
able to block implantation with P AF antagon
ists. At present therefore, it is not possible to 
be sure whether it is involved or not. 

Other mediators which are involved in in
flammation, such as bradykinin (DeFeo, 
1962; Humphrey and Martin, 1968) and plas
minogen activator (Rybo, 1966; Strickland et 
al., 1976), have also been studied during deci
dualization and implantation, but at present 
a role for them has not been proved. 

3.5.7 DECIDUAL RESPONSE OF AGED 
ANIMALS 

As rodent females get older the size of their 
litters gets smaller until breeding ceases 
(Biggers et al., 1962). This usually occurs well 
before the death of the mother. One of the 
main causes of this declining fecundity is fail
ure of the uterus to maintain the embryos to 
term. This situation is different from that 
found in women, in whom the principal 
cause of reproductive senescence lies in the 
ovarian depletion of oocytes. 

In the mouse, rat and bank vole the de
cidual response of the uterus to an artificial 
stimulus declines as the mother gets older 
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(Finn 1966b; Shapiro and Talbert 1969; 
Nerquaye-Tetteh and Clarke, 1987), and this 
is correlated in mice with failure of the lumi
nal closure reaction which occurs in young 
animals in response to ovarian hormones 
(Finn and Martin, 1969b). The importance of 
failure of decidualization in causing reduced 
reproductive output in aged females is dis
cussed by Finn (1970). 

3.5.8 DECIDUALIZATION AND 
MENSTRUATION 

Menstruation is one of the most obvious 
signs of reproductive activity in women, and 
must have puzzled primitive man, long be
fore its role in relation to pregnancy was 
known. The relationship of the monthly san
guinous discharge to childbearing was 
suggested as early as the seventh century 
when Isodore of Seville (see Grant, 1978) 
wrote: 

After many menstrual days, however, the 
semen is no longer germiable because 
there is no menstrual blood by which the 
ejaculate can be irrigated. Thus semen 
does not adhere to the female parts; lack
ing this power to adhere it is lost. Likewise 
thick semen also lacks the power of 
growth, being unable to mix with the fe
male blood because of its own excessive 
thickness. This is why men or women 
become sterile; from excessive thickness of 
semen or blood, or from excessive 
thinness. 

Isodore had also noted that 'women are the 
only menstrual animal'. Considering that the 
bitch, the animal closest to man in his habitat, 
does show occasional vaginal discharges of 
blood, this observation, although correct, is 
rather surprising. In fact, in Victorian times 
there was strong support for the idea that 
menstruation was analogous to pro-oestrous 
bleeding in dogs. 

The loss of blood at menstruation was 
assumed by the early medical writers to serve 
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some useful function. They would have had 
no way of knowing the cellular make-up of 
the discharge but Isodore, nevertheless, 
appreciated that it was not ordinary blood: 

On contact with this gore, crops do not 
generate, wine goes sour, trees lose their 
fruit, iron is corrupted by rust, copper is 
blackened. Should dogs eat any of it they 
go mad. Even bituminous glue which is 
dissolved neither by rain nor by [strong] 
water, polluted by this gore, falls apart by 
itself. 

Because of the occasional putrefying appear
ance, smell and pain it was assumed that the 
period was a method of detoxification of the 
blood poisoning encountered by women 
(Medvei, 1982). It was considered to be a way 
of ridding the body of excessive blood ('the 
menstrual flow is woman's superfluous 
blood, it is termed 'menstrual' menstrua, be
cause of the phase of the light of the moon by 
which this flow comes about' - Isodore) and 
if women failed to menstruate then bleeding 
was thought to be necessary. Trotula of 
Salerno, in her eleventh-century book The 
Diseases of Women, gives precise details of the 
necessary procedure, apparently quoting the 
work of Galen: 

If the menses are lacking and the woman is 
thin, the vein under the inner arch of her 
foot, the internal saphenous, should be 
lanced. On the first day from one foot, on 
the following day the other foot - the 
blood to be drawn as the case demands. 

For hundreds of years the correct relationship 
of menstruation to reproduction was not 
appreciated. In the middle of the nineteenth 
century the study of reproductive processes 
in animals was well under way. Man was 
now aware of his descent from other animals, 
and there was a strong move to extrapolate 
from other mammals to man. Pouchet in 1842 
suggested that menstruation corresponded to 
the period of sexual excitement in other ani
mals. This view seems to have been held by 

many of the Victorian biologists (Heape, 
1900; Bryce and Teacher, 1908; Marshall, 
1910), with a certainty characteristic of the 
age. Heape (1900) stated 'the homology of the 
process in the bitch with that already de
scribed for the monkey is absolutely certain'. 
Marshall (1910) in the first edition of this 
work was equally certain and wrote at length 
on the similarity of the period of menstru
ation in women to the period of heightened 
sexual activity in other mammals and con
cluded that it demonstrated the remains of a 
primitive oestrous cycle. 

Medical writers of the time, however, were 
putting forward an alternative view, that 
menstruation 'is only a secondary process, a 
degeneration of the mucous membrane 
which from a failure of pregnancy has not 
been able to fulfil its purpose' (Grosser, 
1910). Gynaecologists held that menstruation 
was unique to some primates and occurred 
between successive oestrous cycles, not in 
association with them (Hartman, 1932). This 
view, that menstruation is associated with 
failure of implantation, is now accepted. 

Disorders of menstruation are common, 
and the process has been studied in consider
able depth from the medical point of view 
(reviewed by Shaw and Roche, 1980). The 
problem of why women should bleed at the 
end of the cycle if implantation has not taken 
place, whereas most other animals do not, 
has however received less attention. Corner 
in 1923 conjectured that: 

In order to provide for the highly special
ized embryonic implantation of primates 
with its opening of maternal blood vessels 
into the intervillous space the endometrial 
process is carried so far as even to cause 
bleeding into the tissues during the last 
days of the interval at the time during 
which the early embryo is to be implanted. 
The action of the embryo alters the latter 
part of the process so as to inhibit or limit 
the haemorrhage, but if no embryo be 
present to utilize the extravasation, then 



the blood escapes into the uterine lumen 
and visible bleeding occurs. 

He goes on to suggest that this is the reason 
for the total absence of menstruation in 
species which have a less specialized form of 
implantation. More recently, Fox (1985) con
cluded that the reason women menstruate is 
'the very rapid rate at which oestrogen and 
progesterone levels fall as the corpus luteum 
degenerate, in some species oestrogen and 
progesterone values decline at a much slower 
rate and menstruation is avoided although 
only at the cost of lengthening the menstrual 
cycle'. In his view 'menstruation is the price 
that women pay for shortening of their men
strual cycle which allows for a greater num
ber of possible conceptions during their 
limited years of fertility' . 

The latter very teleological view is not in 
accordance with most of the known facts; 
many non-menstruating animals have 
shorter cycles than women, including some 
non-menstruating primates; and many ani
mals have more limited years of fertility than 
women. There is in any case little evidence 
that progesterone levels fall faster in women 
than in other animals at the end of the cycle. 
Whilst it is possible to induce menstruation in 
the cycle in some primates by ovariectomy 
(van Wagenen and Aberle, 1931; Cleveland, 
1941), it is not possible in other cycling ani
mals. Corner's suggestion is likely to be 
nearer the truth because it takes account of a 
fundamental difference between the methods 
of implantation found in different species. 
However, his view that the blood vessels 
open into the tissues in preparation for bleed
ing into the intervillous spaces, and the 
suggestion that it is the direct presence of the 
embryo which prevents the bleeding, could 
not take account of the later finding that men
struation can be prevented by the adminis
tration of extracts of the corpus luteum or 
exogenous progesterone (P.E. Smith and 
Engle, 1932; Corner, 1935). From this we now 
know that the blastocyst prevents menstru-
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ation indirectly by maintaining the corpus 
luteum and that opening of the vessels is 
the result of degenerative processes in the 
stroma. The problem is why the fall in pro
gesterone at the end of the cycle causes 
bleeding in women and not in other animals. 
Recently, it has been suggested that this is 
due to a fundamental difference between the 
species in the processes taking place in the 
endometrium during the earlier part of 
the oestrous or menstrual cycle (Finn, 1986, 
1987). It was noted earlier that during this 
time the tissues of the endometrium are 
prepared for implantation by cell prolifera
tion and differentiation. However, complete 
differentiation of the stroma into the decidua 
does not take place in non-menstruating 
animals in the absence of a blastocyst and 
decidualization is not, therefore, part of the 
infertile cycle. In women, on the other hand, 
the blood vessels and stromal cells differen
tiate, even in the absence of a blastocyst, at 
the end of every cycle (Bartelmez, 1933). 

All species require progesterone for 
stromal differentiation, and if the level of the 
hormone drops (as it does at the end of the 
menstrual cycle) then the decidualized tissue 
breaks down. It has been known for a con
siderable time that removal of the ovaries 
from pregnant animals causes degeneration 
of the placenta (Deanesly, 1972, 1973). 
Similarly, removal of the source of progester
one from animals in which a decidual reac
tion has been induced artificially causes 
decidual breakdown. 

The cellular and vascular changes in the 
decidualized endometrium of mice following 
a fall in progesterone levels has been studied 
in detail to determine whether the changes 
can provide a clue to menstruation (Finn and 
Pope, 1984). Ovariectomized mice were 
prepared with oestrogen and progesterone 
and oil injected into the uterine lumen. No 
further hormone was given and animals were 
killed at intervals and their uteri examined 
histologically. The first change was a massive 
influx of leucocytes into the stroma. This is 
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the first observable change in the uterus of 
primates before menstruation (Novak and Te 
Linde, 1924). Leucocyte infiltration was fol
lowed by congestion of blood vessels with 
swollen erythrocytes, and then breakdown of 
the walls and extravasation of red blood cor
puscles into the tissues. At the same time the 
decidual cells underwent typical degenerat
ive changes and eventually a mass of blood 
and tissue debris was extruded into the 
lumen. In about 50% of cases a sanguinous 
discharge was clearly visible in the vagina, 
but the bleeding into the tissues was less than 
in menstruation. Nevertheless, the early 
invasion by leucocytes (Novak and Te Linde, 
1924) and the extravasation of blood is 
reasonable evidence for the hypothesis of 
menstruation discussed above. 

Further evidence comes from three non
primate animals which menstruate, the ele
phant shrew (Elephantulus myurus jamesoni) 
(van der Horst and Gilman, 1941) and the 
bats; Glossophaga soricina (Hamlett, 1934; 
Rasweiler, 1979) and Molossus ater (Rasweiler, 
1991). The elephant shrew is a member of the 
family Macroscelididae and is closely related to 
primates (some authorities classify the 
Macroscedididae with the primates). It has a 
very interesting cellular reaction in the endo
metrial stroma during the late luteal phase of 
the cycle. A small area of each uterine horn 
forms a swollen polyp which is well vascular
ized and oedematous and contains large 
stromal cells with big nuclei which resemble 
decidual cells. At the end of the cycle the 
polyp breaks down and bleeding occurs from 
it. This naturally occurring phenomenon is 
very similar to the breakdown of the artificial 
deciduoma in mice. In the bat, Molossus ater, 
decidualization has been demonstrated to 
occur spontaneously (Rasweiler, 1991), 
whilst in Glossophaga soricina Hamlett (1934) 
found that the endometrium thickens greatly 
in preparation for implantation and then in 
the absence of a fertile egg the hypertrophied 
endometrium disintegrates and sloughs off 
with marked extravasation of leucocytes 

and blood cells. Further information on this 
species is needed. 

The main non-human animal in which 
menstruation has been studied is probably 
the rhesus monkey (Hisaw, 1935), an Old 
World primate which menstruates as part of 
the cycle. These animals have a very unusual 
uterine response to the implanting blastocyst 
with the formation of a plaque of epithelial 
cells and very little if any decidual cell trans
formation of the stromal cells. However, the 
endometrium does undergo the early stages 
of the decidual reaction with intense develop
ment of the blood vessels (Phelps, 1946) and 
oedema of the stroma. These occur at the end 
of the cycle and are hormone dependent. 
Furthermore, . there are changes during the 
cycle in the occurrence of the granulated K 
cells. In view of this it seems likely that trans
formation of stromal fibroblasts into decidual 
cells may not be the essential factor in 
menstruation but rather that the changes 
in the endometrial blood vessels and maybe 
in the extracellular matrix which precede 
implantation, or possibly factors originating 
in the granulated cells, are of greater 
importance. 

It has been suggested that the presence of 
spiral arteries is the crucial factor in menstru
ation (Reynolds, 1947; S.T. Shaw and Roche, 
1980), although this has been challenged on 
the basis that New World primates, which 
do not have spiral arteries, do menstruate. 
Furthermore, with a corrosion vascular 
casting/scanning electron microscope method, 
spiral arteries have been demonstrated in the 
rat endometrium (Rogers and Gannon, 1981), 
suggesting that too much significance should 
not be placed on the tortuosity of the arteries. 
This may simply be a reflection of growth of 
vessels relative to other stromal tissue, and 
not represent a fundamental difference in the 
vasculature of the two species. 
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3.6 EVOLUTION OF THE ENDOMETRIAL Creighton, 1878). Fothergill (1899) suggested 
RESPONSE TO IMPLANTATION that the decidual cell had been evolved as a 

From the brief introductory discussion of the 
various methods of implantation found in 
different species and the more detailed de
scription of implantation changes, i~ is ap~ar
ent that there is a gradually mcreasmg 
complexity in the cellular response of the 
uterus to the blastocyst, culminating in the 
complex vascular and cellu.la~ chan~es of 
the decidual cell reaction. It IS mterestmg to 
enquire what has caused this evolutio~ and 
what advantage it has meant for the annnal. 

The evolution from the simplest forms of 
viviparity to deep embedding of the ovum in 
the wall of the uterus, whilst presumably 
conferring advantages on the species, will 
have presented considerable problems to the 
defence mechanisms of the animal. Very 
early in evolution animals had developed 
methods to combat and prevent the ingress 
into the tissues of foreign organisms (viruses, 
bacteria and parasites) and to counteract the 
trauma inflicted by them or by other means. 
Two interrelated mechanisms are involved -
the inflammatory reaction and the immune 
response. Inflammation is the first to be 
encountered and is phylogenetically the 
more primitive response. Ryan and Majno 
(1977) describe it as an all-purpose defence 
system. Unless the animal could negate or 
overcome the inflammatory response of the 
endometrium internal development of 
embryos could not have progressed to deep 
implantation of the blastocyst in the uterine 
stroma. 

3.6.1 INFLAMMATION AND 
DECIDUALIZATION 

Many workers over the years have noted the 
similarity of the uterine response to an 
implanting blastocyst to that of inflam
mation, especially the similarity of the de
cidual reaction to the inflammatory 
granulation tissue reaction (Turner, 1873; 

protection against the injurious invasion of 
the uterine wall by the fetal elements of the 
placenta, and Wade and Wats?n (1?O~) de
scribed the decidual cells as bemg SImilar to 
'young fibroblasts such ,as are .see~ in the 
process of repair'. Loeb s classIc discovery 
that trauma of the endometrium will stimu
late a decidual reaction added credence to 
this view (Loeb, 1907). Several workers have 
reiterated this idea (Huggett and Hammond, 
1952; Finn and Keen, 1963; Finn, 1986). 

The fact that myofibroblasts in granulation 
tissue have gap junctions (Gabbiani et al., 
1971), similar to decidual cells, has also 
been noted (Finn, 1986). Psychoyos's (1960) 
finding that the endometrial blood vess~ls 
were more permeable in areas of the uterus m 
which blastocysts were implanting followed 
similar findings for tissues in which inflam
mation is taking place. Increased blood flow 
and vascular permeability are early signs of 
inflammation. Apart from the decidual cells, 
some of the other cells which are found in the 
endometrium at the time of decidualization 
are thought to be derived from the bone mar
row, indicating a kinship between inflam
mation and the immune response. De et al. 
(1993) have shown expression of interleukin 
1 interleukin 6 and tumour necrosis factor 
; in the mouse uterus during the peri
implantation period. These are no~mally 
associated with the inflammatory reaction. 

Many of the mediators of the decidual 
response discussed earlier are involved in 
inflammation, for example histamine and 
prostaglandins, and at least one of the pro
teins produced by the decidua is similar to an 
acute-phase protein of inflammation. 

The incidence of polymorphonuclear leu
cocytes is interesting. During the early stages 
of implantation in the mouse and rat or dur
ing the early stages of the oil decidual cell 
reaction there is an increase in the incidence 
of leucocytes in the stroma (Finn and Pope, 
1991) preceded by leucocyte adhesion to the 
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endothelium (Tawia and Rogers, 1992). Once 
the decidual reaction is developed, however, 
polymorphs are rare. However, if the supply 
of progesterone is removed they appear in 
large numbers (Deanesly, 1972, 1973; Staples 
et al., 1983; Finn and Pope, 1986), which of 
course happens in menstruation (Novak and 
Te Linde, 1924). Under these circumstances 
the course of events in the uterus follows 
fairly closely the acute inflammation re
sponse. It is suggested (Clemens et al., 1977) 
that progesterone has an effect on the inflam
matory reaction by altering cell motility and 
thus inhibiting ingress of leucocytes. In this 
wayan acute inflammatory response to a for
eign body is converted into a mechanism for 
protection of the embryo and possibly the 
uterus (Finn, 1986). In women this has 
evolved to the stage where the whole reac
tion proceeds without the presence of the 
blastocyst but in anticipation of it. 

3.6.2 IMMUNE RESPONSE AND 
DECIDUALIZATION 

Having converted the inflammatory response 
to the blastocyst into a protective rather than 
a destructive mechanism, there is still the 
problem of the immune response. The em
bryo and associated membranes will carry 
antigens foreign to the mother and it would 
be expected that the mother's immune mech
anisms would mount an attack on them. The 
reason this does not happen has been the 
subject of intensive investigation (see Carter, 
1984, for review). The main relevant point in 
the present context is the extent to which the 
cellular reaction at implantation is involved in 
preventing immunological rejection. Several 
workers (Tekelioglu-Uysal et al., 1975; S.c. 
Bell, 1983b) have put forward the hypothesis 
that the decidual cell reaction protects the 
embryo from any immune reaction mounted 
by the mother. 

Various lines of evidence point to such a 
immunological role. Some studies have 
shown variations in the infiltrating cells 

(bone marrow origin) around the time of im
plantation (Bernard et al., 1981; Parr and Parr, 
1986), and some cells in the mouse uterus 
have been shown to be immunosuppressive 
(Hunt et al., 1984; Daya et al., 1985; Clark and 
Chaouat, 1989). Extract of decidual tissue 
from rats suppresses primary antibody 
response in vitro (Kouttab et al., 1976), and 
supernatants from short-lived cultures of 
mouse decidual cells have immunoregulatory 
activity (Badet et al., 1983). Recently, D.A. 
Clark et al. (1990) have demonstrated an 
immunosuppressive molecule related to 
transforming growth factor 13 in decidua and 
various cytokines including interleukins, and 
colony-stimulating factors have been impli
cated (see D.A. Clark, 1993, for review). Type 
1 interferon has also been demonstrated in 
the decidua (Yamamoto et al., 1992). 

The presence of immunoglobulins in 
metrial gland cells is well documented (D. 
Bulmer and Peel, 1977; Mitchell et al., 1980, 
1981; Matthews et al., 1985), and their prob
able bone marrow origin was discussed 
earlier. It has been suggested that they are 
natural killer-like cells (E.L. Parr et al., 1987, 
1990; Ginsburg et al., 1989; Linnemeyer and 
Pollack, 1991), which would indicate a role in 
the immunological response, as would the 
finding that they produce the cytokine inter
leukin 1 (Croy et al., 1991). 

3.6.3 OTHER POSSIBLE FUNCTIONS OF THE 
DECIDUA 

If the decidua has evolved in response to the 
need to overcome problems associated with 
entry of the blastocyst into the stroma of the 
uterus then its primary function would be 
associated with this need for protection. The 
presence of tight junctions and immune com
petent cells would certainly point in this 
direction. 

However, other functions have been 
suggested, and there is no reason to rule out 
the possibility that, having evolved in re
sponse to a protective need, other functions 



have appeared later. Prolactin-like proteins 
synthesized by the decidua may have a role 
in maintaining the corpus luteum or in pre
paring the mammary gland for lactation, or 
they may be important in the control of water 
transport across fetal membranes. 

The presence of large amounts of glycogen 
in decidua led some workers to suggest a 
nutrient role. Possibly the decidua acts as a 
reservoir of carbohydrate (glucose) for the 
developing embryo. Small molecules could 
easily pass through the gap junctions 
between decidual cells and into the blood 
vessels supplying the embryo or pass directly 
to the trophoblast. 

DeFeo (1967) suggested that one of the 
functions of the decidua may be to ensure 
separation of developing placentae, espe
cially of their blood vessels. If this were cor
rect one would expect decidualization to be 
associated with polytocous species. This is 
clearly not the case. Sows give birth to litters 
containing many young but do not decidua
lize, whereas women usually have only one 
baby at a time but the uterine stroma under
goes considerable decidualization. Of course 
this does not mean that when decidualization 
occurs in polytocous species it does not have 
this desirable effect but, as discussed earlier, 
spacing of the blastocysts along the length of 
the uterus has occurred well before deciduali
zation takes place, so it is unlikely that deci
dualization has evolved in response to the 
need for separation of the embryos. 

It is difficult to explain several of the main 
features of decidual tissue with any of the 
suggested functions. Why do decidual cells 
have two nuclei which are mostly polyploid? 
What is the function of alkaline phosphatase? 
At present we do not have the answers to 
these and many other questions about this 
fascinating tissue. 
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4.1 INTRODUCTION 

This review of vertebrate placental structure 
attempts to integrate some of the consider
able body of work done using electron micro
scopic and other techniques since Amoroso's 
classic 1952 chapter. The reference list con
centrates on the most recent work. Mossman 
(1987) provides the best comprehensive list of 
placental references. This chapter is mainly 
concerned with providing data to facilitate 
broad comparisons of structures and se
cretions both during development and in 
their final form with a view to relating them 
to the functional activity of the placenta. 
The remarkably wide variety of structures 
in the mature placenta develops from a 
basically similar repertoire of extraembryonic 
membranes as typified in the amniote egg, 
and the diversity can be further simplified 
by use of straightforward structural criteria. 
The major problem is to relate those criteria 
to the wide range of functions served by the 
placenta. A few non-amniotes have devel
oped analogous structures which serve 
similar functions to the extraembryonic 
membranes, and these offer further insights 
into the requirements for successful fetal 
development (Hagan, 1951; Woollacott and 
Zimmer, 1975; Amoroso et al., 1979; Bone et 
al., 1985). 

The placenta developed as an organ of 
physiological exchange to take advantage of 
the protection and egg economy provided by 
the adoption of viviparity. The initially small 
area of fetomaternal apposition is usually 
enormously increased by folding and refold
ing as it proliferates in parallel with the 
growth of the fetus. The main functions of 
the placenta are to act as a surrogate fetal 
lung, gut and kidney and to camouflage the 
usually allogeneic fetus from the mother's 
immune system (Lala et al., 1983; Gill and 
Wegmann, 1987). 

The surrogacy requires efficient exchange 
of a necessarily wide range of metabolites 
and hormones using many different types of 
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transport processes (passive diffusion, active 
transport, pinocytosis and phagocytosis), all 
favoured by a reduction in the separation of 
fetal and maternal blood flows (Moll, 1985; 
Munro, 1986). 

The immunological camouflage is vital to 
avoid recognition by the multifactorial array 
of cellular and hormonal mechanisms me
diating sensitization and immune rejection 
and is best served by the provision of a bar
rier between the two circulations (Amoroso 
and Perry, 1975). 

Since the surrogacy and camouflage 
requirements are so complex and mutually 
antagonistic (it being very difficult to ade
quately conceal and feed an invading cellular 
army) it is perhaps not surprising that such a 
wide variety of structures has evolved as 
solutions to these two multifaceted major 
problems. In addition, a system for rapid 
disposal of the placenta with minimum 
trauma is essential and there are constraints 
of gross size, habitat (arboreal gliding versus 
aquatic diving) and lifestyle (secure den ver
sus run-as-soon-as-born) further modifying 
the requirements defining a successful 
placenta. 

Perhaps because of these various and 
usually conflicting pressures, there seems 
to be no straightforward progression to a 
unique 'best', most efficient placenta in 
parallel with the generally accepted course(s) 
of evolution of placental animals. Different 
groups of mammals have evolved different 
structural solutions, all originally from a 
common pattern of membranes modified by 
a general trend to a reduction in separation 
between fetal and maternal circulations. The 
greater the understanding of these structural 
solutions the easier it should be to design 
experiments to elucidate the manifold 
functions of the placenta, to establish 
how best to judge the 'efficiency' of a 
placenta and to plan strategies to reduce the 
considerable prenatal embryo losses (Wilmut 
et al., 1986). Many of these functions are 
modified by hormones and their role 
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is discussed in section 4.4 on placental 
endocrinology. 

4.2 GENERAL CHARACTERISTICS AND 
DEFINITIONS 

4.2.1 PLACENTA 

The most comprehensive definition is that of 
Mossman (1937): 'an apposition of parental, 
(usually maternal) and fetal tissue for the 
purposes of physiological exchange'. How
ever, Steven's suggestion of 'an arrangement 
of one or more transporting epithelia be
tween fetal and maternal circulations' more 
vividly encapsulates the functional aspects. 

Mossman's definition is wide enough to 
cover the situations found in a variety of 
non-amniotes: tunicates, seahorses, some 
insects, fishes and amphibians as well as the 
amniotes (reptiles and mammals). The de
gree of apposition in vivo is sometimes diffi
cult to establish because of technical 
problems of fixation and tissue preparation. 
There is good reason to believe that it is very 
close, often including microvillar interdigi
tation between fetal and maternal epithelia in 
the amniotes, but a shell or shell membrane 
remnant may persist in most reptiles and 
some fish (sections 4.3.1 and 4.3.4). 

The tissue on the maternal side of the ap
position is usually a derivative of either 
ovarian, oviductal or uterine epithelium or 
connective tissue. 

The fetal component is invariably a deriva
tive of the cellular ectodermal epithelium 
(trophoblast) which formed the blastocyst 
surface. This epithelium together with inter
nal membranes of the conceptus eventually 
forms the choriovitelline and chorioallantoic 
placental structures. 

Physiological exchange covers a range of 
transport processes from simple diffusion of 
O2 and CO2 to the uptake of uterine se
cretions and maternal red blood cells. There 
is increasing evidence that mature placentas 
have different regions for the different forms 

of uptake (section 4.2.5a) and also that differ
ent types of placenta have evolved different 
methods for the uptake of particular nutri
ents (e.g. iron, see section 4.2.3f). 

4.2.2 EMBRYONIC MEMBRANES 

The extraembryonic membranes of the ver
tebrate conceptus form from, and are in con
tinuity with, the three germ layers (ectoderm, 
mesoderm and endoderm) of the embryo. 
They provide the basis for the placental struc
tures essential for the physiological mainten
ance and protection of embryos within the 
egg or uterus (Figure 4.1; Mossman, 1937, 
1987; Steven, 1975a). 

(a) Yolk sac 

This is formed by the enclosure of the yolk 
initially by cells from the embryonic disc 
which form a single cellular layer of ectoderm 
(unilaminar yolk sac, vitelline sac or ompha
lopleur) (Figure 4.1). Subsequent migration 
of a layer of endoderm internal to the ecto
derm forms a bilaminar yolk sac, and finally 
growth of mesoderm between the first two 
produces a trilaminar yolk sac. If no yolk is 
present the last two membranes develop in 
the same way after a hollow unilaminar 
blastocyst is produced from the solid ball of 
cells forming the morula. 

In the fishes and amphibians the meso
derm of the trilaminar yolk sac forms the 
blood vessels which vascularize the yolk sac 
and transport its contents to the growing em
bryo. This vascularized yolk sac persists in 
some fishes after the release of the embryo 
from the investments of the egg. Retention of 
the developing embryo within the mother 
allows the possibility of modifying the 
vascularized yolk sac into an organ for direct 
fetomaternal exchange. Several of the cartila
ginous fishes (elasmobranchs - skates and 
rays) have developed such a placental system 
whereas bony fishes (Osteichthyes) and am
phibia have modified other parts of their 
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Figure 4.1 Development of the basic extraembryonic membranes with diagrams of the definitive 
disposition of yolk sac and allantois in various animals. 
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body surfaces for the same purpose (section 
4.3.2). 

In reptiles and mammals the initial spread 
of the mesoderm converts only the top part of 
the bilaminar yolk sac into the vascular 
trilaminar form. This is the basis for the 
development of the other extraembryonic 
membranes typical of the amniotes: chorion, 
amnion and allantois (Figure 4.1). 

(b) Chorion, amnion and allantois 

Growth of these membranes starts when the 
mesoderm of the partly trilaminar yolk sac 
splits to form the exocoelom in continuity 
with the embryonic coelom (Figure 4.1). The 
subsequent development of the mesoderm 
depends on whether it is associated with 
ectoderm or endoderm. Mesoderm plus 
endoderm (gut wall, splanchnopleur = defi
nitive yolk sac wall) vascularizes very readily, 
whereas mesoderm plus ectoderm (body 
wall, soma top leur = chorion) only rarely pro
duces blood vessels. 

This chorion (ectoderm plus nonvascular 
mesoderm) produces folds which enclose the 
embryo to form the fluid-filled amniotic sac 
(Figure 4.1). Inside this the embryo can de
velop free of asymmetric constraints, in a 
shock-absorbing and compression-resistant 
environment. The amniotic membrane is 
thus derived directly from the chorion. In a 
few animals the amnion forms by cavitation 
(see Figure 4.2, rat and mouse). 

As the amniotic folds fuse an endodermal 
vesicle grows from the hind end of the em
bryonic gut to form the allantoic vesicle, 
covered from its inception by vascular 
splanchnopleuric mesoderm. The allantois is 
in close anatomical association with the 
developing urogenital system of the embryo 
and acts as a site for waste deposition. Its rich 
blood supply also allows it to develop as an 
organ of respiratory exchange when it grows 
through the exocoelom to fuse with the chor
ion which surrounds the embryo (Figures 
4.1,4.2 and 4.75). 

(d Variations on the basic system 

These membrane developments provide the 
basic systems which are common to all 
amniotes and can usually be recognized at 
least at the earlier stages of placental growth. 
The band of vascularized yolk sac fused with 
the ectoderm forms the fetal basis for the 
choriovitelline placenta and the vascularized 
allantois plus chorion forms the fetal part of 
the chorioallantoic placenta. Both are func
tional through most of prenatal development 
in reptiles, monotremes and marsupials (Fig
ures 4.16 and 4.17). 

Choriovitelline placenta 

In eutherian mammals the choriovitelline pla
centa functions only for a short time and 
varies considerably in extent in different 
orders. In carnivores and some ungulates it 
may form an extensive area in early preg
nancy, but eventually the vascularized yolk 
sac is completely separated from the chorion 
by expansion of the exocoelom. In most 
rodents, lagomorphs and insectivores forma
tion of the trilaminar choriovitelline placenta, 
if it occurs at all, is restricted by the persist
ence of a large bilaminar segment forming the 
lower half of yolk sac and conceptus. A very 
different sort of yolk sac placenta is formed 
subsequently when expansion of the exocoe
lorn invaginates the vascularized embryonic 
(top) half of the yolk sac into the bilaminar 
abembryonic (bottom) half to provide a multi
layered cup apposed to the endometrium. 
The yolk sac cavity is reduced to a mere slit 
and the resultant layers referred to as an 
'incompletely inverted yolk sac placenta' 
(Figures 4.2 and 4.3). 

Loss of the non-vascularized bilaminar 
yolk sac layers adjacent to the endometrium 
produces complete inversion (Figures 4.2 and 
4.3). What is 'inverted' is the sequence of 
tissues at the maternofetal interface. The 
choriovitelline placenta has maternal tissue: 
fetal ectoderm, mesoderm, endoderm; the 



inverted yolk sac placenta has maternal tis
sue: fetal endoderm, mesoderm. 

The choriovitelline placenta is usually 
transitory, but the inverted yolk sac type may 
persist to term and form part of the wide 
range of mature placental structures devel
oped from the extraembryonic membranes. 
For example, the ungulates have a mere relic 
of a yolk sac but an enormous chorioallantois; 
the marsupials retain a large functional trila
minar choriovitelline placenta with a persist
ent bilaminar area and an allantois that does 
not usually reach the chorion; some insecti
vores and rodents have both inverted yolk 
sac and chorioallantoic placentas which func
tion up to parturition (Figures 4.1, 4.2 and 
4.3). The type of implantation can also greatly 
affect extraembryonic membrane develop
ment. 

Implantation and membrane development 

Implantation of the blastocyst, the initial ap
position of fetal and maternal surfaces, 
usually occurs over the entire uterine luminal 
surface. However, some animals have very 
small blastocysts which develop in a narrow 
endometrial cleft (mouse, rat) or actively in
vade the endometrium (guinea pig, man: 
referred to as interstitial implantation) (sec
tion 4.2.9). 

Presumably, because of lack of space 
around the conceptus, the development of 
the embryonic membranes is considerably 
modified in species with interstitial implan
tation although the basic pattern described 
above can be recognized if sufficient stages 
are available. The major differences are that 
part of the original outer ectodermal layer 
may be lost at a very early stage; the amniotic 
sac forms by cavitation in a solid mass of cells 
rather than by folding; and the allantoic 
endodermal vesicle may be very small or ab
sent so that the allantois is replaced by a solid 
rod of mesoderm. Development of the pla
cental membranes is compressed in both time 
and space and the homologies of the mem-
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branes can be appreciated best from com
parative diagrams (Figure 4.2). 

4.2.3 TYPES OF CHORIOALLANTOIC 
PLACENTATION 

(a) Introduction 

The great diversity among chorioallantoic 
placental structures has led to many attempts 
to devise a classification which would cate
gorize only those common structural features 
which may be used as a valid basis for 
evolutionary comparisons and experimental 
investigations of function. No classification 
scheme based on a single criterion has 
proved adequate and the current practice is 
to use several in parallel, which produces 
convenient and possibly instructive group
ings rather than necessarily exclusive 
categories. 

The simplest criterion is the shape of the 
term placenta, but potentially more relevant 
to phYSiological exchange is the histological 
structure and organization of the layers 
separating fetal and maternal blood circu
lations at the fetomaternal interface (Grosser 
classification, Amoroso, 1952; Steven, 1975a). 
The structure of areas outside or bordering 
the main placenta (accessory or paraplacental 
regions) and the amount of maternal tissue 
shed at parturition are also characteristic. 
These criteria all refer to the structure at term 
but the developmental history of the pla
cental membranes may also provide import
ant clues to functional relationships. 

(b) Classification by shape 

The fetomaternal exchange area is enor
mously increased by elaboration of villi or 
folds. The distribution of the chorionic villi is 
characteristic among families and has four 
main categories (Figure 4.4). 

1. Diffuse: villi over entire surface, e.g. pig, 
horse. 
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Figure 4.2 Development of placental membranes in squirrels, rat and mouse, guinea pig and human. 
For identification of individual membranes see Figure 4.1. 
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Figure 4.3 Development of the inverted yolk sac, with examples of definitive yolk sac placentation in 
rodents and insectivores. 
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Figure 4,4 Schematic placental classification based on external form of the placenta and uterus. 
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2. Cotyledonary: chorionic villi grouped into 
a characteristic number of discrete tufts 
which can vary from 5 (deer) to 150 
(giraffe), e.g. ruminants. 

3. Zonary: villi restricted to an equatorial 
band or patch, e.g. carnivores. 

4. Discoid: villi restricted to a single or 
double disc, e.g. rodents, insectivores, 
anthropoids. 

This provides a useful simplification but 
within orders there are invariably exceptions 
outside the 'usual' category. Most insecti
vores have a discoid, but the American mole 
has a diffuse placenta; most of the ruminant 
placentas are cotyledonary, but that of the 
musk deer is diffuse; carnivore placentas vary 
from the usual zonary to rare discoid (brown 
bear) and non-carnivores are found with a 
zonary placenta (hyrax, dugong); a few pla
centas start diffuse and are discoid when ma
ture (man, hyrax). These facts indicate that 
the four categories are convenient rather than 
functionally distinct. 

Placentas with villi concentrated in limited 
areas (compact placentas) do have a 5-10 
times greater fetomaternal exchange surface 
per gram weight of fetus at term than diffuse 
placentas (Baur, 1977), but whether this rep
resents a higher transfer efficiency or lower 
safety margin in diffuse placentas remains to 
be established. 

The uterine shape and number of con
ceptuses are also characteristics of a species. 
The uterus is based embryologically on 
(partial) fusion of the two Mullerian ducts to 
form a Y-shaped structure (Figure 4.4). The 
degree of fusion varies. Rats and rabbits have 
completely separate 'cornua' or 'horns' and 
this is defined as a 'duplex' uterus. 
Ruminants have partial fusion into common 
uterine body ('bicornuate'). In man and mon
keys the horns are very small and the uterine 
body forms a 'simplex' uterus. Species pro
ducing a single offspring are designated 
monotocous, two ditocous, many polytocous 
(see Figure 4.4). 

(c) Classification by histological structure 

In 1909 Grosser pointed out that mammalian 
placentas could be grouped according to how 
many layers of maternal tissue were removed 
by the persistent chorion during develop
ment (cited in Amoroso, 1952) (Figure 4.5). 

The number of tissue layers between fetal 
and maternal blood stabilizes after implan
tation and early differentiation of organ 
systems, and would directly affect the 
physiological exchange between the circu
lations. Grosser classified the placentas by 
defining first the maternal layer which was in 
apposition to the chorion in the definitive 
placenta, producing four categories (Figure 
4.5): 

1. Epitheliochorial: No layers removed; uter
ine epithelium in contact with the chor
ion, e.g. pig, horse. 

2. Syndesmochorial: uterine epithelium 
removed, maternal connective tissue in 
contact with the chorion, e.g. ruminants. 

3. Endotheliochorial: maternal uterine epi
thelium and connective tissue removed, 
maternal endothelial basement membrane 
in contact with the chorion, e.g. 
carnivores. 

4. Haemochorial: all maternal tissue layers 
removed, chorion bathed directly in circu
lating maternal blood, e.g. rodents, insec
tivores, anthropoids. 

Mossman (1937) and Owers (1960) added 
further categories in which the chorion was 
lost either from an endotheliochorial placenta 
(producing an endothelioendothelial) or 
from the haemochorial placenta (produc
ing a 'hemoendothelial'). However, electron 
microscope investigations have since estab
lished unequivocally that in all chorioallan
toic placentas so far examined the chorion 
persists to term even though it may be so thin 
as to be invisible at the light microscope level. 
The suggestion of 'vasochorial' for an 
endotheliochorial placenta with an especially 
thick interstitial membrane (Wislocki and 
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Figure 4.5 Placental classification suggested by Grosser on the left, revised to take account of recent 
research on the right. 
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Amoroso, 1956) seems an unnecessary com
plication of obscure derivation. 

(d) Updating Grosser 

Grosser initially suggested (see Amoroso, 
1952) that the epitheliochorial to haemochor
ial series represented an evolutionary, ana
tomical and functional progression and 
proposed that, as the number of layers in 
what was regarded as a homogeneous semi
permeable membrane decreased, the per
meability and efficiency of the placenta 
increased. Subsequent work on capillary pos
ition, regional specialization and ultrastruc
ture has shown that this is a considerable 
oversimplification (Figure 4.5). 

Capillary position 

By differential growth during development 
fetal capillaries sink into the chorionic epi
thelium. It is as if the capillary net expanded 
and pushed hard against a soft and yielding 
cellular layer. The capillaries always remain 
outside the basement membrane of the epi
thelium so that they are not anatomically 
'intraepithelial' as usually described. They 
do, however, come much closer to the ma
ternal blood, and in epithelio- and syndesmo
chorial placentas the maternal capillaries 
often indent the uterine epithelium [the ana
logy here would be tight string (the capillar
ies) around a soft parcel (the fetal villus)]. The 
extent to which the indentation occurs varies 
both within and between placental categories 
but generally increases toward term. There is 
no electron microscopic evidence that the 
process ever reduces the number of tissue 
membrane layers but the diffusion distance 
between the fetal and maternal circulations 
can be considerably reduced. This may 
explain why although the sodium ion per
meability follows the Grosser prediction with 
the haemochorial (few layered) much higher 
than the epitheliochorial (multilayered) pla
centas, the gas-diffusing capacities of the two 

types of placenta are not significantly differ
ent (Moll, 1985). The sodium ion requires a 
transport system across each membrane, 
whereas gas diffusion depends solely on path 
length and concentration gradient. 

Regional specialization 

Biochemical, histochemical and fine struc
tural studies have all combined to demon
strate that the placental layers can have very 
different characteristics in different areas of 
the same placenta or in equivalent layers 
within the same placental category. The 
placenta has been shown to be a very active 
organ metabolically and contains a wide 
range of selective transport systems and 
thus cannot be considered a homogeneous 
semipermeable membrane (Munro, 1986; 
Mossman, 1987). 

Validity of the categories: EM evidence 

Syndesmochoriallsynepitheliochorial 
Grosser defined the mature syndesmochorial 
placenta as having lost the maternal uterine 
epithelium, thereby bringing the fetal chor
ion into contact with the maternal endo
metrial connective tissue. This was based on 
light microscope studies which indicated that 
the characteristic chorionic binucleate cell of 
ruminants was directly involved in erosion of 
the uterine epithelium. Subsequent electron 
microscope studies could not confirm this but 
did demonstrate that a microvillar junction 
was present in all ruminants investigated, 
with either a syncytium (sheep, goat) or a 
cellular epithelium (cow, deer) on its ma
ternal side interdigitating with the fetal 
chorion. This was taken as evidence that the 
uterine epithelium persisted (Ludwig, 1962), 
albeit in syncytial form in some species, and 
that the syndesmochorial category was there
fore more accurately described as epithelio
chorial with the microvillar junction being 
also the fetomaternal junction. 

However, Wooding (1982a,b, 1984) and 



c.s. Lee et al. (1985) have demonstrated that 
the sheep and goat syncytia are formed 
largely from the fetal chorionic binucleate 
cells which migrate across the microvillar 
junction to fuse into and form the syncytium. 
The layer in contact with the uterine connec
tive tissue is therefore a fetal chorionic 
derivative and the placenta is legitimately de
scribed as syndesmochorial. At implantation, 
however, the syncytium originates from the 
fusion of a fetal chorionic binucleate cell with 
a uterine epithelial cell and the relative contri
butions of fetal and maternal tissue to the 
mature sheep or goat syncytium is still 
uncertain. 

In cow and deer a fetomaternal syncytium 
is formed in the same way at implantation, 
but is subsequently displaced by regrowth of 
the residual cellular uterine epithelium. 
Continued binucleate cell migration across 
the microvillar junction produces fetomater
nal trinucleate cells throughout pregnancy. 
These minisyncytia do not spread further but 
die and are resorbed after releasing their 
fetally produced granules to the maternal 
connective tissue (Wooding, 1982a,b). 

All ruminants so far studied have bi
nucleate cells and/or mini- or more extensive 
syncytial formations throughout pregnancy. 
Production of fetomaternal hybrid tissue in 
contact with the maternal connective tissue 
thus appears to be characteristic of rumi
nants. It is so unlike anything that is found in 
the other placental categories that it seems 
useful to maintain the distinction between 
epitheliochorial and syndesmochorial pla
centas. 

The prefix' syndesmo' was used by Grosser 
as a rather obscure synonym for connective 
tissue (Borland's Medical Dictionary: syn
desmo, a continuing form denoting a rela
tionship to connective tissue). It is now clear 
that the uterine epithelium is not removed by 
the chorion but more or less extensively 
modified by fusion with binucleate cells from 
implantation to term. The chorion is thus in 
contact with a fetomaternal syncytium and 
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not with connective tissue. A usefully de
scriptive term for this situation which retains 
a reference to the older usage would be 'syne
pitheliochorial' (Wooding, 1992) (section 
4.3.6b). 

Haemochorial 

Enders (1965), in an elegant comparative 
study, demonstrated that the haemochorial 
placenta does not always have a single layer 
of chorion. Different species show a constant 
pattern of one, two or even three separate 
layers between maternal blood and fetal 
endothelium. The terms haemo
monochorial, -dichorial and -trichorial were 
introduced to accommodate this (Figure 4.76, 
section 4.3.6d). Further complexity was evi
dent in that any layer could be either cellular 
or syncytial and some layers had macroscopic 
pores through their entire thickness. Most 
layers were thin, but this varied consider
ably. Thus, again the Grosser category 
covered a much wider range of structure than 
originally realized. There is an equivalent 
variation in functional capacity; the gas
exchange values for haemochorial placentas 
cover such a range that they include the 
values for epitheliochorial placentas (Moll, 
1985). 

Although many of the initial assumptions 
and predictions of the functional significance 
of the Grosser classification have been shown 
to be incorrect, the basic categories are still 
easily recognisable and nothing more con
venient has yet been found to replace it 
(Figure 4.5). 

Grosser also separated placentas into 
villous or labyrinthine types depending on 
the way in which the continuous increase in 
the fetomaternal junctional area throughout 
pregnancy was organized. In villous placen
tas the chorion initially forms simple finger
like projections which subsequently may be
come profusely branched but remain separ
ate. Conventionally 'primary' villi are formed 
by a solid mass of ectoderm. These are said to 
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be 'secondary' villi when mesoderm grows 
into their core and 'tertiary' villi when this 
core vascularizes (Steven, 1975a). 

In labyrinthine placentas the fetomaternal 
junction forms a network. This can be pro
duced by fusion between the branches of an 
initially villous placenta, by a hollowing out 
of spaces in solid trophoblast or by the 
engulfment of a meshwork of maternal capil
laries by the invasive chorion which replaces 
the maternal connective tissue. Although the 
structural development is usually villous to 
labyrinthine there are instances, such as 
man, where the initially labyrinthine placenta 
becomes villous secondarily. 

(e) Classification by tissue lost at 
parturition 

In the 'deciduate' type (see section 4.2.8) a 
variable amount of maternal tissue is lost 
with the fetal membranes at birth. The non
deciduate (or adeciduate) placenta separates 
at the fetomaternal junction. There is a 
reasonable correlation with the Grosser 
classification in that if there is any erosion of 
the maternal layers during placental develop
ment then the placenta is shed together with 
maternal tissue at term, which is defined as 
decidua. Since the data are relatively easy to 
collect, this classification can serve as an 
initial indication of structure. In contradeci
duate placentas some fetal tissue is retained 
and resorbed after parturition. This has been 
reported in only a very few epitheliochorial 
placentas (European mole, lemurs; Amoroso, 
1952). 

It was originally thought that the special
ized tissue (decidua) formed early in preg
nancy from stromal cells in the endometrium 
of species with haemochorial placentation 
was related to the eventual placental separ
ation zone. However, the extent of its pro
duction is variable, it frequently disappears 
before parturition and is completely absent in 
'deciduate' endotheliochorial placentas. It 
therefore seems very unlikely that decidual 

tissue only plays a major role at parturition. 
For a more detailed discussion of decidua see 
section 4.2.8. 

(f) Classification by accessory placental 
structures 

These do not form a comprehensive scheme 
but are consistent features and provide a 
basis for further characterizing categories in 
the other schemes such as Grosser's. These 
structures are normally outside or at the edge 
of the main placental region and may be very 
different in structure. 

Haemophagous zones/organs 

These structures are also known as haema
tomas, but this term is already used in other 
less specific contexts and is best avoided; 
they occur in many endotheliochorial and 
some epitheliochorial placentas, normally 
around the margin of the main placenta but 
occasionally centrally (see review by Ulysses 
et al., 1972, and Burton, 1982). 

The haemophagous zone is a specialized 
area where the chorion and maternal tissue 
are widely separated by stagnant, but not 
necessarily clotted, maternal blood. There is 
no circulation of blood, the supply is by inter
mittent leakage and the control not under
stood. The chorionic trophoblast cells are 
typically very tall and columnar and full of 
large vacuoles containing phagocytosed red 
blood cells in various stages of digestion. It is 
assumed that by breakdown of maternal 
haemoglobin these zones provide a principal 
source of fetal iron. 

Haemophagous zones are characteristically 
found at the edge or centre of the zonary 
endotheliochorial labyrinthine placentas of 
carnivores, but also occur in some endothe
liochorial placentas in insectivores and bats. 
Some synepitheliochorial placentas also 
show haemophagous zones at the base of the 
fetal villi in the cotyledons (sheep and goat), 
but none has been reported in epitheliochor-



ial and only two in haemochorial placentas 
(shrew, B.F. King et al., 1978; tenrec, 
Mossman, 1987). 

Areolae 

Areolae consist of small areas of the chorion 
overlying the mouths of the uterine glands 
whose secretion separates the two epithelia. 
The chorionic surface is normally elaborated 
in small folds carrying tall columnar cells 
showing evidence of active phagocytotic up
take of uterine secretions (Figures 4.20, 4.21 
and 4.35). There is evidence of both meroc
rine and holocrine secretory modes from the 
uterine glands and epithelium. In the pig 
there is ultrastructural evidence for secretion 
of the iron transport protein uteroferrin from 
the glands and uptake by the chorionic areo
lar epithelium (Raub et al., 1985). Enzymes 
related to sodium transport processes have 
also been localized to the areolar chorion 
(Firth et al., 1986a,b). 

Areolae are characteristic of epitheliochor
ial placentas and occur in large numbers over 
the entire surface of the placentas of pigs and 
horses (8000-9000 in pig, Amoroso, 1952). 
They are also common in the intercotyledon
ary areas of synepitheliochorial placentas 
(ruminants). In both groups large amounts of 
uterine gland secretion (also known as uter
ine milk) are produced and the areolae rep
resent a localization and concentration of the 
uptake function common to all chorions. 
Their prominence in epithelio- and synepi
theliochorial placentas may be correlated 
with the relative impermeability of such 
multilayer structures to non-diffusible sub
stances; they are much simpler and less fre
quent in paraplacental regions in the cat and 
dog (endotheliochorial) placentas. 

Chorionic vesicles 

These may be derivatives of the chorionic 
roof of an areola invaginated into the allan
toic sac (Figure 4.21). They range from ves-
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icles lined with well-preserved chorionic 
epithelium containing material identical to 
that present between the epithelia in an 
areola, to sacs with no discernible internal 
structure (Amoroso, 1952; Mossman, 1987). 
These possibly represent the initial and final 
stages of such structures. They occur in pla
centas with areolae but are so infrequent and 
sporadic in their distribution that it seems 
unlikely that they have any specific function 
other than removal of excess secretion from 
between the fetomaternal layers. This is cor
roborated by the observation that in the horse 
the remnants of the endometrial cup (see be
low) are removed from the uterine surface 
and stored in a very similar structure (Figure 
4.26b). 

Chorionic girdle and endometrial cups 

In equids before implantation, a girdle of bi
nucleate cells develops in the trophectoderm 
surrounding the conceptus (Figures 4.26 to 
4.30). These fetal cells migrate across the 
uterine epithelium to form a ring of solid 
structures in the uterine subepithelial con
nective tissue known as endometrial cups 
(Figures 4.26 and 4.32). These aggregates of 
fetal cells produce large amounts of equine 
chorionic gonadotrophin (eCG), previously 
known as pregnant mare serum gonado
trophin (PMSG), during the second quarter 
of pregnancy. The cells subsequently are 
killed by maternal leucocytes and the rem
nants are encapsulated by the chorion and 
invaginated into the allantoic cavity. This re
markable system (Figures 4.26a and b) is 
found only in the Equidae, but the binucleate 
nature, migration and hormone production 
of these cells are very reminiscent of the bi
nucleate cells in the ruminants. (For further 
details and references, see section 4.3.6a.) 

Yolk sac structures 

As discussed above, the yolk sac membranes 
display a wide range of structural organiz
ation throughout gestation in eutherian 
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mammals. In the present context it is the 
usually transient presence of the choriovitel
line placenta and the structure and position 
of the yolk sac at term which are used as 
diagnostic features. 

The choriovitelline placenta (vascularized 
trilaminar yolk sac apposed to uterine tissue) 
forms the definitive placental structure in 
metatheria (marsupials) and ,is temporarily 
present in some families of nearly all euther
ian orders whatever their eventual chorio
allantoic placental type. It is important at 
implantation in subsequently endothelio
chorial carnivores but much more transient in 
ungulates. In both, the vascularized yolk sac 
is soon separated from the chorion by 
expanding exocoelom, and by mid-gestation 
it is regressing in size. It soon becomes vesti
gial in ungulates but may retain some (un
known) function in carnivores and some bats 
(Figures 4.1 and 4.2). 

In the largely haemochorial rodents, insec
tivores and lagomorphs the choriovitelline 
placenta may be present during develop
ment, but these orders are characterized from 
an early stage until term by the presence of 
an inverted yolk sac placenta which may be 
complete or incomplete (Figure 4.3). The in
completely inverted type has many layers but 
is still reported to be active in absorption in 
some sciurid rodents (squirrels) (Mossman, 
1987). The completely inverted type has 
fewer layers and several studies have demon
strated its active role in macromolecular 
uptake including specific transport of 
immunoglobulins, in mouse, rat and guinea 
pig. Typically the relationship with the 
maternal tissues is far less intimate than in 
the choriovitelline placenta, the yolk sac tis
sue absorbing secretions like a fetal areolar 
epithelium by endocytosis from the uterine 
lumen (Bainter, 1986). 

Subplacenta 

Unique to hystricomorph rodents, a subpla
centa is found on the maternal side in the 

central area of the placenta (Davies et al., 
1961a,b) (Figure 4.6 and 4.72). 

It consists of trophoblast villi lacking a fetal 
blood supply which penetrate into the deci
dualised area of what becomes the placental 
stalk. The villi are covered by cytotrophoblast 
underlying a syncytial trophoblast layer of 
characteristic ultrastructure which prolifer
ates to form closed lacunae not perfused by 
maternal blood (Figures 4.6 and 4.7). 

This absence of circulating blood and the 
ultrastructure make the subplacental syncy
tium quite unlike that in the rest of the pla
centa. A secretory rather than absorptive 
function has been suggested (Davies et al., 
1961a,b). 

4.2.4 DEFINITIVE PLACENTATION 

The 'mature' or 'definitive' placenta may be 
characterized as the one whose structure 
shows no significant differences in number or 
type of layers between fetal and maternal 
blood when compared with the term pla
centa. If two types coexist (synepithelio
chorial and epitheliochorial in sheep; 
haemochorial and inverted yolk sac in 
rodents) then usually one of them has a con
siderably larger fetomaternal exchange area 
and is quoted as the definitive form. 

Often a functional yolk sac precedes the 
development of the chorioallantoic placenta. 
The growth of the fetus also has two phases: 
an initial implantation and differentiation of 
the organ systems and a subsequent expo
nential growth phase. A prerequisite for this 
rapid growth is a vast increase in the pla
cental capacity for nutritive and gas 
exchange. It is to meet this demand that the 
chorioallantoic placenta has attained its 
characteristic or definitive structure usually 
by the second half of pregnancy and fre
quently much earlier, but always by the time 
that the maximum rate of fetal growth occurs. 
Baur (1977) has shown for a variety of pla
cental structures that the absolute area of the 
fetomaternal junction increases continuously 
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Figure 4.6 Haemomonochorial guinea pig placenta. (a) Light micrograph of a transverse section through 
the whole placental disc illustrating the different regions of the placenta. B, subplacenta; D, decidua; L, 
labyrinth; 5, spongiotrophoblast; Y (inverted), yolk sac. (b) Electron micrograph showing the labyrinth 
structure. Note the variation in thickness (arrows) of the single syncytial trophectodermallayer. F, fetal 
capillary; M, maternal blood spaces. (a) 23 dpc, x 20. (b) 39 dpc, x 5200. 

throughout pregnancy although the area per 
unit weight of fetus usually decreases signifi
cantly just before term. This indicates that the 
existing area of the placenta needs to be used 
with ever-increasing efficiency, and in most 
placentas the layers between the fetal and 
maternal circulations do get progressively 
thinner, which would be one way of achiev-

ing this. The fetal and maternal capillaries 
approach more closely by indentation of the 
layers and may also increase in width and 
frequency. The type and number of layers 
remain, however, unchanged, the modifi
cation being merely a refinement of a pre
existing structure (Figure 4.25). 

It has been suggested that, ontogenetically, 
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Figure 4.7 Haemomonochorial guinea pig placenta. (a) The spongiotrophoblast fine structure is very 
similar to, and continuous with, the trophectodermal syncytium of the labyrinth. Note the large 
mitochondria (asterisks), vesicular rough endoplasmic reticulum (arrowheads) and Colgi body (arrow); 
M, maternal blood space. (b) The ultrastructure of the subplacental syncytium is markedly different from 
other placental syncytium. It has arrays of endoplasmic reticulum (E) and numerous characteristic small 
secretory granules (5) produced from the Colgi body (arrow). X, intrasyncytiallacuna which usually is 
edged with microvilli. (a) 39 dpc, x 13 400. (b) 39 dpc, x 14 000. 



haemochorial placentation is developed via 
epitheliochorial and endotheliochorial stages 
(Amoroso, 1952). However, this is only 
approximately true even at the invading front 
of the (usually syncytial) trophoblast because 
of the speed and lack of any synchrony in the 
development. There is no stage at which 
there is a significant area of (for instance) 
endotheliochorial placental structure in hu
man or rodent haemochorial development. 
Behind the invading 'front' the definitive 
placental structure is immediately established 
and apart from 'fine tuning' in respect of 
diffusion distances no change in basic or 
definitive structure subsequently occurs, 
merely an increase in area. This again empha
sizes that the different placental types are 
equally successful solutions to a particular 
cluster of environmental pressures. If one 
type of chorioallantoic placenta was more 
efficient, as the demands of the fetus 
increased it might be expected that this type 
would predominate since the placental area is 
growing continuously after establishment 
until term and thus is susceptible to continu
ous modification. 

The definitive placental structures may 
thus be defined as those found in the 
main placenta close to term. Accessory pla
cental structures should also be considered 
although they do not normally constitute a 
significant proportion of the total area. In the 
bovine cotyledonary placenta for example the 
intercotyledonary area represents less than 
2% of the total area available for exchange at 
term (Baur, 1972) but it may have an essential 
functional role. 

4.2.5 MATERNOFETAL EXCHANGE 

(a) Histotroph and haemotroph 

Conventionally there are two sources of fetal 
nutrition: histotroph, extracellular material 
including cellular debris secreted into the 
space between maternal and fetal surfaces in 
direct contact with the fetal trophectoderm, 
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and haemotroph, materials carried in the ma
ternal blood. 

Histotroph 

Since maternal blood can supply all of the 
needs of the mother and those fetuses with 
haemochorial placentation, the persistence of 
histotroph presumably reflects the inability of 
nonhaemochorial placentas to extract and 
transfer sufficient materials from maternal 
blood at a lower energy cost than absorbing a 
specific secretion. Phagocytosis of histotroph 
is considered to be a characteristic of 
both cellular and syncytial trophoblast. 
Uptake by this means is usually concentrated 
in specific regions such as areolae (pig, rumi
nants) or haemophagous zones (carnivores, 
sheep). 

Haemotroph 

Haemotrophic nutrients cross the interhae
mal barrier by three major mechanisms: dif
fusion, endocytosis and the carrier-based 
systems facilitated diffusion and active trans
port (for a good general review of transport 
mechanisms, see Schaerer et al., 1991). Small 
lipid-soluble molecules (such as oxygen, car
bon dioxide and urea) cross by diffusion, a 
process involving no specificity of transport 
and only occurring down a concentration 
gradient. There are other devices, such as the 
differential affinities of fetal and maternal 
haemoglobin for oxygen, which serve to max
imize the diffusion gradient. 

Although increasing numbers of reports 
are appearing categorizing regional structural 
differentiation of the placental membrane 
(Ludwig, 1968; Enders, 1982; P. Kaufmann 
1982), as yet only the simplest correlations 
of structure and function are possible. 
Reduction of the diffusion path length to 
facilitate respiratory exchange and modifi
cations of cell structure to enhance endocyto
tic absorption are the two most easily 
recognized systems. Respiratory specializ-
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ation manifests itself by attenuation of, and 
indentation by capillaries into, the respective 
fetal and maternal (if present) epithelia to 
bring both bloodstreams as close as possible. 
Absorptive specialization is recognized by 
membrane elaborations (microvilli, small 
folds), the presence of numerous coated pits, 
extensive apical tubulovesicular, endosomal 
and golgi systems plus a large lysosomal 
compartment. Tight junctions are also 
necessary in cellular epithelia to prevent 
passive return flow. Recent in vitro studies 
with tissue culture or isolated cells indicate 
that most fluid and macromolecular cellular 
uptake is via the coated vesicle system rather 
than macro or micropinocytosis (Rodewald 
and Kraehenbuhl, 1984; Willingham and 
Pastan, 1984). It occurs by non-specific fluid 
phase uptake (endocytosis) into the lumen of 
the coated vesicle and specific receptor
mediated binding by molecules in the same 
coated vesicle membrane. All material is then 
internalized via a receptosome/endosome 
compartment to the apical tubulovesicular 
system, which in some cells may be closely 
related to the Golgi body. Here it is sorted 
and dispatched either to lysosomes in coated 
vesicles for degradation, or to the basolateral 
cell membranes in smooth vesicles for release 
unchanged. The total fluid uptake can be 
enormous - up to the entire volume of a 
fibroblast or macrophage in 6-12 h (Steinman 
et al., 1983). The few placental systems inves
tigated so far with ultrastructural tracer 
techniques indicate the general validity of the 
model in this context (bat: Enders and 
Wimsatt, 1971; guinea pig: King and Enders, 
1971; Moxon et al., 1976; Kimberley and 
Thornburg, 1989). 

Hydrophilic solutes with a low per
meability coefficient in lipid membranes 
(such as glucose) are frequently transported 
by facilitated diffusion, that is by a process 
involving a membrane-bound carrier mol
ecule which displays a substrate specificity 
and can be saturated, but again only down a 

concentration gradient. Where energy is 
utilized to drive the process of facilitated 
diffusion against a concentration or charge 
gradient, the mechanism is named active 
transport; amino acids are transported in this 
way. Here the relevant carrier molecule is 
located in the plasmalemma and has a recep
tor and transfer function. Usually the import 
of one molecule such as an amino acid is 
coupled to the export of another (in this case 
sodium ions). The imported molecule then 
has to utilize a similar system to cross the 
basolateral plasmalemma before it can pass 
right across the epithelium. Breakdown prod
ucts from the lysosome may also cross lyso
somal and cellular membranes by carrier 
systems. There is no good ultrastructural evi
dence for release of lysosomal content by exo
cytosis. Morphological evidence for carrier
mediated transport can only be obtained if 
the carrier protein can be localized by histo
chemical or immunocytochemical methods. 
So far for the placenta this has been limited to 
broad categories of enzymes - acid or alkaline 
phosphatases for example - the precise roles 
of which are unknown. However, recent 
work on Na/K-ATPase (Skolek-Winnisch et 
al., 1985; Firth et al., 1986a,b) and the steroid 
interconversion enzymes (Farkash et al. 1986) 
does show the potential of the technique. 
Carrier-mediated transport will be enhanced 
by short diffusion path lengths between 
membranes given an equal number of mem
brane barriers to cross. Thus, the capillary 
indentation and attenuation of the fetomater
nal interface epithelia will facilitate this type 
of transport as well as respiratory exchange. 

The structural criteria described for the 
various fetomaternal transfer systems can be 
used to identify potential regional specializ
ations in many different types of placenta. 
Evidence that such areas function as pro
posed requires detailed tracer and physio
logical studies. 



(b) Transport processes: quantitative 
aspects 

Clearly all of the substances required for the 
growth and metabolism of the fetus, includ
ing water, oxygen, carbohydrates, amino 
acids, non-esterified fatty acids, metal ions 
and trace elements enter the fetal from the 
maternal circulation. Products of metabolism 
such as carbon dioxide and urea, as well 
as certain other compounds, flow in the 
opposite direction. Placental intervascular 
transport (either chorioallantoic or vitelline, 
or both) is the principal route of fetomaternal 
exchange. (See Morriss and Boyd, 1988, and 
Sibley and Boyd, 1988, for recent comprehen
sive reviews.) 

Some indication of the quantities of ma
terial transported can be obtained from the 
following: in the fetal lamb late in gestation 
7.8 g of carbon/day per kg fetal weight enters 
the fetal circulation, of which 4.6 g/day per 
kg is returned as carbon dioxide and urea 
(Battaglia and Meschia, 1978). Estimates of 
amino acid uptake made in fetal lambs be
tween 118 and 146 days' gestation show that 
approximately 11 g of amino acids enters the 
fetal circulation per kg fetal weight per day, 
of which approximately 4.5 g is accumulated 
as new tissue (Lemons et al., 1976; Battaglia 
and Meschia, 1978). Oxygen consumption by 
the sheep fetus between 80 days' gestation 
and term is approximately 8 ml oxygen STP/ 
min per kg fetal weight; the quantity of sub
strate oxidized by this oxygen (caloric equiv
alent) is 58 kcal/daylkg, and at 130 days' 
gestation an additional 32 kcal/daylkg is 
accumulated as new tissue (Rattray et al., 
1974; Battaglia and Meschia, 1978). The mean 
growth rate of lambs at 130 days' gestation is 
36 g/daylkg (Rattray et al., 1974). A.W. Bell 
(1991) provides an excellent review of the 
maternal metabolic adaptations to the 
demands of pregnancy and quantitative 
aspects of transport to and metabolism in the 
developing conceptus. 

Rates at which substances enter the fetal 

General cluzracteristics and definitions 255 

circulation are most frequently estimated 
from direct measurements of umbilical arter
ial and venous concentrations (venoarterial 
differences) multiplied by umbilical blood 
flow (the Fick principle), and unless other
wise indicated the data described here were 
obtained in this way, usually in late ges
tation. However, this technique cannot be 
applied to solutes for which placental uptake 
or clearance represents only a small pro
portion of umbilical concentration, because of 
the difficulty of measuring small differences 
in concentrations between the two vessels, 
and it is difficult to apply in small animals 
because of the size of the vessels; in these 
cases only a more indirect estimate of transfer 
rates can be obtained from measurements of 
the differences in concentration of radioacti
vely labelled solutes introduced into the ma
ternal or fetal circulations. Reliable data can 
only be obtained in chronically catheterized 
animals which have been allowed sufficient 
time to stabilize following surgery. Data for 
the human fetus are predictably scarce, 
although umbilical arteriovenous concen
tration differences can be obtained at 
Caesarean section. Methods used have been 
reviewed in detail in Nathanielsz (1980), 
Battaglia and Meschia (1986) and Molina et al. 
(1991). 

Oxygen, carbon dioxide and urea cross the 
placenta, as they do other epithelia, by dif
fusion. The rates of gaseous diffusion across 
the placenta depend on the diffusion distance 
and are independent of the number of tissue 
layers involved. It must be remembered that 
the placenta itself consumes up to 40% of the 
total oxygen uptake by the uterus in late 
pregnancy (see discussion in A.W. Bell 1991). 
Fetal oxygen consumption does not appear to 
be limited by the rate at which it diffuses 
across the placenta since acidbase balance 
studies show that under normal conditions 
there is no metabolic acidosis in the fetus of 
the sheep, calf, horse or man; furthermore 
raising fetal P02 by transiently administering 
100% oxygen to the mother does not alter 
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fetal oxygen consumption (see Battaglia and 
Meschia, 1978). 

However, this leaves unexplained the re
sults in the horse, which seem exceptional in 
this respect (Silver et al., 1973; Silver and 
Steven, 1975); differences between the oxy
gen tensions in umbilical venous and uterine 
venous blood (Table 4.1) show that transfer 
in the mare is clearly more efficient than that 
in sheep (Wilkening and Meschia, 1992). 

Uptake of oxygen by uterine tissues, or by 
the interhaemal tissues constituting the bar
rier between maternal and fetal blood, is a 
minor factor contributing to this difference; 
the major factor has been suggested to be the 
countercurrent relationship between fetal 
and maternal microcirculations in the micro
cotyledons in the mare compared with the 
less efficient cross-current flow in the sheep 
(Figures 4.8 and 4.9). This is dealt with in 
more detail in section 4.2.5(c). 

Glucose is the most important single 
source of fetal energy (Molina et al., 1991). 
It is transported by facilitated diffusion 
(sheep, guinea pig, Folkart et al., 1960; 
Bissonnette, 1981; man, Carstensen et al., 
1977; Ingermann, 1987). This is shown by the 
dependence of the transfer on fetal and ma
ternal glucose concentrations, which are in 
turn controlled principally by glucose inges
tion and circulating insulin levels. Injection of 
insulin into the fetus decreases fetal blood 
glucose concentration by increasing utilisa
tion and increases the flux from the mother. 
Maternal starvation reduces the flux and 
lowers fetal insulin (Boyd et al., 1973). 
However, fetal oxygen consumption does not 
drop as much on maternal starvation as 
would be predicted, on the basis of reduced 
glucose transport, indicating an alternative 
fetal energy source, probably lactate and 
amino acids. Lactate, which is produced in 
the placenta (Burd et al., 1975), is transported 
from mother to fetus by facilitated diffusion 
but its use has attendant dangers since a high 
circulating level can damage the fetal brain. A 
lack of glucokinase in most fetal livers 

ensures that glucose is delivered preferen
tially to the brain and nervous system. The 
fetal liver can efficiently utilize a variety of 
other substrates including lactate and galac
tose (Sparks et al., 1976) but fructose is not 
metabolized despite its rapid synthesis in and 
transfer from the placenta and its high con
centration in the fetuses of several species 
(Tsoulos et al., 1971). 

There are only limited differences between 
placentas of different structures in the charac
teristics of amino acid transport. Concentra
tions of amino acids in the fetal circulation are 
in general higher than those in maternal 
blood and this, together with a good deal of 
other evidence, indicates that most amino 
acids are transported across the placenta by 
active transport (Battaglia and Meschia, 1978; 
Young, 1981, 1988; Battaglia, 1992). The 
transport process involves the accumulation 
of amino acids to high levels in placental 
tissue, from where they diffuse into the fetal 
circulation; in addition there is some pla
cental amino acid metabolism. Since they 
have different carriers, groups of amino acids 
differ in the rates at which they are trans
ported: branched-chain amino acids such as 
valine, leucine and isoleucine are readily 
transferred from mother to fetus in the 
sheep, guinea pig and monkey, but basic 
amino acids cross relatively slowly in the 
sheep (see Young, 1981, 1988; Edwards et al., 
1993). Acidic amino acids such as aspartate 
and glutamate do not cross the placenta 
readily, in keeping with their behaviour in 
other transport systems such as those of the 
small intestine and blood-brain barrier. On 
infusion of 14C-labelled aspartate and gluta
mate into the pregnant rhesus monkey, 
Stegink et al. (1975, 1979) observed labelled 
catabolic products such as glucose and lactate 
in fetal blood, but none of the parent com
pounds. The fetus is, in fact, capable of the 
synthesis of these amino acids, and there is a 
concentration gradient for glutamate across 
the placenta from fetus to mother, indicating 
that glutamate may be secreted by the fetus; 



in the fetal lamb this flux may reach 5 mmol! 
day per kg of fetus (Lemons et al., 1976). The 
glutamate is produced by glucose/lactate ca
tabolism in fetal liver and converted to gluta
mine in the placenta. This utilizes the 
considerable ammonia production by the pla
centa, which has low urea cycle activity. The 
newly synthesized glutamine is then passed 
back to the fetus for use in protein synthesis 
(A.W. Bell, 1991). 

Estimates of amino acid uptake made by 
measuring the nitrogen content of the fetus at 
various stages of gestation indicate that the 
fetal lamb accumulates approximately 0.65 g 
of nitrogen/kg/day (Battaglia and Meschia, 
1973); estimates of amino acid uptake based 
on umbilical concentration differences in the 
same species are of the order of 1.5 g of 
nitrogen/kg/day (Lemons et al., 1976). The 
disparity can be accounted for by deposition 
and metabolism in the placenta and nitrogen 
loss as urea from the fetus and placenta. 
Arteriovenous concentration differences for 
urea are too small to allow a comparable cal
culation, but infusion of labelled urea has 
shown the mean placental clearance rate to 
be 0.36 g of nitrogen/kg/day (Gresham et al., 
1972). This is consistent with the high fetal to 
maternal concentration gradient for urea 
across the placenta observed in a number of 
species, including man and sheep (see 
Battaglia and Meschia, 1978), and it is 
thought that almost half of the amino acids 
transferred are oxidised by the fetus with 
production of urea. 

There are considerable species differences 
with respect to placental transfer of fatty 
acids. In ruminants, the placenta is relatively 
impermeable to long-chain fatty acids (Van 
Duyne et al., 1960); although there may be 
uptake of acetate by the fetus (Comline and 
Silver, 1976), fetal circulating concentrations 
of fatty acids are low, and fat represents only 
a small proportion of fetal body weight at 
term (Rattray et al., 1974). A.W. Bell (1991) 
provides an excellent review of the maternal 
metabolic adaptations to the demands of 
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pregnancy and quantitative aspects of trans
port to, and metabolism in, the developing 
conceptus. However, some fatty acids do 
enter the fetal circulation from the mother, 
for example, essential fatty acids such as lino
lenic and linoleic acids. These are substrates 
for synthesis of prostaglandins, leukotrienes 
and thromboxanes, which are obligatory 
requirements for the fetus, and they are 
taken up via the placenta in all species. In 
contrast to the ruminants, fatty acid transport 
is much more rapid in some other species 
(mare, guinea pig, rabbit, rat, rhesus monkey 
and man, for example) and circulating levels 
of fatty acids are higher; in the rabbit fetal 
fatty acid uptake is so avid that starvation, 
which leads to an increase in maternal circu
lating non-esterified fatty acid level, results in 
increased fatty acid deposition in the fetuses 
(Edson et al., 1975; Elphick et al., 1979). 

Most ions (sodium, potassium, calcium, 
chloride, phosphate, etc.) are transported 
across placentas by carrier-mediated pro
cesses at each membrane barrier, although 
paracellular routes ('pores') allowing passive 
diffusion are also considered probable, for 
example for sodium and potassium (Sibley 
and Boyd, 1988; Edwards et al., 1993). 
However, it should be remembered that such 
'pores' are merely postulates to explain 
physiological results (for a recent review, see 
Stulc, 1989): they have no convincing ultra
structural correlates in the fetal and maternal 
placental compartments. Each placenta relies 
on a variety of 'pores', carriers and cytoplas
mic binding proteins, but the localization and 
quantitative efficiency of each system is not 
yet known in any detail (reviews: Shennan 
and Boyd, 1987; Brunette, 1988; Morriss and 
Boyd, 1988; Sibley and Boyd, 1988). Large 
molecules, for example proteins and vitamin 
B12 bound to a carrier protein, are taken into 
the cell by pinocytosis, but this process is by 
no means non-selective, since the trophoblast 
membranes express on their surface specific 
receptors. These are involved in recognition 
and uptake of the proteins and loaded carrier 
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Solute exchange between tubes 
Countercurrent 

-~-o II 100 
o -----I~~ 10Q 

Theoretically 100% transfer is possible if 'd' is long 
enough, the tubes are close enough with thin enough 

walls, and the flow is slow enough 

Concurrent 

100-----I.~50 
o • 50 

Maximum transfer 50% 

Cross-current 

o t 100 t . >50 

100 ; 100' 
Transfer efficiency depends on numbers of tubes crossing 

In vivo in most placentas the gross flow is countercurrent 
but at the capillary or microflow level the tubes are 

never found to be arranged in parallel 

"--.<{:=-=~~~?1---. 
'::--- ---~ 

but in apposed, usually random, networks: 

~----

resulting in a mixture of counter- and bross-current 
flows. It is not known whether there are significant 

differences between network patterns in the different 
placental types. Modifying the initial convention 

Network current 

11*· 
seems best to fit the available evidence as a 

general description of placental microflow of blood 

Figure 4.8 Theoretical considerations of solute 
exchange between capillaries. 

tJ lJ Fetal capillaries 

~~~ Initial apposition 

'«I~~r Maternal capillaries 

SCHEMATIC T.S. VILLI 

$. ,Fetal 

~ Capillaries countercurrent? Random arrangement of 
Pig supply arterioles _,1. 

Countercurrent? 
Horse 

~
. .. .. . .. . . . .. 

Organized arrangement of 
arterioles in microcotyledon 

,~jm~,w ~ '~~T~~//7)$ ~ 

• I 
I 

l 
r'-
'~-
'-_ .. 

Cross-current? 
Sheep, Cow 

Complex organization 
in cotyledon 

\/{~ 
Stem ~ 
artery ~ 

Cross-current? 
Lamellar organization 

in zonary placenta 
Dog, Cat 

Figure 4.9 Schematic illustration of the relation
ship between the direction of capillary blood flows 
in the fetal and maternal placental circulations in 
various animals. See also Figures 4.8, 4.72 and 
4.88. 

proteins. The discussion is complicated by 
the fact that the transport of these molecules 
is not limited to one mechanism or to a single 
component of the placenta; the transport of 
large molecules can occur via the phagocyto
sis of uterine secretions (histotroph; see 
below), or of extravasated maternal blood by 
the trophoblast in a haemophagous zone of 
the placenta, or via the vitelline placenta (if 
present) and/or via the chorioallantoic pla
centa. The proportion of solutes transported 



by each of these routes varies according to 
the type of placentation employed. 

The principal evidence for pinocytotic up
take and microvesicular transfer of intact 
specific proteins across the placenta comes 
from studies with the electron microscope of 
the transfer of substances such as ferritin and 
peroxidase, and these studies emphasize the 
importance of the yolk sac (vitelline) pla
centa, particularly in the guinea pig and rab
bit and to a lesser extent in rodents (Bainter, 
1986). In primates this process occurs at the 
chorioallantoic placenta, and in animals with 
epitheliochorial placentas in the areolae. 
Other evidence for this form of transport 
comes from studies on the uptake of 
fluorescein-labelled immunoglobulin anti
body proteins by the rabbit yolk sac in vivo. 
Labelled rabbit IgG introduced into the uter
ine lumen in 24-day pregnant rabbits was 
transferred across the endodermal cells of the 
inverted yolk sac placenta to the fetal circu
lation, but bovine IgG was degraded to 
amino acids and did not enter the fetal com
partment (Hemmings, 1957). This is now 
known to be due to the existence of two 
routes for protein uptake (Bainter, 1986). 
Rabbit IgG is bound to specific receptors in 
the endocytotic (coated) vesicle membrane 
while bovine IgG is taken into the cell nonse
lectively in the fluid bulk phase within the 
vesicle. Proteins recognized by receptors are 
destined for transport to specific sites - the 
basolateral plasmalemma for transcellular 
transport or the Golgi body for modification; 
bulk phase proteins are transferred to the 
lysosomal system for breakdown. Brambell's 
(1966, 1970) suggestion that lysosomes are 
involved in selective transport of immuno
globulins has now been superseded. 

Transport of specific immunoglobulins has 
been demonstrated in the rabbit (Moxon et 
al., 1976; Wild, 1981) and guinea pig (B.F. 
King, 1977) inverted yolk sac placentas and in 
the primate chorioallantoic haemochorial 
placenta (Bainter, 1986; Leach et al., 1990; 
Sooranna and Contractor, 1991). No such 
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selective transport of immunoglobulins has 
been detected across ungulate (pig, Matre et 
al., 1975) placentas where maternal protective 
immunoglobulin antibodies are transferred 
post-natally in the milk. There are reports of 
immunoglobulin transfer prenatally in carni
vores (Bainter, 1986) but the site and mechan
ism of transport are unknown. 

From the discussion above it can be seen 
that the rate of placental transport of nutri
ents to the fetus can be influenced by many 
factors; inadequacies result in failure of nor
mal fetal growth (fetal growth retardation). 
Of most importance in relation to fetal 
growth retardation are the concentrations of 
nutrients in the maternal circulation and the 
transfer ability of the placenta. For those sub
stances crossing the placenta by facilitated 
diffusion down a concentration gradient 
there will clearly be no transport if the gradi
ent is not maintained; thus undernourished 
mothers provide insufficient glucose to their 
fetuses. The insufficiency is exacerbated by 
the competition for use of glucose by the 
undernourished mother and the placenta, 
when it does become available. Under these 
conditions active transport in the placenta is 
also reduced, as it receives less substrate for 
oxidative metabolism. Similar constraints on 
fetal well-being are caused by placental dis
ease, such as pregnancy toxaemia, probably 
due to reduced effective placental surface 
area. The relationship between placental size 
and fetal mass is fairly direct and has been 
studied in sheep with reduced cotyledon 
numbers following uterine carunclectomy 
(Alexander, 1964; Robinson et al., 1979). For a 
review of the gross macroscopic relationships 
between placental size and fetal mass see 
A.W. Bell (1984). The ways in which the fetus 
uses endocrine mechanisms to alter maternal 
circulating levels of nutrients is dealt with 
below under the endocrinology of placenta
tion. 
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(c) Vascular relationships 

General considerations 

There are two placental circulations, maternal 
and fetal, which are separated from each 
other by one or more layers of placental tis
sue. The maternal vessels in the placenta 
arise from the uterine vasculature, and are 
closely related to those vascularizing the rest 
of the uterus and the ovary; in some primate 
species, during late pregnancy, ovarian arter
ial blood may also reach the placenta via uter
oovarian arterial anastomoses (Wehrenberg 
et al., 1977). As a result it is not possible to 
isolate major arteries supplying only the 
placenta; this can readily be demonstrated by 
infusing X-ray opaque material into the uter
ine artery in vivo, when both myometrial and 
placental circulations fill with tracer concur
rently. The fetal side of the chorioallantoic 
placenta, on the other hand, receives all the 
blood entering it through the umbilical 
arteries, and is drained exclusively by the 
umbilical veins. Thus, although direct 
measurements of blood flow in the umbilical 
vessels give an accurate indication of blood 
flow in the placenta and fetal membranes, 
measurements of uterine arterial blood flow 
always include uterine and placental com
ponents. The magnitude of these flows can 
be judged from Table 4.1. For reviews see 
Dawes (1968), Rankin and McLaughlin 
(1979), Wallenberg (1981), Martin (1981), 
Silver et al., (1982), Battaglia and Meschia 
(1986) and Mossman (1987). 

The first measurements of maternal uterine 
blood flow were made in the 1930s by collect
ing venous outflow in rabbits (Barcroft, 1933); 
nowadays uterine arterial blood flow can be 
determined directly with cuff electromagnetic 
or ultrasonic flowmeters which, once im
planted, can be used to record flows over 
long periods in conscious animals. Alterna
tively, acute experiments can be carried out 
using labelled microspheres to determine 
flows to individual tissues at the time the 

animal is killed. Measurements of umbilical 
blood flow are most frequently made using 
flowmeters. 

For substances diffusing across the pla
cental barrier, such as blood gases, factors 
influencing transfer rates include the spatial 
relationships between maternal and fetal 
blood capillaries; the fetal villous exchange 
area; concentration gradients across the areas 
of exchange; blood flow rates on either side of 
the barrier; the distance the gases have to 
diffuse between blood systems; and the rate 
of gas utilization or production by the pla
centa itself. 

Probably the most important factors gov
erning placental gaseous exchange are the 
vascular architecture, which determines the 
directions of the maternal and fetal blood 
flows, and the distance separating those 
flows. There appear to be at least four theor
etical types of flow relationships: con-, cross
and countercurrent and mixtures of some or 
all of these together (Martin, 1981) (Figure 
4.8). Of these, the countercurrent system is 
expected to be most efficient because blood 
leaving the exchange area on one side will 
tend to equilibrate with that entering it on the 
other, and a maximum solute transfer of 
100% is theoretically possible. For concurrent 
flow such equilibration can only result in a 
maximum solute transfer of 50%. 

It must be remembered that there are two 
levels to be considered, gross flow and what 
may be termed microflow. Gross flow is the 
overall direction which in all placentas so far 
investigated, with the possible exception of 
Old World monkeys and anthropoids, 
appears to be countercurrent. Fetal stem 
arteries run directly to the maternal side and 
maternal arteries to the fetal side before 
dividing up into capillaries which conduct 
the blood back to the veins. The microflow is 
at capillary level, and this is where the hae
motrophic exchange takes place, most effici
ently with the least practicable separation 
between the flows. 

In all cases so far examined in sufficient 



detail, the architecture of both fetal and 
maternal capillaries or blood spaces is a 
network, sometimes but not always with a 
predominant direction (Figure 4.8). There 
is no evidence for significant lengths of 
parallel apposed tubes of the networks 
which would allow sufficient equilibration 
of, for example, oxygen concentration as 
usually figured in model systems (Moll, 1972; 
Martin, 1981). It may be more realistic to 
consider that all placental capillary exchange 
takes place between microflows in networks 
which vary continuously between cross-, 
counter- and even concurrent and are best 
described as 'network current' (Figures 4.8 
and 4.88). 

The vascular morphology of the placental 
exchange region may be investigated histolo
gically or by injection and subsequent hard
ening of plastic or latex followed by removal 
of the soft tissues and light (Figure 4.23) 
or scanning electron microscopic (SEM) 
(Figure 4.24) examination of the resulting 
'corrosion casts'. Injection of visually detect
able or X radio-opaque dyes (angiography) is 
also useful, but the latter technique is of no 
value at the microflow level at which 
exchange occurs. Of prime importance to the 
nature of the relationship between the gross 
flows of maternal and fetal blood are the 
positions of the arteries and veins supplying 
and draining the primary villi, and this can be 
determined by the methods described above. 
SEM studies of corrosion casts give exquisite 
detail of either maternal or fetal plumbing 
(Figures 4.40 and 4.47) but it is very difficult 
to elucidate the intimate relationship be
tween them, since it is not yet possible to 
distinguish fetal from maternal capillaries un
equivocally on the same preparation. 

As more SEM microcorrosion cast studies 
are published (e.g. Leiser and Kohler 1983, 
1984; Burton, 1987; Leiser, 1987; Christoffer
son and Nillson, 1988; Leiser and Dantzer, 
1988; Ogura et al., 1991), it becomes increas
ingly obvious that a placenta consists essen
tially of two bloodstreams separated by a 
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minimum of tissue. Most conventional EM 
and LM sections overemphasize the tissue 
component. Better perfusion fixation shows 
that probably more than 50% of the in vivo 
placental volume is occupied by blood 
channels (Figure 4.44), a figure supported 
by measurements of the total blood 
volume using tracers in placentas clamped 
in vivo. 

The progression (in morphological but not 
necessarily evolutionary terms) from epi
theliochorial to haemochorial placentation 
occurs with increasing loss of uterine tissue, 
with important consequences for vascular 
organization (Figure 4.9). Epitheliochorial 
placentas are formed by a mutual growth of 
short fetal and maternal villi to form a struc
ture consisting principally of two complex 
and extensive capillary beds. Synepithelio
chorial and endotheliochorial placentas de
velop similarly but have much longer villi 
with great modification or elimination of the 
uterine epithelium. The maternal connective 
tissue remains an important constituent of 
maternal placental structure. Haemochorial 
placentas have no residual uterine epithelium 
blood capillaries or connective tissue, but 
need to deliver maternal blood up to the fetal 
side of the placenta from where it drains back 
through entirely fetal tissue. To accomplish 
this the main maternal arteries persist, 
usually passing through the full depth of the 
fetal villi or labyrinth (Figure 4.9). The endo
thelium of such arteries is usually replaced by 
invading fetal trophectoderm early in ges
tation, but the initial maternal blood conduits 
are retained and even greatly enlarged 
throughout pregnancy (Figure 4.72). The 
only exceptions to this are the Old World 
monkeys and anthropoids (section 4.3.6d 
and Figure 4.88). Thus, in late pregnancy 
there is virtually no maternal tissue left in a 
haemochorial placenta above the decidual 
layer or myometrium. 
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Different placental types 

The following descriptions of placental vas
cular anatomy will be limited to the mature 
placentas of late pregnancy. It should be 
noted that placental vasculature develops 
throughout gestation as the fetal nutrient and 
blood gas requirements increase, and that 
total placental blood flows and chorionic vil
lous areas increase with increasing fetal mass 
(Baur, 1977). In the pig's definitive placenta 
blunt fetal villi (length 150 f.Lm, width 30 f.Lm, 
Tsutsumi, 1962; Crombie, 1972) are inserted 
into maternal crypts. Each fetal villus has a 
peripheral meshwork of non-fenestrated 
capillaries usually supplied by an arteriole 
running up one side to the top of the villus 
before branching significantly into capillaries 
draining down to the base. The maternal 
crypts have a very similar arrangement, but 
of fenestrated capillaries, with arterial supply 
to the top and draining around the base (Fig
ures 4.9, 4.23 and 4.24). The predominant 
capillary flow is therefore down both fetal 
villous and maternal crypt, in opposite direc
tions. As can be seen from the diagram (Fig
ure 4.9), this produces a gross countercurrent 
flow between the capillaries, which indent 
their epithelia deeply (Goldstein, 1926; 
Steven, 1983; Figures 4.22 and 4.25) and are 
presumably the main site of haemotrophic 
fetomaternal exchange. The corrosion cast 
evidence (Tsutsumi, 1962; MacDonald, 1975, 
1981; Leiser and Dantzer, 1988) indicates that 
the microflow is between two capillary 
networks with no predominant direction. 
Microflow is therefore the mixture of cross 
and countercurrent, here called network flow 
(Figure 4.8). 

In contrast to the pig, the vascular struc
ture of the diffuse epitheliochorial placenta of 
the horse is more complex (Tsutsumi, 1962; 
Silver and Steven, 1975; Steven and Samuel, 
1975) because of the formation of longer fetal 
villi and their organization into microcotyle
dons. These appear to arise by villous growth 
between the pre-existing pattern of endome-

trial arteries. In these fetal villi, fetal arterioles 
run centrally to the tips before branching into 
a peripheral capillary network 75-125 f.Lm in 
length (Tsutsumi, 1962), which carries blood 
back to veins at the base. The capillary blood 
therefore flows from the tips to the bases of 
the villi. Maternal blood, entering each mic
rocotyledon (section 4.3.6a) over the rim of 
the cup-like structure, flows into a capillary 
network vascularizing maternal septa which 
have their tips between the bases of the chori
onic villi. The flow is from the tip to the base 
of the septa; venous blood is collected in 
veins running round the base of the microco
tyledon. In this species, therefore, there are 
clear morphological grounds for considering 
the gross blood flow to be countercurrent 
(Tsutsumi, 1962), but the microflow seems to 
be the cross and countercurrent system 
characteristic of apposed networks (Tsut
sumi, 1962). 

In the ruminants the sheep and goat have 
10- to 100-fold longer villi forming much 
larger cotyledons than in the horse. Both ma
ternal septa and fetal stem villi have central 
supply arteries which give off some branches 
as they run in opposite directions to their 
tips. Fetal and maternal blood passes back via 
capillary meshworks about 250 f.Lm long in 
grossly countercurrent flow (Tsutsumi, 1962; 
Steven, 1966; Makowski, 1968). 

The microflow arrangement has been con
troversial. It was initially suggested to be 
countercurrent (Barcroft and Barron, 1946) 
but reports of axial venules in the fetal ter
minal villi and maternal septa indicated that a 
crosscurrent system was equally likely 
(Figure 4.9; Tsutsumi, 1962; Steven, 1966; 
Makowski, 1968). A recent corrosion cast 
study of the goat placental vasculature has 
clearly demonstrated that the maternal and 
fetal capillaries are arranged in mixed cross 
and countercurrent microflow systems, 
network flow again (Figure 4.48; Leiser, 
1987). A functional test has been applied by 
Metcalfe et al. (1965), who reversed the direc
tion of flow on the fetal side of the placenta, 



and found no major change in the rate of 
exchange of nitrous oxide from fetal to ma
ternal blood; they concluded therefore that 
the flow must be cross-current. However, it is 
possible that flow reversal damaged the vas
cular beds, leading to altered transfer of the 
gas: a higher perfusion pressure was required 
to reach normal flow rates, when flow was 
reversed, and returning flow direction to nor
mal did not restore normal vascular resist
ance. Measurements of transport using the 
non-metabolizable, freely diffusing sub
stance, antipyrine, in chronically catheterized 
preparations have confirmed that the re
lationship is not exclusively countercurrent 
(see Battaglia and Meschia, 1986; Wilkening 
and Meschia, 1992). 

The placenta of the cow is, in many re
spects, similar to that of the sheep (Tsutsumi, 
1962) except that the placentomes are convex 
instead of concave, because of the greater 
complexity of the branching of terminal fetal 
villi. Convex placentomes are in fact some
times found in sheep, particularly in late ges
tation; their formation can be induced by 
maintaining pregnancy in ovariectomized 
animals with administered progestagens 
(Alexander and Williams, 1966, 1968; Ricketts 
and Flint, 1980). It is not known, however, 
when the change from concave to convex 
placentomes occurs or what controls it. As in 
the ovine placenta fetal villi are vascularized 
by central arterioles running to their tips, 
branching to form many small lateral capil
lary beds, length 150-300 /-Lm (Tsutsumi, 
1962), which are drained by central venules. 
In cross-section these branches, which are 
longer and more prominent than those in 
sheep, resemble the arms of a starfish (Fig
ures 4.9 and 4.49; Tsutsumi, 1962). The 
peripheral capillary bed in the maternal villi 
is supplied with blood from central arterioles 
and drained into venules at either the base of 
the villus or its centre. The relationship be
tween maternal and fetal blood flows in the 
cow is therefore similar to that in the sheep 
and goat, with the exception that some ma-
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ternal blood drains via central venules, 
whereas in the sheep the maternal capillary 
cascade (Silver and Steven, 1975) is said to be 
the only continuous channel back to the basal 
veins. 

A detailed study of the endotheliochorial 
labyrinthine zonary placenta of the cat (Leiser 
and Kohler, 1983,1984) using scanning elec
tron microscopy of corrosion casts shows that 
the fetal and maternal arterial systems deliver 
blood to opposite sides of the placenta before 
it drains back in what seems to be a grossly 
countercurrent arrangement. However, it is 
claimed that the capillary dispositions at the 
microflow level show that capillaries carry 
blood not in a direction opposite to maternal 
flow, but across it (Figures 4.9,4.66 and 4.67). 
If this can be substantiated this labyrinthine 
placenta would have blood microflows which 
are principally cross-current (Leiser and 
Kohler, 1984). 

Vascularization of the haemodichorial rab
bit placenta has been studied by dye dilution 
and angiography by Mossman (1926) and 
Carter et al. (1971), and has been reviewed by 
Carter (1975). The labyrinth (or zona intima) 
of the mature placenta is composed of a 
meshwork of trophoblastic tubules per
meated by maternal blood. Fetal arteries 
penetrate directly to the maternal limit of this 
fetal tissue labyrinth before breaking up into 
capillaries which lead blood back towards the 
fetal side of the placenta to the fetal veins 
(Figure 4.72). Maternal spiral arteries pass 
through narrow sphincter-like regions in the 
myometrium before dilating to form: large 
arterial sinuses located in the decidua; blood 
flows from these via four or five wide arteries 
to the fetal side of the labyrinth before drain
ing back towards the decidua through the 
trophoblastic tubules of the placental laby
rinth. From the tubules maternal blood enters 
large venous sinuses in the decidua which 
subsequently drain into the uterine veins. 
Countercurrent (gross) flow of maternal and 
fetal blood results from the fact that both 
arterial flows pass directly to the furthest 
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opposite sides of the labyrinth before drain
ing back through the exchange area. As far as 
the maternal vasculature is concerned, this 
arrangement is consistent with the results of 
angiography (Carter et al. 1971). The maternal 
arterial sphincters are thought to represent 
the point just above which placental separ
ation occurs at parturition, their purpose 
being to reduce maternal blood loss. 

In the haemomonochorial villous placentas 
of man and Old World monkeys, as in the 
synepithelio- or endotheliochorial systems, 
the fetal arteries run to the tips of the fetal 
villi, here anchored in the maternal decidua, 
before draining back through a capillary 
network. However, unlike all the other pla
cental arrangements, there are in man no 
channels to carry the maternal blood to the 
fetal surface, the maternal spiral arteries end 
abruptly at the maternal surface (Figure 4.88). 
A plausible explanation of how such a system 
works is as follows. The fetal villi are organ
ized into groups called lobules or cotyledons, 
each of which has a hollow centre where villi 
are less densely packed. The lobules are situ
ated over the openings of the maternal spiral 
arteries, which deliver blood into the hollow 
centre; in order to leave the intralobular 
spaces the blood flows radially over the villi 
into spaces between lobules (Wigglesworth, 
1969). From these spaces venous blood leaves 
the placenta through venous openings in the 
decidual plate and interlobular septa (Figure 
4.88). By angiography, puffs of maternal 
blood can be seen entering the intervillous 
space from the spiral arteries (Ramsey, 1967); 
pressure of blood may lead to a hollow
centred lobule by pushing villi outwards. 
Growth of the villi is thought to occur from 
the centre of the lobule towards the periph
ery, in the direction of blood flow; the most 
peripheral villi are reported to be more highly 
differentiated (Schuhmann, 1982). Solutes 
are removed from the maternal blood as it 
passes from the spiral arteries to the endome
trial veins, thereby establishing a concen
tration gradient from the point of entry into 

the lobule to the exit. The diffusion barrier 
thickness of the human vasculosyncytial 
membrane does appear to be significantly 
reduced in regions where solute concen
trations would be predicted to be lowest 
(Critchley and Burton, 1987; Burton and 
Tham, 1992). Arteriovenous shunting and 
blood stasis in the intervillous space are pre
vented by the velocity and momentum with 
which maternal blood enters this space and 
the villus architecture, which ensures mixing 
of highly oxygenated blood with that already 
present (Ramsey and Donner, 1980). 

It has been suggested that the human pla
cental villi represent a mop passively sus
pended in a bucket, but this does not explain 
the movement of maternal blood around the 
fetal villi in each lobule. It would be more 
realistic to imagine a brief separation to capil
lary dimension of the villi caused by each 
spurt of maternal blood, followed by closure 
of the intervillus 'capillary' spaces as the 
pressure drops - rather like water flow 
through fish gills. This system would prevent 
significant backflow towards the arterial 
orifices. 

The structure of the fetal vessels in each 
villus is such that the terminal villi which 
protrude from the intermediate villi at ran
dom are vascularized by a network of periph
erally located anastomosing capillaries 
arising from the central primary arteriole and 
draining into the central primary vein 
(Habashi et al. 1983). There is no evidence 
that the capillaries in the terminal villi have 
any consistent spatial relationship to the 
mean direction of blood flow in the intervil
lous space, so the maternal and fetal blood 
microflows presumably have a mixed or ran
dom directional relationship to one another 
(Figure 4.88). 

Placental vascular architecture and placental 
function 

Various functional parameters measured in 
different types of term placenta are summar-



ized in Table 4.1, in which placentas are 
arranged in order of the number of tissue 
layers separating maternal and fetal blood. 
Correlation of structure and function in the 
different placental morphological types 
should be simplest with diffusible gases and 
solutes where, given similar concentration 
gradients, the rate of transfer depends 
directly on the interhaemal diffusion distance 
and the area of the exchange surface. 

The permeability of a placenta to blood 
gases can be determined directly by 
measuring the transfer of non-metabolizable 
carbon monoxide or estimated from morpho
logical measurements (Mayhew et al., 1984). 
The results show that the rate of fetal oxygen 
utilization is never limited by the oxygen 
diffusion capacity of the normal placenta. 
The range of values found in different species 
(7-45 mlIminlmmHg per kg of placenta) bears 
no simple relationship to the range of pla
cental interhaemal structure. One problem 
here is that it is very difficult to determine the 
average interhaemal distance since the de
gree of indentation of fetal (or maternal if 
present) layers by the capillaries varies con
siderably both within the same placenta 
(Figures 4.25 and 4.44) and between placen
tas of different species. This indentation 
means that the minimum interhaemal dis
tance in the epitheliochorial six-layered pig 
placenta may be very similar to that in the 
human haemomonochorial three-layered pla
centa, but the average interhaemal distance is 
much greater in pig than in man. Which 
value, minimum or average, is the more rel
evant is difficult to determine. It is possible 
that in the pig placenta there are enough 
closely adjacent lengths of maternal and fetal 
capillaries separated by the minimum dis
tance to provide sufficient respiratory 
exchange for the fetus. The average interhae
mal distance would not then be relevant. 
There are statistical treatments which are said 
to give more realistic estimates of the inter
haemal barrier thickness (Critchley and 
Burton, 1987; Burton and Tham, 1992). There 
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is some evidence for a local specialization of 
structure and function in the human pla
centa. Here the areas of minimum interhae
mal separation, the vasculosyncytial 
membrane, are more extensive in regions 
where the oxygen concentration is plausibly 
suggested to be lower (Critchley and Burton, 
1987). Whether such an arrangement is also 
found in other types of placenta remains to 
be demonstrated. 

Differences in the transport capacity of 
various placental types clearly do not deter
mine fetal growth rates, because as shown in 
Table 4.1 these are as high in the pig and the 
mare (epitheliochorial) as in primates or the 
guinea pig (haemomonochorial). Other fac
tors that potentially influence placental 
efficiency are villous surface area, the size of 
the placenta relative to the fetus and pla
cental blood flow rates. However, none of 
these parameters alone appears to correlate 
with fetal growth rate. Calculation of villous 
surface area at term per kg fetus from the 
data of Table 4.1, shows that this parameter 
varies widely, independently of fetal growth 
rate, from 300 cm2/kg in the mare, to 
10 400 cm2/kg in the cat (Baur, 1977). Fetuses 
with compact placentas do not consistently 
grow faster than those with diffuse placentas, 
although compact placentas always have a 
higher villous surface area per gram of tissue. 

Among the species in which fetal blood 
gases can be measured accurately, the mare 
has a markedly higher rate of transfer of 
oxygen into fetal blood, as judged by P02 

(maternal vein minus fetal vein) than rumi
nants or the pig. This cannot be accounted for 
by a particularly high oxygen affinity of fetal 
haemoglobin compared with maternal, or to 
a high fetal haemoglobin concentration, or a 
high fetal arterial oxygen saturation, since 
these three parameters are similar in all 
species investigated. Unlike other species, 
neither the horse (Kitchen and Bunn, 1975) 
nor the pig has a special 'fetal' form of 
haemoglobin. It has been suggested (Silver 
and Steven, 1975; Steven and Samuel, 1975) 
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that the efficiency of gas exchange in the 
equine placenta reflects the countercurrent 
nature of the vascular architecture and the 
close proximity of the fetal and maternal 
capillaries. 

The similar high gas-exchange efficiency 
of the guinea pig placenta may also be 
due to the suggested countercurrent flow 
(P. Kaufmann, 1981) plus the high fetal
maternal haemoglobin-oxygen affinity ratio. 
These are probably both adaptations to the 
lower oxygen availability at the high altitude 
at which these animals live in the wild in 
South America. 

As the placenta grows the mother has to 
increase her blood volume and cardiac output 
in order to perfuse the new organ. The higher 
the blood flow through the maternal placenta 
in millilitres per minute per kg of fetus (see 
Table 4.1), the greater the demand on the 
maternal vasculature. Animals with haemo
chorial placentas have the advantage here 
since they consistently show lower maternal 
placental flow rates (100-160 mVminlkg) than 
those with epithelio- or synepitheliochorial 
placentas (250-330 mVminlkg). The last two 
types must also provide extra maternal 
energy to fuel active transport across the two 
maternal layers, endothelium and uterine 
epithelium, which are absent in haemochor
ial placentas. In all placental types on the 
fetal side the blood flows in endothelium
lined channels. Since the range of umbilical 
flow rates in haemochorial placentas from 
guinea pig (64 mllminlkg fetus) to man 
(208) (Table 4.1) spans nearly all of the 
synepithelio- and epitheliochorial values 
from pig (115) to cow (232) there would seem 
to be no simple relationship between struc
ture and function in this respect. 

As well as total blood flow, the rate of 
fetomaternal exchange will depend, at least 
to some extent, on the speed of the flow 
through the placenta. It has been suggested 
that the slower the rate the more efficient the 
transfer, and structures have been identified 
in haemochorial placentas which are said to 

be designed to produce local maternal blood 
stasis (Enders, 1965). There is no doubt that 
in many haemochorial placentas the total 
maternal blood in flow is slowed by the 
development of arterial sinuses (rabbit) or 
grossly widened arterial vessels (guinea pig, 
man). There is also some evidence for inter
mittent rather than continuous blood flow in 
primate placentas. How relevant these flow 
rate changes are to efficiency of maternofetal 
transfer and whether there is an optimal flow 
rate remains to be determined. 

Transport of hydrophilic, non-diffusible 
compounds requires carrier systems to allow 
them to cross each membrane barrier. Rates 
of transfer have been shown to be inversely 
proportional to the number of interhaemal 
membranes, which would suggest a similar 
frequency or equivalent capacity of carriers in 
each membrane. Sodium, for example, is 
transported 300 times faster in human (four 
membranes) than in pig (eight membranes) 
with the cat (six membranes) in an intermedi
ate position (Moll, 1985). 

However, what direct evidence there is 
indicates local specialization rather than 
uniform distribution. In the pig, Firth et al. 
(1986a,b) have shown that the 
Na + ,K+ -ATPase-based sodium transport 
system appears to be concentrated in the 
apical trophectodermal membranes of the 
fetal areolae. In human there are differences 
in carrier systems between microvillar and 
basal membranes of the syncytiotrophoblast 
(Shennan and Boyd, 1987; Vanderpuye and 
Smith, 1987) and the latter shows consider
able local elaboration (Figure 4.87). Thus, 
within the basic constraint of the number of 
barrier membranes, there may be consider
able localized differentiation of transport 
functions which are only now becoming 
apparent. 

Control of placental blood flow 

Most organs are capable of regulating their 
blood flow (the process known as autoregula-



tion), so as to maintain a constant rate (ml/ 
min) of perfusion during periods of altered 
blood pressure. This process which involves 
local control over dilatation or constriction of 
arterial precapillary sphincters, would not be 
expected to occur in haemochorial placentas, 
which lack post-myometrial vessels with 
such sphincters. However, the premyome
trial uterine arteries are responsive to sys
temic agents acting on vascular beds (Greiss 
and Anderson, 1970; Ford et al., 1977) and, 
since maternal placental flow accounts for a 
high proportion of uterine blood flow, 
maternal placental flow can be modulated 
through effects on these vessels. Thus, 
Venuto et aI., (1976) showed that maternal 
placental blood flow was maintained at 
approximately 25 ml/min in haemochorial 
rabbits when mean arterial pressure was 
reduced from 135 to 65 mmHg, and C. Bell 
(1972, 1974) has described uterine vaso
dilatation following uterine nerve stimulation 
in the pregnant haemochorial guinea pig. 
However, in the synepitheliochorial sheep 
placenta, which has both precapillary 
sphincters and systemic agents affecting pre
myometrial vessels, there is no evidence for 
maintenance of a constant rate of perfusion; 
Greiss (1966) showed that, during the last 30 
days of gestation in the synepitheliochorial 
sheep, uterine blood flow is linearly related 
to central arterial pressure over the range 
to-110 mmHg (arterial minus venous press
ures), and Anderson and Faber (1982) 
showed that this is also true for fetal placental 
flow over the range 25-45 mmHg, in chroni
cally catheterized fetal lambs. 

Although uterine arterial blood flow may 
not change with changing maternal blood 
pressure in all species, there is evidence that 
local factors may control the ratio of maternal 
to fetal blood flows in the placenta. Rankin 
and his colleagues (see Rankin and 
McLaughlin, 1979) have drawn an analogy 
between the placenta and the lung in this 
respect; in the lung compensatory mechan
isms exist to maintain a constant ventilation-
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perfusion ratio following local vascular em
bolism or hypoxic alveolus. It is clear that 
mechanisms serving a similar function exist 
to control blood flow in the placenta; when 
part of the umbilical blood supply is occluded 
in sheep and rabbits, maternal blood flow to 
that region (as measured with micro spheres) 
eventually falls (Rankin and Phernetton, 
1976); furthermore in the normal sheep pla
centa maternal-fetal perfusion ratios are 
similar throughout the organ although the 
gross flow to various parts of the placenta 
varies (Rankin et al., 1970; Rankin and 
Schneider, 1975). Rankin (1978) and Rankin 
and McLaughlin (1979) have suggested that 
PGE2, which is produced in large quantities 
by the fetal placenta in the sheep (Challis et 
aI., 1976; M.D. Mitchell and Flint, 1978a), 
may be involved in regulating the ratio of 
maternal to fetal flow, by exerting opposite 
effects on different sides of the placenta. 
Such a mechanism would not work in a 
haemochorial placenta with no arterial preca
pillary sphincters capable of responding to 
vasoactive compounds; in synepitheliochor
ial placentas, such as that of the sheep, it 
would depend on the PGE2 diffusing very 
considerable distances from the fetal vascula
ture. An alternative function for fetal pla
cental PGE2 may be in maintaining the 
patency of the fetal ductus arteriosus 
(Coceani et ai., 1978). Other mechanisms by 
which placental blood flow may be altered 
over long periods of time must include angio
genesis and local necrosis; the latter could 
explain the effects of partial umbilical occlu
sion and the former the relatively constant 
maternal-fetal blood flow ratios referred to 
above. 

Because of the proximity of the maternal 
and fetal placental vessels it is possible that a 
transient rise in pressure on one side might 
lead to occlusion of the other. This has been 
investigated experimentally in the near-term 
sheep placenta, in which it has been shown 
that, while an effect can be demonstrated in 
the isolated perfused placenta by applying 
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large changes in pressure (Bissonnette and 
Farrell, 1973; Power and Longo, 1973; Power 
and Gilbert, 1977), this cannot be confirmed 
in sheep with chronically implanted catheters 
(Thornburg et al., 1976). A second form of 
mechanical control of placental blood flow, 
which has been investigated principally in 
man and rhesus monkeys, is that exerted by 
myometrial contractility; individual contrac
tions of the kind associated with the early 
stages of labour lead to compression of the 
veins running through the myometrium so 
that flow of blood into the intervillous space 
is intermittently interrupted, with potentially 
dramatic effects on fetal well-being. The most 
usually monitored parameter which reflects 
this form of stress during labour is fetal heart 
rate, the transient fetal bradycardia associ
ated with increased uterine pressure known 
as a type II dip (or late deceleration) being an 
indication of fetal distress (see Ramsey, 1967; 
Carter, 1975). 

4.2.6 TYPES OF YOLK SAC ABSORPTION AND 
PLACENTATION 

Four basic types can be characterized by 
reference to the origin of the fetal cellular 
layers they present to the maternal tissues. 
The association with the maternal tissues is 
rarely as close as in the chorioallantoic pla
centa, absorption being from the fluid 
(usually uterine) at the fetal surface. The fetal 
layers are different in each of the four cat
egories and serve as important if usually tran
sient sites of physiological exchange between 
mother and fetus. 

(a) Bilaminar yolk sac or bilaminar 
omphalopleure 

This is present in all species initially as the 
layers surrounding the yolk or forming the 
blastocyst (Figure 4.1). The trophoblast forms 
the outermost layer and there are ultrastruc
tural indications of absorption by endo
cytosis. Delayed implantation blastocysts can 

survive up to 6 months at this stage in the 
uterine lumen. The trophoblast is usually cel
lular but may also form a syncytium and 
initiate implantation as in lagomorphs. The 
pole opposite the embryonic disc may persist 
as a functional yolk sac zone to term in mar
supials and some insectivores (Figure 4.3). 

(b) Trilaminar yolk sac (trilaminar 
omphalopleure or choriovitelline placenta) 

The central mesoderm is richly vascularized 
and the external trophoblast usually forms an 
intimate apposition with uterine tissues so a 
true placenta is formed. This is found in 
certain fish (Figures 4.14 and 4.15), reptiles 
(Figure 4.16) and marsupials (Figure 4.17) as 
the major placental structure. Eutherians fre
quently develop an area of this structure 
which may be important at early stages of 
development following implantation but 
never persists as a functional structure to 
term (Figure 4.2). The external trophoblast is 
usually cellular, but occasionally this forms a 
syncytium also, for example at implantation 
in carnivores. Monotremes and marsupials 
(Metatheria) typically have exclusively cellu
lar bilaminar and trilaminar areas which per
sist to release from the egg or term (Figure 
4.17). The bilaminar areas show intracellular 
structures indicating endocytotic uptake, 
while the trilaminar areas are structured to 
minimize the diffusion distance between fetal 
and maternal circulations, thereby facilitating 
respiratory exchange (section 4.3.5c). 

(c) Incomplete/partially inverted yolk sac 

Invagination of the yolk sac sphere to form a 
cup brings the vascularized endodermal top 
(or embryonic) half of the sac against the 
outer non-vascularized bilaminar half, obli
terating the yolk sac lumen (Figure 4.3). The 
bilaminar segment may persist up to term in 
some insectivores, bats and rodents but 
usually thins and degenerates before this. A 
characteristic of the bilaminar segment is the 



presence of a robust acellular membrane -
Reichert's membrane - between trophoblast 
and endoderm (Figure 4.3). In many cases 
this is the only continuous layer of the three. 
Recent evidence indicates that in the rat it is 
composed of basement membrane material 
produced by the endodermal layer (Fatemi, 
1987; Mazariegos et al., 1987). The tropho
blast may transform into a discontinuous 
giant cell layer and invade the endometrium 
as in the rat and mouse or persist as a colum
nar epithelium as in the squirrels (Figure 4.2). 
There is no firm evidence that the bilaminar 
layer acts as anything other than a coarse 
filter between the mother and fetus. Large 
protein molecules pass across freely. The top 
segment of the yolk sac does function as a 
barrier with selective transport capability as 
described below. 

(d) Completely inverted yolk sac 

In many rodents, insectivores and bats the 
bilaminar segment of the yolk sac is either 
never formed or disappears at an early stage. 
This exposes the vascularized columnar 
endodermal cell layer ('inverted yolk sac', see 
Figure 4.3) to the uterine lumen or endo
metrium. A number of studies have demon
strated selective absorption and transmission 
of proteins across these cells (Bainter, 1986), 
which are sealed at their apices by tight junc
tions. This is the main route for transfer of 
intact maternal immunoglobulins for fetal 
immunoprotection in rodents, rabbits and 
guinea pig. There is no evidence that their 
coexistent chorioallantoic placentas have any 
similar function. Conversely, in primates 
with no functional yolk sac, the ch<?rioallan
toic trophectoderm is the iminunoglobulin 
transporting epithelium. 

There is a considerable range of elaboration 
of the 'inverted' endodermallayer in the vari
ous orders from a simple and loose associ
ation with a flat uterine epithelium (mouse, 
rat) to a profusely branched villous array very 
closely apposed to corresponding uterine 
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projections - a true placental structure only 
found so far in one rodent, Perognathus 
(Mossman, 1987). Whether such placentas 
play a necessary or purely subsidiary role 
during gestation has yet to be established. 

4.2.7 TYPES OF CHORIOALLANTOIC 
ABSORPTION AND PLACENTATION 

In the chorioallantoic placenta throughout 
gestation the outermost fetal layer is in
variably the trophoblast (trophectoderm, 
chorion if in association with somatopleuric 
mesoderm) or a trophoblast derivative. It is a 
remarkably versatile epithelium showing 
great capacity for invasion, cell fusion, hor
mone production, specific nutrient absorp
tion, selective transport, active metabolism 
and ability to resist maternal immunological 
attack. 

(a) Cyto- and syncytiotrophoblast 

All trophoblast is initially cellular; in endo
theliochorial and haemochorial placentas this 
cytotrophoblast provides a continuous man
tle of syncytiotrophoblast by division and 
fusion of one of its daughter cells into the 
syncytium. In haemochorial placentas the 
daughter cells may develop into individual 
giant cells which can migrate into the 
maternal tissues; in synepitheliochorial pla
centas they form fetomaternal syncytia 
throughout pregnancy. 

Evidence from in vivo and in vitro growth 
studies shows that syncytiotrophoblast can 
form only by fusion of cytotrophoblast cells. 
No nuclear division has ever been clearly 
demonstrated in placental syncytium in any 
species. In the human placenta all the syncy
tial nuclei investigated were shown to be 
diploid, whereas the cytotrophoblast nuclei 
ranged from diploid to tetraploid as would be 
expected of a dividing cell population (sec
tion 4.3.6d). 

The formation of syncytiotrophoblast ex-
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clusively from cytotrophoblast means the 
latter needs to be available throughout preg
nancy to provide for the enormous increase 
in area found in all placentas examined. In 
most haemomonochorial placentas the cyto
trophoblast (which lies between the syncytio
trophoblast and its basement membrane) is 
discontinuous from an early stage but is 
always available to support expansion. 
Where the cytotrophoblast itself forms the 
(cellular) haemomonochorial placenta growth 
in area is by simple division [in Zapus the 
jumping mouse (Figure 4.97), Tadarida, a bat 
(Figure 4.11), and hyrax (Figure 4.96)]. 

Haemodichorial placentas (rabbit; section 
4.3.6d) can theoretically accommodate expan
sion once formed as long as one layer has 
some cellular constituents which can divide 
and fuse into either layer to support growth 
(Figures 4.76,4.81 and 4.98). However, there 
is no experimental evidence for the pro
duction of one layer from the other and the 
relationship between the two is very different 
from that between cyto- and syncytiotro
phoblast in the haemomonochorial placenta. 

In the haemotrichorial placenta, of which 
all so far investigated have two inner syncy
tiallayers and one outer cellular layer in con
tact with maternal blood (Figures 4.76 and 
4.100) (Enders, 1965; King and Hastings, 
1977), there is a similar growth problem. No 
evidence for any contribution from the cellu
lar layer to the adjacent syncytial (middle) 
layer has been reported. There is good evi
dence that the three layers are formed at the 
very start of labyrinth development (Car
penter, 1972) and that there is an enormous 
increase in area of all three layers as this 
chorioallantoic placental labyrinth grows. To 
support this growth it seems likely that in 
both haemodi- and trichorial placentas each 
syncytial layer grows independently from 
occasional persistent cellular insertions or 
interruptions. In the absence of evidence for 
any nuclear division in the syncytium this is 
the simplest hypothesis but requires more 
definite confirmation than the occasional ob-

servations currently available (Davies and 
Glasser, 1968; Metz, 1980). 

Once formed, the haemochorial placentas 
show increasing attenuation of their constitu
ent layers as pregnancy progresses, as do all 
other types of placenta. Near term all show 
areas of trophoblast, syncytial or cellular or 
both, which are so thin that organelles are 
excluded (Figures 4.81 and 4.87). These areas 
usually overlie deeply indenting fetal capil
laries and, presumably, greatly facilitate 
rapid fetomaternal exchange. The tropho
blast also has a considerable capacity for 
endocytotic uptake of non-diffusible mol
ecules, and the normal ultrastructural marker 
for this is coated vesicle formation from 
caveolae at the relevant plasmalemma. In di
and trichorial placentas caveolae are only 
found on layer II, and not on the loosely 
apposed fenestrated layer I, which is bathed 
in maternal blood. Layer I forms no barrier to 
serum or tracer molecules but does provide a 
baffle plate slowing down blood flow and 
producing relatively static regions immedi
ately adjacent to layer II, which may, accord
ing to Enders (1965), facilitate endocytosis. 
Other regions of trophoblast past which ma
ternal blood flow would be sluggish (judging 
by blood space architecture) also have a high 
incidence of coated vesicles. In many haemo
monochorial placentas a lattice of narrow 
subsurface intra syncytial channels is found, 
and this is in continuity with the maternal 
blood space (Figures 4.10 and 4.99; Enders, 
1982). 

Coated vesicles form from these channels, 
which may represent an alternative method 
of providing a static blood serum reservoir for 
efficient absorption. The channels are de
rived from the basement membrane of the 
maternal endothelium, which is displaced by 
syncytiotrophoblast invasion starting soon 
after implantation. The intra syncytial chan
nels with their fibrogranular content persist 
and grow in extent as the syncytium in
creases in area throughout gestation. In the 
bat, Myotis, autoradiographic studies indicate 



that the structured glycoprotein/carbo
hydrate material in the channels (Figure 4.99) 
is synthesized by the syncytium (Cukierski, 
1987). In all cases save one, the intrasyncytial 
channels form a closed system accessible only 
from the maternal blood space. The exception 
is the bat Tadarida, in which the channel con
tent is clearly continuous with the basement 
membrane of the fetal syncytiotrophoblast 
(Figure 4.11). 

Whether this forms a continuous conduit 
from maternal blood to fetal connective tissue 
remains to be determined. 

The fibrillogranular material in the chan
nels is analogous in origin and appearance to 
the interstitial layer ('membrane') found at 
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the syncytial surface of the endotheliochorial 
(carnivore) placenta (Figures 4.68, 4.70 and 
4.71). Although normally superficial, this 
interstitial layer is frequently penetrated by 
syncytiotrophoblast processes. A function ex
clusively as a fetomaternal barrier therefore 
seems unlikely and further functions relevant 
to transport seem feasible. 

The continuity of a syncytial layer is con
sidered to provide a better barrier to poten
tially harmful or toxic maternal cells and 
molecules than a cellular layer linked by tight 
junctions. The rarity of cellular haemomono
chorial placentas supports this conclusion, 
but their existence again emphasizes the lack 
of any unique advantage of a syncytium. 

Figure 4.10 Haemomonochorial placentas with intrasyncytiallamellae (asterisks). In (a) the carnivore, 
hyena and in (b), the sciuromorph rodent, marmot, the lamellae (asterisks) are frequently open (arrows) 
to the maternal blood space (M) but no connection to the basement membrane (arrowheads) has been 
reported. (a) Hyena, mid-pregnancy; x 16 000. (b) Marmot, late pregnancy; x 15200. (From Enders, 
1965.) 
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Figure 4.11 Haemomonochorial placentas with intrasyncytiallamellae (asterisks). In the sciuromorph 
chipmunk (a), the lamella is only open (arrow) to the maternal blood space (M) but not to the basement 
membrane (a, arrowhead) In (b) Tadarida, a molossid bat, the lamella and basement membrane (arrow
head, B) are continuous (open arrow) but here there is no evidence of any connection of the intrasyncy
tiallamella directly to the maternal blood space (M). F, fetal tissue. (a) Chipmunk, late pregnancy, x 
21 500. (From Enders, 1982.) (b) Tadarida, late pregnancy, x 12000. (From Stephens, 1969.) 

In haemodi- and trichorial placentas the 
layers are linked by occasional tight junction 
remnants, frequent desmosomes and exten
sive gap junctions (Figure 4.81) (Metz et al., 
1976, 1978). The tight junctions may be rem
nants of those which linked the cells from 
which the syncytium formed and the desmo
somes are needed to maintain the relation
ship between the layers. Gap junctions are 
normally considered to function by allowing 
the unimpeded passage of molecules below 
a certain size and thus to link cells bio
chemically for synchronous activity (uterine 
smooth muscle, for example). It has been 
suggested that in this placental context the 

gap junctions facilitate metabolite transfer 
across the layers. Tracer studies with lantha
num chloride and horseradish peroxidase 
clearly show that the healthy syncytial layers 
completely prevent transport in either direc
tion of molecules of this larger size (Aoki et 
al., 1978; Metz et al., 1978) and any role of gap 
junctions in molecular transport from mother 
to fetus has yet to be demonstrated. 

Although the syncytiotrophoblast shows 
no nuclear division it is very active in metab
olism, synthesis and secretion. In man it has 
been shown to produce a wide variety of 
steroids and proteins including interferons 
(Bulmer et al., 1990) and several hormones 



(Figure 4.65), in vivo and in vitro (Patillo et aI., 
1983). Syncytiotrophoblast in other groups 
contain an equivalent highly developed 
range of organelles and seems likely to play 
an equally important metabolic and endocri
nological role. 

Immunologically the syncytiotrophoblast 
surface facing the maternal blood in man and 
in mouse (the only two species investigated 
in detail so far) seems inert with no clear 
demonstration of any major histocompati
bility complex (MHC) determinants. It has 
been suggested (Billington and Bell, 1983) 
that MHC antigen expression is obligately 
linked to cell division so that formation of a 
non-dividing layer would be one way of eli
minating this expression with its attendant 
hazards. 

Several advantages of a fetal syncytium in a 
placental context have been suggested: its 
plastic invasiveness, its synthetic versatility 
and capacity to secrete directly into the ma
ternal compartment; its ability to form a con
tinuous selective barrier which can include a 
considerable degree of regional differen
tiation or attenuation and; its immunological 
unresponsiveness and its inability to prolifer
ate if fragments are released into maternal 
blood as human syncytiotrophoblast un
doubtedly is (Covone et al., 1984). However, 
there are examples of cellular trophoblasts 
which apparently perform just as well, so 
that syncytial change does not seem to be a 
prerequisite for successful placentation. Its 
widespread occurrence does argue that it 
may be better suited for carrying out the 
multifaceted requirements of a placenta than 
is a cellular system. 

(b) Giant cells 

Mononuclear giant cells are characteristic of 
rodent placentation and are formed from the 
surface cytotrophoblast of the conceptus dur
ing implantation and pregnancy. They are 
phagocytic and migratory and initially play 
an important role in enlarging the implan-
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tation chamber by eroding the superficial 
endometrial and decidual tissue including 
the capillary endothelium. Subsequent to im
plantation they form a loose sheath two to 
five cells thick around the conceptus through 
the interstices of which, on the antimesome
trial side, maternal blood circulates. They are 
characteristically, though not exclusively, 
large (50-100 IJ.m diameter) with large poly
ploid nuclei (16-32N, but 850N has been 
reported) (Barlow and Sherman, 1972; Ilgren, 
1983). Visualization of individual chromo
somes indicates that the giant cells usually 
only have the diploid number but each 
chromosome consists of multiple unsepar
ated copies of its own DNA. This is polyteny 
rather than polyploidy and the distinction 
may have important functional consequences 
(Snow and Ansell, 1974; Bower, 1987; 
Varmuza et aI., 1988). 

No evidence has been observed for cell 
division in giant cells with or without prior 
colchicine treatment. Incorporation of 
radioactive thymidine into giant cell nuclei is 
considered to be evidence of endomitosis, 
DNA replication without subsequent cell 
division. 

Primary giant cells are defined as tropho
blast cells which transform during and just 
after implantation on the antimesometrial 
and lateral (mural) aspects of the blastocyst 
external to Reichert's membrane. Secondary 
giant cells are formed a little later from the 
edge of the trophoblastic ectoplacental cone 
(M.H. Kaufmann, 1983). This is situated 
mesometrially and is a thickened cytotro
phoblastic cellular plate which develops into 
the chorioallantoic placenta, producing from 
its growing edge secondary giant cells which 
are occasionally incorporated into the 
labyrinth. 

There is great variation between rodent 
and lagomorph families in giant cell pro
duction, with murine rodents showing the 
largest and most characteristic forms. Their 
ultrastructure is unspecialized apart from the 
massive nucleus and quite different from the 
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adjacent spongiotrophoblast (Figure 4.82, 
rabbit). They frequently show evidence of 
phagocytosis, have little glycogen, contain 
both rough and smooth endoplasmic reticu
lum and a small Golgi apparatus. No cell 
junctions to other cells have been reported 
Oollie, 1969; Kaufmann, 1983}. The secondary 
giant cells form the boundary of the develop
ing chorioallantoic placenta and play an 
important role together with the syncytiotro
phoblast in the selective phagocytotic erosion 
of the maternal tissues essential for placental 
growth. They also form the only layer in one 
haemomonochorial placenta, that of Zapus 
Gumping mouse} (Figure 4.97). An endocri
nological role is indicated by the finding that 
giant cells can produce steroids (Deane et al., 
1962) and placental lactogen in vivo and in 
vitro (Hall and Talamantes, 1984; Soares, 
1987; Yamaguchi et al., 1992). They share sev
eral characteristics with the endometrial cup 
cells in equids, and the ruminant binucleate 
cells, which have often been called giant cells 
in the past (Amoroso, 1952). All are trans
formed cells from the cytotrophoblast with 
specific secretions and capacity for migration 
(Hoffman and Wooding, 1993). There is one 
major difference in that ruminant and equid 
binucleate cells are diploid whereas rodent 
mononucleate giant cells are usually poly
ploid (Ilgren, 1983). 

Rodent giant cells are immunologically 
specialized in expressing none of the MHC 
determinants on their plasma membranes 
(Lala et al., 1983) and could therefore rep
resent an immunologically neutral buffer 
zone when they form a continuous shell 
around the conceptus in early pregnancy. 
Most primary giant cells have degenerated by 
the time Reichert's membrane breaks down, 
and the majority of secondary giant cells also 
regress before the end of pregnancy. It has 
been reported that some giant cells which 
penetrate rather deeper than the others into 
the endometrium can survive parturition and 
persist until a subsequent pregnancy (Moss
man, 1987). In humans all so-called 'giant 

cells' found in the maternofetal interface 
junction zone are syncytial, probably with 
diploid nuclei. They form part of the wide 
range of 'interstitial' trophoblast cells or syn
cytium scattered in the basal plate of the pla
centa (Hoffman and Wooding, 1993). 

(c) Spongiotrophoblast 

Rodent placentas usually have a definite zone 
between the giant cell layer and the base of 
the labyrinth referred to as the 'spongiotro
phoblast', 'trophospongium' or 'junctional 
zone'. The tissue forms channels draining the 
maternal blood from the placenta but fetal 
capillaries do not penetrate this far (Figures 
4.72,4.77 and 4.82). 

The spongiotrophoblast is derived from the 
outer layers of the original ectoplacental cone 
and is perfused by maternal blood from a 
very early stage of chorioallantoic placenta 
formation. It has been pointed out that it is in 
an excellent location to secrete fetal hor
mones or other effector molecules solely into 
the maternal circulation, and there is some 
evidence in the rat that it has a cytoplasmic 
structure significantly different from that in 
the contiguous labyrinth Oollie and Craig, 
1979}. This does not seem to be true of the 
guinea pig (Figures 4.6 and 4.7) but in this 
case the uniquely structured subplacenta 
intervenes between spongiotrophoblast and 
maternal decidua (Figures 4.6 and 4.7). Its 
cellular form and extent vary considerably, 
ranging from a coarse mesh of syncytium in 
the guinea pig to a compact cellular layer in 
the mouse. Mossman (1987) suggests that it is 
homologous with the cytotrophoblastic shell 
at the base of the placental disc in primates. 
An immunological role has been postulated 
because in rat, .mouse and man this tropho
blast bears MHC antigens absent from the 
vast bulk of the haemochorial placental 
syncytiotrophoblast (Faulk and Hsi, 1983; 
Kanbour et al., 1987), although there are dis
senting voices (Chatterjee et al., 1982). 



(d) Endovascular trophoblast 

In human (first trimester), hamster [10-11 
days post conception (dpc)], rat and mouse 
placentas there is a considerable early in
vasion by the cytotrophoblast down maternal 
arteries supplying the placenta (Pijnenborg et 
al., 1981). Migration proceeds almost to the 
myometrial level down those arteries which 
have already undergone decidual alteration 
with an aggregation of pericytes around the~ 
and a swollen endothelium within. Migrating 
cytotrophoblasts then phagocytose and elim
inate both the endothelium and the elastic 
lamina of the arteries, replacing them eventu
all~ with ~yt~trophoblast cells and their syn
cytial denvatIves dispersed between tubular 
lamellae of fibrinoid. Slightly later (human, 
second trimester) there is a second cytotro
phoblast migration even further, now into 
the (spiral) arteries of the myometrium. 
These successive migrations produce con
~iderabl~ widened tubes discontinuously 
lined WIth cyto- and syncytiotrophoblast 
~hich are pe~anently open, and unrespon
SIve to vasoactive materials (Pijnenborg et al., 
1983; Hees et al., 1987). These tubes can 
accommodate the vast increase in blood flow 
necessary to supply the exponentially grow
ing fetus during the second half of preg
nancy. Insufficient erosion and distension of 
the arteries has been shown to be correlated 
with failure of pregnancy in hamster and hu
man (Faulk and McIntyre, 1983). 

There is some evidence in man of an infil
tration of lymphocytes and endometrial gra
nulocytes around the distended arteries 
(Pijnenborg et al., 1980). This may represent a 
maternal response to the invasion by the 
cytotrophoblast, which has been reported to 
bear MHC antigens (Faulk and Hsi, 1983). 

(e) Fetomaternal hybrid syncytiotrophoblast 

There is good evidence for fetomaternal cell 
fusion in three cases so far. Such hybrid tis
su~ persist~ only briefly at rabbit implan
tation and In the chorioallantoic placenta of 
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the marsupial Perameles (bandicoot) but is 
formed from implantation to term in all rumi
nants so far investigated. 

In rabbit the blastocyst trophoblast forms a 
fetal syncytial 'peg' which fuses with a uter
ine epithelial cell or syncytium formed from 
the uterine epithelium (Figure 4.13) (Larsen, 
1961; Enders and Schlafke, 1971a). By this 
means the blastocyst gains access to the 
endometrium to initiate formation of the 
chorioallantoic placenta. The maternal nuclei 
in t~is hybrid syncytium are said to disappear 
rapIdly (although this aspect has not been 
closely studied) and the fetomaternal fusion 
is seen simply as a means of penetrating the 
uterine epithelial barrier. 

Perameles is one of the few marsupials to 
develop a chorioallantoic placenta, and this 
forms. only in th~ last 3 days of a 12 day 
gest.atIon. A~ this stage the uterine epi
thelium consIsts of syncytia of limited extent 
(plaques), each containing several identical 
small nuclei. It is apposed to trophoblast cells 
each with a morphologically very different, 
large nucleus. Subsequently, the cellular tro
phoblast disappears and the syncytial 
plaques are found to contain both sizes and 
sorts of nuclei (Figures 4.17, 4.18 and 4.19) 
(Padykula and Taylor, 1976). No direct ultra
structural evidence for fusion of the apposed 
cellular and syncytial layers has been ob
served but this is the simplest explanation. 
The fusion allows the fetal and maternal 
blood capillaries to approach much more 
closely (see Figures 4.17, 4.18 and 4.19). The 
postulated fetomaternal tissue persists for the 
last 2 days of gestation when the fetus grows 
at a very rapid rate. 

Fetomaternal fusion in ruminants is a 
much more persistent phenomenon (Wood
ing, 1982b). Binucleate cells develop in the 
pr~domi~antly uninucleate trophoblast just 
pnor to Implantation. They form 15-20% of 
this layer throughout gestation. When ma
ture (i.e. with a full complement of their 
characteristic granules) they migrate out of 
the trophectoderm and fuse with the 
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apposed uterine epithelium to produce a per
sistent fetomaternal syncytium at the inter
face with the maternal endometrium (Figures 
4.38, 4.42 and 4.43). This process continues 
throughout pregnancy (Figure 4.39), con
tributing to an integral layer of the placenta 
and/or delivering to the maternal tissue the 
granules which contain placental lactogen 
among other constituents (Figure 4.39). 
Further details and a discussion of the rel
evance of this system can be found in section 
4.3.6(b) on synepitheliochorial placentation 
below and Wooding (1992). Other examples 
of fetomaternal fusion may well occur in 
other placentas, but without unequivocal 
markers it is difficult to recognize and verify 
such unexpected events. 

4.2.8 DECIDUAL TISSUE, STRUCTURE AND 
FUNCTIONS 

(a) Origins of decidua 

Decidual tissue is usually restricted to those 
species with invasive, haemochorial placen
tation. It was initially defined as that part of 
the maternal endometrium which was shed 
at parturition. However, at partus little is left 
of this complex tissue which is now known to 
play a vital role from the start of successful 
conceptus development, and the definition 
has been widened considerably to take 
account of this (S.c. Bell, 1983; Kearns and 
Lala, 1983; Lala et al., 1983; Glasser, 1990). 

It is the non-glandular non-vascular cell 
populations of the endometrial connective 
tissue which form decidual cells, and this 
results in a considerable increase in the thick
ness of the gravid endometrium in early 
pregnancy. Decidual cell development is 
initiated either immediately below the uter
ine epithelium (rodents) or much deeper in 
the endometrium around the (spiral) arteries 
(lagomorphs, primates). The initial zones 
extend to produce a semicontinuous layer 
between the advancing trophectoderm and 
the myometrium. 

By definition decidual cells are produced 
by steroid hormone-dependent division and 
differentiation of maternal uterine stromal 
cells (Glasser and McCormack, 1980; 
Tarachand, 1986). They form characteristic 
decidual cell areas found in significant extent 
only in orders with haemochorial placen
tation in which the trophoblast invades the 
maternal connective tissue: the insecti
vores, rodents, lagomorphs and anthropoids 
(Wynn, 1967). The areas are most prominent 
in early stages of pregnancy but vary con
siderably in extent in the different genera. In 
man there is a very extensive development, 
but in the closely related baboon the initial 
decidualization is morphologically much less 
obvious (Ramsey et al., 1976), but all primates 
have extensive decidua by mid-pregnancy 
(Enders, 1991). 

Decidual development is initiated by the 
arrival of a blastocyst or some artificial stimu
lus (oil drop, suture thread, electrical stimu
lation) in the hormonally primed (oestrogen 
plus progesterone) uterine lumen and fol
lows a specific sequence (Figure 4.12). 

In rodents the antimesometrial decidual 
cells develop first and form a very compact 
avascular zone which excludes most blood 
proteins from the uterine lumen containing 
the implanting conceptus (6-9 dpc) (M.B. 
Parr and Parr, 1986; M.B. Parr et al., 1986; 
Christofferson and Nillson, 1988). Subse
quently, the more loosely packed mesome
trial decidual cells are closely involved in the 
fetomaternal interactions as the trophoblast 
invades to form the hemochorial placenta (8-
12 dpc). Proliferation of the blood sinuses in 
the decidualizing mesometrial uterine stroma 
also facilitates placental growth (7-11 dpc). 
The areas of decidual cells rapidly increase 
from the uterine lumen outwards to the myo
metrium and can be conveniently visualized 
by the characteristic presence of alkaline 
phosphatase and periodic acid-Schiff (PAS) 
reactivity in the decidual cells (S.c. Bell, 
1983). 

Granulated decidual cells develop through-
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Figure 4.12 Scale drawings of the development of decidual and placental tissue in the mouse. (Based on 
S.c. Bell, 1983, and Rugh, 1975.) 
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out the mesometrial decidua but are initially 
concentrated around the blood vessels where 
they pass through the myometrium. This 
population eventually forms the metrial 
gland in rats and mice (section 4.2.8b). In 
man the conversion of stromal to decidual 
cells starts around the spiral arteries prior to 
implantation and spreads through the stroma 
to link up with the decidual area developing 
around the conceptus from 9 to 10 dpc 
(Figure 4.88). 

Maximum development of the decidual cell 
populations occurs early in pregnancy, 
eventually occupying most of the uterine 
stroma and in mice and rats, completely sur
rounding the conceptus (Welsh and Enders, 
1985). Cell division then largely ceases and 
the decidual cell layer is continually eroded 
by spontaneous necrosis and attenuated by 
growth of the placenta and fetus until at term 
it forms only a thin layer at the base of the 
placenta through which the placenta separ
ates (Figure 4.12). 

Deciduoma 

The decidual tissue formed in response to an 
artificial stimulus is called a deciduoma, and 
is grossly similar to that induced by a blasto
cyst but has fewer regional specializations 
(Wadsworth et al., 1980; O'Shea et al., 1983). 
Deciduomas regress spontaneously in mice 
and rat (but not man) even if pregnancy is 
mimicked by maintaining the progesterone 
level artificially. This indicates that cells of 
the deciduoma have a predetermined life
span and undergo programmed cell death, a 
process which is also seen to some extent 
later in pregnancy when sequential spon
taneous death of the decidual cells facilitates 
the expansion of the conceptus and growth of 
the placenta. Decidualization therefore, does 
not produce a uniform population but a suc
cession of coordinated differentiations of 
different cell types. There are also indications 
that specific lymphocytes and macrophages 
are recruited into the decidua from the circu-

lation to perform functions related to preg
nancy maintenance (Clark, 1985a). There is 
increasing evidence for a variety of func
tions for the decidua at different stages of 
haemochorial pregnancy: a physical and/or 
immunological barrier, a nutrient source, a 
hormone producer and a facilitator of pla
cental growth and eventual release. 

Decidualization and menstruation 

The hormonal changes preceding ovulation 
produce correlated changes in the uterine 
stroma and epithelium. Usually such changes 
are restricted to tissue oedema and structural 
changes in the uterine epithelial cells (in 
ruminants and carnivores, for example). 
However, in humans and Old World mon
keys the cyclic changes include considerable 
stromal to decidual cell development and 
proliferation of the spiral blood vessels. The 
subsequent cell necrosis and haemorrhage in 
this tissue as the progesterone level drops 
produces the menstrual discharge (Ramsey, 
1982). The instructive similarities between 
menstruation, inflammation and decidualiza
tion have been pointed out in an excellent 
review by Finn (1986). 

(b) Decidual cell structure 

Stromal cells 

The majority of decidual cells develop from 
the division in the endometrial stroma of 
irregularly shaped fibroblast-like cells with 
little cytoplasm and few organelles. 
Decidualization starts with the blood vessel 
pericytes in rabbits and humans and sub
epithelial stromal cells in rodents and 
characteristically involves a considerable 
increase in cell size (Amoroso, 1952; 
Mossman, 1987). The cytoplasm may develop 
meshworks of intermediate filaments, many 
free ribosomes, much glycogen and/or lipid 
droplets and numerous gap junctions with 



adjacent decidual cells. Different areas (see 
Figure 4.12) also display their own character
istics. In rats and mice, antimesometrial deci
dua have very large closely packed cells, 
frequently binucleate or polyploid, with well
developed rough endoplasmic reticulum and 
Golgi apparatus and a low level of glycogen 
and/or lipid stores. Mesometrial decidual 
cells are smaller, more irregularly shaped and 
uninucleate, usually with rather more glyco
gen. Lateral decidual cells, among the rapidly 
expanding blood sinuses, have massive 
amounts of glycogen and are only occasion
ally binucleate (Welsh and Enders, 1985; 
M.B. Parr et al., 1986). 

In man there is a comprehensive decidu
alization throughout the uterine stroma 
but with less regional specialization than in 
rodents (Wynn, 1974; Schiebler and 
Kaufmann, 1981). There are three main types 
of human decidual cells. There are numerous 
'small pre decidual' swollen fibroblasts 
(50 fLm X 5 fLm) which have an equivalent 
low level of cytoplasmic organelle develop
ment and frequent 'large undifferentiated' 
decidual cells (100 fLm x 25 fLm). Scattered 
among these two predominant types are 
'large differentiated' decidual cells (100 fLm x 
25 fLm) with well-developed arrays of rough 
endoplasmic reticulum, many mitochondria, 
an extensive Golgi complex and large areas of 
glycogen and lipid. Human decidual cells are 
isolated from each other by an investment of 
fibrinoid and are linked by fewer gap junc
tions than are found in rodents (Boyd and 
Hamilton, 1970; Schiebler and Kaufman, 
1981). 

These cells form the basic structural matrix 
of the decidua. Other cells are invariably 
present (in pregnancy and deciduomata) 
which do not originate from stromal fibro
blasts but are recruited instead from either 
the bone marrow (Gambel et al., 1985; Krcek 
and Clark, 1985) (endometrial granulocytes 
equivalent to metrial gland cells), or the 
blood (decidual macrophages, la-antigen 
bearing cells, non-T suppressor lymphocytes) 
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(Croy et al., 1985). After the definitive 
placental structures have formed, the de
cidual area frequently also contains tropho
blast derivatives: the occasional giant cell in 
rodents and large numbers of multinucleate 
trophoblast masses (known also as 'extravil
lous trophoblast') in humans as well as endo
vascular trophoblast in the blood vessel 
walls. 

Non-fibroblast stromal cells 

Endometrial granulocytes (metrial gland 
cells) Electron microscope and cell repopu
lation studies with irradiated mice and rats 
indicate that endometrial granulocytes de
velop from small round cells which originate 
from the bone marrow but divide and differ
entiate in the endometrial stroma (Peel et al., 
1983; Peel and Stewart, 1986). They can easily 
be distinguished on structural and staining 
criteria from blood eosinophils, basophils, 
neutrophils or mast cells. They are present in 
pregnant and pseudopregnant uteri (Peel et 
al., 1979). 

Mature granulocytes are the most frequent 
cell type after the fibroblast-derived decidual 
cells. They are often binucleate, and typically 
contain glycogen, rough endoplasmic reticu
lum and a large Golgi body which produces 
numerous membrane-bound granules. These 
are usually homogeneously electron dense, 
but some also have membranous inclusions 
(monkey, Cardell et al., 1969; rat, Larkin and 
Flickinger, 1969; mouse, I. Stewart and Peel, 
1977). In the light microscope the granules 
are eosinophilic and PAS positive and are 
said to contain lysosomal enzymes, IgG mol
ecules synthesized in the granulocyte (B.S. 
Mitchell et al., 1981), a protein, perforin, 
characteristic of killer and cytotoxic lympho
cytes (E.L. Parr et al., 1987), and the protein 
hormone relaxin, although this last localiz
ation has not been confirmed (Dallenbach
Hellweg, 1967, 1981). Human granulocytes 
show a weak natural killer activity which is 
enhanced by interleukin 2 (Ferry et al., 1990) 
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and blocked by interferon--y but not -u (A. 
King and Loke, 1993). 

The granulocytes do not show phagocyto
sis, nor do they form intercellular gap, tight 
or desmosomal junctions with each other or 
with disparate cell types. In mice the cells 
average 50 Il-m in diameter and have a 
smaller number of larger (5 Il-m) granules 
compared with the rat (25 Il-m diameter, 
2 Il-m granules) or man (12 Il-m diameter, 
1 Il-m granules). The cells are found scattered 
in the mesometrial decidua from an early 
stage (mouse, 8 dpc) and in rat and mouse 
they collect around the myometrial blood 
vessels to form an accumulation in the meso
metrial triangle between the myometrial 
layers which is referred to as the metrial 
gland (Figure 4.12) (For a comprehensive re
view see Peel, 1989.) Endometrial granulo
cytes are also found adhered to the walls of 
the placental labyrinth and decidual blood 
spaces. It has recently been suggested 
(I. Stewart, 1984) that such a granulocyte
trophoblast interaction may be relevant to 
their function, which may be related to non
specific immune suppression in the uterus 
and/or regulation of placental growth (Croy 
and Kassorf, 1989). Granulocytes have also 
been reported in the lungs of mice (I. 
Stewart, 1985). 

The metrial gland reaches its peak size and 
placental vascular granulocytes their maxi
mum numbers at 13-14 dpc in the rat. 
Between 15 and 21 dpc (term) there is a pro
gressive loss of the cells by swelling and lysis 
and they release their cell contents including 
the granules into the connective tissue. This 
process has been referred to as holocrine 
secretion (Peel and Stewart, 1979) but seems 
more analogous to the 'programmed cell 
death' seen in other decidual cells, or cell 
regression in ovarian luteolysis. This would 
mean that the functional life of the cells is 
finished rather than that the release of the cell 
contents is the ultimate purpose of the pro
cess of granule development. 

The cell debris is removed by macro-

phages, which are the probable precursors 
for the cells full of lipid droplets and phagoly
sosomes which progressively replace the 
granulocytes in the metrial gland region from 
17 dpc. Some granulated cells may persist 
post term, but most regress long before 
parturition. There is no evidence for direct 
transformation of granulocytes to lipid-laden 
cells. 

Decidual macrophages The evidence for this 
population comes from histological work and 
from tissue culture studies of mouse decidua 
(Hunt et al., 1984). The cells have immuno
globulin (Fc) receptors, an ectoesterase en
zyme on their plasma membranes and are 
phagocytic, suggesting an infiltrating macro
phage type. This is corroborated by the ab
sence of lymphocyte surface markers (IgG or 
Lyt antigens). The incidence of this cell type 
increases to a peak at 15 dpc in mouse, is 
strain dependent and low numbers seem to 
be correlated with poor fertility and a high 
conceptus resorption rate (S.c. Bell, 1983; 
Tawfik et al., 1986). 

Ia antigen-bearing cells Cells with a high 
level of Ia expression (MHC class II antigen) 
which lack lymphocyte or macrophage 
markers are typically involved in antigen 
presentation in the immune response se
quence. Such cells have been identified in 
tissue cultures of mouse decidua from 14 dpc 
onwards (Elcock and Searle, 1985) and on 
sections of human decidua in early preg
nancy (Oksenberg et al., 1986). 

Suppressor cells Characteristic cell popu
lations have been isolated recently from 
mouse (mesometrial) (Brierley and Clark, 
1987) and human (basalis) (Daya et al., 1985) 
decidua which display suppressor activity 
against cytotoxic lymphocytes (CTLs) in vitro. 
Decidua lacking such cells cannot usually 
support a successful pregnancy. The cells are 
small and lymphocyte-like with eosinophilic 
granules and Fc receptors but lacking alllym-



phocyte surface markers (no Thyl, Lyt 1 or 2). 
They appear to produce a soluble factor 
capable of suppressing the interleukin 2 de
pendent expansion and subsequent attack by 
a CTL population directed against the fetal 
allograft. Fetal trophoblast is necessary for 
their recruitment (from about 7 dpc) into the 
decidua; they have not been found in 
deciduomata. 

In the mouse, there is a population of 
larger cells showing similar suppressor 
activity found at implantation (4-6 dpc) 
which are also present in deciduomata. The 
detailed structures and localizations of these 
small and large 'suppressor' cells have yet to 
be clarified (Brierley and Clark, 1987). 

'Decidual' structures in non-haemochorial 
placentation Extensive decidual cell devel
opment characterizes haemochorial placen
tation, but in some synepitheliochorial and 
endotheliochorial placentas specialized cells 
originating from uterine stromal cells are 
consistently incorporated throughout the 
definitive placental structure at the feto
maternal interface. The best example is the 
frequently binucleate giant cells in the cat 
placenta (Figure 4.68). Much smaller less ob
vious cells are also present in an equivalent 
position in the dog (Amoroso, 1952; 
Mossman, 1987). Cells of similar structure are 
found as giant pericytes around the maternal 
vasculature in the sheep and goat (Figure 
4.69). These cells never form a coherent layer 
as in haemochorial placentas but their con
sistent presence suggests that they may play 
a role (producing a specific secretion?) in 
maintaining the delicate balance between 
fetal and maternal tissues. Decidual changes 
have also been reported in the pseudo
pregnant ferret, but the alterations are in the 
subepithelial uterine capillary endothelium 
rather than the stromal cells (Beck and Lowe, 
1972). 

Epithelial plaque Decidualization has been 
defined here as endometrial stromal cell 
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differentiation. Epithelial plaque, which is 
always cellular, is formed by proliferation 
and development of uterine luminal and 
glandular epithelium dependent on the same 
hormonal regimen and enhanced in a similar 
way by contact with the blastocyst. 

Plaque formation is characteristic of some 
monkeys whose implantation is superficial 
and whose early stromal decidualization is 
minimal (Rossman, 1940; Enders et al., 1985; 
Owiti et al., 1986). The epithelial proliferation 
is transient, starting at 6 dpc, and the plaque 
is engulfed and removed by the developing 
trophoblast by 20-22 dpc in the rhesus mon
key for example (Figures 4.92 and 4.93) 
(Enders et al., 1985). Prior to its obliteration it 
undergoes symplasmic degeneration. This 
life history is similar to that undergone by the 
surface epithelium in the uterus of carnivores 
and lagomorphs (Steer, 1971; Schlafke and 
Enders, 1975; Leiser, 1979). In these cases 
there is less initial proliferation but the sym
plasmic masses have to be absorbed in the 
same way by the trophoblast during the cel
lular remodelling involved in the trophoblast 
invasion of their maternal tissues. It seems 
probable that the symplasmic masses 
reported in the fetomaternal junctional zone 
of many placentas are derived from the epi
thelium of the glands rather than aggregated 
stromal decidual cells. Their production is the 
first stage in the reduction of the maternal 
tissue to merely a scaffolding of proliferating 
maternal blood vessels invested by a layer of 
vascular fetal trophoblast. 

The extreme proliferation involved in 
plaque production can be seen as one of the 
ways of avoiding too rapid a penetration of 
the endometrium by the trophoblast (com
pare Figures 4.83 and 4.92). Plaque allows 
controlled access to the maternal circulation. 
Once this has been achieved superficial 
development of a purely fetal vascularized 
syncytium to form villi or a labyrinthine 
meshwork is all that is required to produce 
the haemochorial primate placenta. There is 
no need for deeper erosion of the endo-
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metrium for in most Old World primates the 
maternal blood supply is restricted to orifices 
at the maternal face of the fetal tissue. 
Epithelial plaque formation is one way of 
achieving this controlled access to the ma
ternal blood after superficial implantation: by 
contrast, interstitial implantation induces 
stromal decidual cell development (Ramsey, 
1982). Both are systems for establishing a 
viable fetomaternal dialogue with a minimum 
of delay and stress to either party. 

The variation in the balance between epi
thelial plaque and stromal decidual trans
formation (Ramsey et al., 1976) is in sharp 
contrast to the similarity of the final placental 
structure. This may be taken as further evi
dence for the difficulty of rapidly establishing 
the fetomaternal dialogue: of balancing the 
nutritional needs of the embryo against the 
immunological sensitivities of the mother. 

The same problems may be solved by what 
appear superficially to be very different 
morphological methods. In practice, small 
changes in mitotic rates of particular cell 
groups or phagocytotic capacity of the tro
phoblast might be sufficient to account for 
the differences. 

(c) Functions of the decidual cells 

Many functions have been proposed for deci
dua and it seems likely that there may be 
several roles it can play; which one is empha
sized probably depends upon the specific 
demands of each particular animal group. 

Isolation of the implanting blastocyst 

In rodents with a small blastocyst there is a 
rapid initial decidual development of stromal 
cells immediately around the blastocyst 

. (Figure 4.10). These cells become so closely 
packed, accentuated by both tight and gap 
junction formation, that maternal blood cells 
and proteins are prevented from reaching the 
blastocyst (M.B. Parr et al., 1986). The effect is 
transient, lasting only from 6 to 9 dpc in the 
rat, and subsequently these early decidual 

cells die, to be displaced by the expanding 
conceptus. Reichert's membrane forms be
tween the yolk sac ectoderm and endoderm 
coincidentally with the loss of this decidual 
barrier, and it has been suggested that this 
new acellular layer may take over the func
tion of excluding harmful constituents of the 
maternal blood from the embryo (M.B. Parr 
and Parr, 1986). 

Barriers to trophoblast invasion 

Direct evidence that decidual cells act as bar
riers to trophoblast invasion comes from the 
observation that blastocysts transferred to 
subepithelial ectopic sites (kidney, testis, an
terior chamber of the eye) penetrate into the 
non-decidualized connective tissue much 
more deeply than into uterine decidua 
(Kirby, 1963, 1965; Porter, 1967). Conversely, 
skin grafted onto decidualized uterine stroma 
is rejected much more slowly than skin in the 
non-decidualized uterus. The process of deci
dualization starts at the luminal surface, and 
the uterine epithelium, though rapidly lost, 
probably plays an essential role in mediating 
and amplifying the stimulus to decidualiza
tion (Kennedy, 1983). Uterine epithelium that 
is not receptive (i.e. that is not hormonally 
primed) is a much more complete barrier to 
blastocyst penetration. 

A mechanical barrier results from the for
mation of a coherent decidualized cell layer 
by rapid division and expansion of the in
itially widely separated fibroblasts in the 
oedematous endometrial stroma (Glasser and 
McCormack, 1980; M.B. Parr et al., 1986). The 
resulting decidual cells are often linked by 
gap junctions and are thus capable of con
certed changes. It has been suggested that 
such a linked cellular barrier is so effective 
that expansion of the trophoblast is depen
dent on prior programmed cell death of the 
decidual tissue (Beaulaton and Lockshin, 
1982). Certainly there seems to be a very close 
relationship between the two tissues in 
rodents (Welsh and Enders, 1985). 



In man the decidualized cells are not so 
closely packed as in rodents and they fre
quently secrete a dense extracellular matrix 
consisting of collagen and glycosaminogly
cans, which would also hinder trophoblast 
invasion (Boyd and Hamilton, 1970; Schiebler 
and Kaufmann, 1981). Such material is 
usually referred to as 'fibrinoid' and may 
form continuous sheets between fetal and 
maternal domains like Nitabuch's and Rohr's 
'striae' at the base of the human placenta 
(Boyd and Hamilton, 1970). 

However, such decidual cellular and extra
cellular barriers are rarely complete (Marti
nek, 1970) and elements of the trophoblast 
frequently penetrate well past the decidua
lized 'layer'. The interstitial and endovascular 
trophoblast of humans and rodents are 
examples of this breaching of the 'barrier'. 
The decidual layer may form an effective if 
partial barrier in some species (Bradbury et 
al., 1965), but even then it is probably only 
part of an array of accommodations between 
mother and fetus to promote fetal survival. 

A functional barrier may be provided by 
the secretion of specific proteins by decidual 
cells which either directly inhibit the protease 
activity of the trophoblast or compete locally 
for the growth factors such as insulin-like 
growth factor 1 (IGF-1) necessary for tropho
blast growth. Bell and colleagues (S.c. Bell, 
1979; S.c. Bell et al., 1988) have published 
evidence for the production of decidual 
associated proteins and/or alkaline phospha
tase which may serve such functions. 

The loss of fibronectin from the surface of 
decidualizing cells may provide another func
tional barrier. As a result of the loss the tro
phoblast can no longer so readily form the 
close associations necessary for rapid and 
efficient killing or engulfment of the barrier 
cells (S.c. Bell, 1983). 

Nutrient provision 

One of the characteristics of decidualizing 
cells is the accumulation of glycogen and/or 
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lipid stores, although this is not always 
found. It is generally assumed that this is 
produced for the eventual nutrition of the 
blastocyst. Amoroso (1952) noted that ani
mals without decidual cells usually have 
many more uterine glands producing histo
troph for blastocyst maintenance and 
growth. 

Decidual cells phagocytosed by the troph
ectoderm would provide considerable readily 
convertible food stores very necessary to 
support the rapid growth of the conceptus. 
Presumably the barrier function of the deci
dua prevents the blood nutrients reaching 
the trophectoderm directly. Alternatively, 
the glycogen and lipid storage may be merely 
a measure of the senescence of the cells of the 
decidua which results in subsequent phago
cytosis by the trophectoderm. 

Hormone production 

Prolactin There have been several reports of 
progesterone-dependent prolactin produc
tion by cultured decidual cells in man (Maslar 
et al., 1986) and rodents, and histological 
studies indicate localization of prolactin to 
parietal decidual cells by immunofluor
escence, (Braverman et al., 1984; AI-Timimi 
and Fox, 1986; Bryant Greenwood et al., 1987) 
and hybridization histochemistry (Xuan et al., 
1990; W.X. Wu et al., 1991). 

The amount of prolactin produced in
creases during pregnancy, and there is in
creasing evidence for a paracrine or autocrine 
role for this decidual prolactin in control of 
the osmotic balance at the fetomaternal inter
face (Meuris et al., 1980; Gibori et al., 1984). 
Control of decidual prolactin secretion is sig
nificantly different from pituitary prolactin 
because it is unaffected by bromocriptine 
(which blocks) or thyrotropin-releasing hor
mone (which stimulates) prolactin secretion 
from the pituitary (see Gibori et al., 1984). 

Prostaglandins and steroids Cultures of 
rodent and human decidual cells have been 
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shown to produce prostaglandins (Lala, 1989) 
and steroids, which have immunological 
potential as demonstrated by their effects on 
the mixed lymphocyte reaction (MLR) and 
cytotoxic lymphocyte (CTL) function. They 
are also implicated in the control of predeci
dual cell division, in the initiation and main
tenance of decidual differentiation (Glasser 
and McCormack, 1980; Kennedy and Lukash, 
1982; Clark, 1985b), and in the initiation and 
process of parturition. 

Relaxin This hormone has been reported in 
human endometrial granulocytes and was 
suggested to be present in the rodent metrial 
gland (Dallenbach-Hellweg, 1967). Neither of 
these localizations has been confirmed. 
Sakbun et al. (1987) have reported an im
munofluorescent localization to basal plate 
cells and the amniotic epithelium in human 
term placenta; and Bryant Greenwood et al. 
(1987) a localization to chorion laeve cyto
trophoblasts and parietal decidua (see 
Sherwood, 1988, for an excellent review). 

Immunological (functions) implications 

1. Occlusion of lymphatics by adjacent de
cidual cell growth has been suggested to 
block the efferent immunological re
sponse to the foreign conceptus. How
ever, there appear to be very few 
lymphatics in the uterine endometrial 
stroma of species which produce decidua 
so the importance of this effect is difficult 
to assess (Head and Seelig, 1984). 

2. Soluble factors from cultured mouse de
cidual cells are said to have several local 
immunosuppressive functions (S. C. Bell, 
1979). Such factors can recruit T and non
T suppressor cells, protect against natural 
killer (NK) and cytotoxic lymphocyte
mediated lysis and stimulate blocking 
antibodies rather than antibodies me
diating rejection. The trophoblast is the 
primary source of these local immunosup
pressive soluble factors, but the most 

recent informed opinion is that 'decidual 
factors can do almost all that trophoblast 
can' (Chaouat, 1987). 

3. The decidual tissue forms a matrix in 
which immunologically active cells can 
modify the maternal response to the fetus 
(for a good review see Colbern and Main, 
1991). There are reports of the presence of 
suppressor cells (mentioned in section 
4.2.8c above) and macrophages and other 
la-positive cells which may process for
eign antigens in such a way that the frag
ments induce tolerance rather than 
rejection (Clark et al., 1984, 1986, 1987; 
Hunziker and Wegman, 1986). However, 
severe combined immunodeficient (scid) 
mice produce perfectly normal litters 
(Croy and Chapeau, 1990) although they 
lack Band T lymphocytes and have few 
NK cells, so such cells cannot be essential 
for normal pregnancy. 

Release of the placenta 

By definition the decidua is a hormone
dependent tissue layer at the fetomaternal 
interface autolysing on progesterone with
drawal to facilitate release of the placenta 
soon after birth of the young. Release of 
prostanoids by the autolysing cells may also 
play a part in the initiation and process of 
parturition (S.c. Bell, 1983). However, the 
wide variety of animals without decidua 
manage to separate their placentas success
fully and in the European mole Talpa there is 
a well-developed decidua but the placenta 
remains in situ and is resorbed (Amoroso, 
1952). 

4.2.9 IMPLANTATION 

Implantation is the mechanism by which the 
blastocyst establishes itself in the uterus, and 
the trophectoderm develops an intimate re
lationship with the uterine epithelium (M. B. 
Parr and Parr, 1989; Denker, 1993). This pro
cess is easily disrupted and most early preg-



nancy loss occurs during this time (Wilmut et 
al., 1986). The process can also be suspended 
(' delay of implantation, embryonic diapause') 
at this stage, which serves to reduce the 
metabolic load on a lactating mother and to 
ensure that birth occurs at the most advan
tageous season (Enders and Given, 1977; 
Given and Enders, 1989). 

The conceptus reaches the uterus in the 
morula stage surrounded by the acellular 
zona pellucida. It must then position itself 
correctly in the uterus, adhere to the uterine 
epithelium and possibly invade that epi
thelium in initiating the development of the 
characteristic placental structure. Recent 
studies have indicated that these structural 
changes are controlled by complex inter
actions between hormones, cytokines and 
their receptors (Ben Rafael and Orvieto, 1992; 
Mathialinagen et al., 1992; c.L. Stewart et al., 
1992; Strickland and Richards, 1992; Wathes, 
1992; De et al., 1993). 

(a) Position (spacing) in the uterus 

In duplex uteri (rat, mouse, guinea pig, rab
bit) the horns open separately into the cervix 
and blastocysts cannot pass from one horn to 
the other. Spacing in each horn is indepen
dent. In bicornuate uteri (pig, dog, cat, rumi
nants) the two horns are continuous and a 
conceptus ovulated on one side can pass to 
the other side prior to implantation (Figure 
4.4). 

In species with several conceptuses (poly
tocous), the blastocysts normally implant at 
evenly spaced sites along a uterine horn 
(Boving, 1971). How this spacing is achieved 
in the 2 or 3 days available is not clear. In the 
rabbit (duplex uterus) there appears to be no 
relationship to any pre-existing structure 
such as the scars of the previous pregnancy 
since conceptus number varies but the 
spacing is always even. If there is only one 
conceptus per horn it is always in the middle 
of the horn (Boving, 1971). In the pig and cat 
with bicornuate uteri, animals with a single 

General characteristics and definitions 287 

ovary provide evenly spaced implantation 
sites in both horns and pig conceptuses of 
different phenotypes (colours) introduced in 
a set order randomize before implanting at an 
even spacing (Dziuk et al., 1964). 

These experimental observations indicate a 
considerable capacity for blastocyst migration 
along the uterine lumen and the most likely 
explanation is a passive movement propelled 
by the vigorous contractions of the uterine 
musculature. Inert beads of a similar size to a 
rabbit blastocyst are moved along if intro
duced into the uterine lumen at this time 
(4-6 dpc; Boving, 1971). However, the 
trauma of surgery makes this an unreliable 
experimental model. Presumably the concep
tus would first need to be roughly spaced by 
vigorous muscular contractions instituted 
perhaps by substances present in the oviduc
tal fluid entering with the conceptuses; and 
subsequently adjusted by local initiation of 
contractions and/or uterine growth by the in
dividual conceptus. 

This seems to fit with more of the observed 
facts than Mossman's ingenious 'leap-frog' 
concept. In this the first conceptus into the 
uterus attaches at the uterotubal end, modi
fying the surrounding uterine epithelium to 
inhibit further adhesion thus forcing the next 
conceptus to 'leap-frog' and pass further 
along to implant and so on. 

However, all the above discussion refers to 
cat, pig or rabbit experiments, in which the 
blastocyst swells considerably (10-2000 x in 
the rabbit) during the positioning and ad
hesive phases. In the rat and guinea pig the 
blastocysts do not swell at this stage but are 
still evenly spaced in the uterus prior to ad
hesion. This may be achieved by muscular 
contraction since relaxin disrupts it (Pusey et 
al., 1980), but there is no direct evidence for 
such movement of these tiny blastocysts 
(Boving, 1971). 

In species with a single conceptus in the 
uterus (monotocous) or in each uterine horn 
( ditocous) there is also evidence for preferred 
sites of implantation. For example, multiple 
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ovulators such as the elephant shrew implant 
only a single conceptus in each horn, and 
some African antelopes ovulate on either side 
but implant predominantly in the right horn. 
No clearly identifiable receptive structures 
have yet been described (Mossman, 1987). 

Most ruminants normally implant about 
halfway between the cervix and uterotubal 
junction but the caruncles at this site have no 
reported unique characteristics. It has been 
shown that cow and sheep blastocysts anchor 
themselves at their preferred site by trophec
todermal outgrowths (papillae) into the 
mouths of the uterine glands (Figure 4.38) 
(Drieux and Thiery, 1951; Guilloinot and 
Guay, 1982; Wooding et al., 1982), but this 
does not explain how the site is initially 
selected. 

There is now direct evidence for consider
able conceptus movement in the uterus prior 
to implantation: the large horse blastocyst 
can be located in vivo with ultrasound, and it 
is reported that it moves freely between the 
two horns on 11-15 dpc but then implants 
caudally in one horn at 16-17 days (Ginther, 
1979, 1983, 1984a,b). 

There seems to be clear evidence for free 
conceptus movement, and also a consensus 
that positioning is complete before the zona 
pellucida is lost. Rupture of the zona then 
allows intimate adhesion between blastocyst 
and uterine epithelial surfaces. 

(b) Adhesion 

There are three main requirements for ad
hesion: loss of the zona pellucida, 'closure' of 
the uterine lumen, and development of 
trophectodermal pseudopodia (cellular or 
syncytial) which make membrane contact 
with the uterine epithelium. 

The zona pellucida is ruptured and/or dis
solved by a combination of blastocyst swell
ing plus the action of glycosidase and 
protease enzymes from uterine epithelium 
and blastocyst (Denker 1978; Denker et al., 
1978; Denker and Tyndale-Biscoe, 1986). The 

success of ectopic implantation demonstrates 
the non-specific nature of any uterine en
zymes involved. 

After rupture of the zona pellucida, closure 
of the uterus occurs by the resorption of fluid 
and development of muscular tone. These 
processes bring the uterine epithelium into 
an intimate relationship with the trophecto
derm and this is accentuated in many species 
by swelling of the blastocyst. 

Uterine closure brings the glycocalyces on 
the external surface of the trophectoderm and 
on uterine epithelial cells close together. 
Since both bear negative charges they will not 
readily adhere. Several cytochemical investi
gations have shown a generalized decrease in 
uterine epithelial surface change (measured 
by cationic probes) around the time of im
plantation (reviewed by M.B. Parr and Parr, 
1989). There is also increasing evidence for 
change in the plasmalemma prior to the 
apposition between blastocyst and uterine 
epithelium. For example, erosion of the 
unusually thick glycocalyx can be demon
strated in the ferret (Enders and Schlafke, 
1971b), changes in uterine epithelium lumi
nal proteins have been shown in the rabbit 
(T.L. Anderson et al., 1986; Hoffman et al., 
1990a) and alterations in the expression of 
carbohydrate epitopes demonstrated in the 
mouse (Kimber and Lindenberg, 1990). 
Specific lectins have been used to demon
strate pregnancy-dependent regional differ
ences in binding to the blastocyst (Chavez 
and Enders, 1982) and to the uterine epi
thelium (Anderson and Hoffman, 1984; 
Anderson et al. 1986; Whyte and Allen, 1985; 
Anderson et al., 1986). 

However it is achieved, the fetal and ma
ternal plasmalemmas characteristically finally 
adhere very closely at the implantation site. 
There is little clear evidence for fetomaternal 
tight or desmosomal junction formation de
spite several claims (Reinius, 1967; Potts, 
1968; Schlafke and Enders, 1975; Tachi and 
Tachi, 1979). Evidence from freeze-fracture is 
required to adequately characterize the 



nature of the adhesion. Examination of the 
blastocyst attachment to uterine epithelium 
in vitro may also provide useful information 
(Lindenberg et al., 1989). 

(c) Invasion and/or placental development 

From the common start of flat apposition 
between maternal and fetal apical plasma 
membranes there are several different ways 
of initiating placental development. Schlafke 
and Enders (1975) categorized four basic 
types: simple interdigitation, displacement, 
fusion and intrusive implantation (Figure 
4.13). 

Interdigitation 

In the pig (Dantzer, 1985) the flat apposition 
develops into an interdigitation of microvilli 
from trophectoderm and uterine epithelial 
surfaces. There is no loss of cells or any fetal 
or maternal syncytial transformation. 
Development of the placenta is essentially a 
vast increase in the area of fetomaternal 
apposed epithelia with their interdigitated 
microvilli. 

Displacement 

In the mouse, rat and hamster the apposition 
of the fetal and maternal cellular epithelia 
results in loss of integrity and subsequent 
delamination or sloughing of individual cells 
and sheets of the uterine epithelium which 
are then phagocytosed by the trophectoderm 
(M.H. Kaufman, 1983; Schlafke et al., 1985; 
Bevilacqua and Abrahamsohn, 1989; 
Blankenship et al., 1990). 

This change in coherence of the uterine 
epithelial cell sheet may be induced either by 
contact with the trophectoderm or by iso
lation from the vascular supply by the coinci
dent decidual cell development immediately 
below the uterine epithelial basement mem
brane. Whatever the cause it does not seem 
to be analogous to normal cell killing, since 
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inhibition of RNA synthesis with actino
mycin D completely blocks the uterine epi
thelial change (Finn and Bredl, 1973) and the 
trophectoderm then is reported to penetrate 
the uterine epithelium intrusively (see be
low). The results certainly suggest fetomater
nal interaction rather than cytolysis and 
phagocytosis by an aggressive trophecto
derm (M.H. Kaufmann, 1983). 

This sort of concerted delamination of a 
large area of uterine epithelium has also been 
reported for the vespertilionid bats Myotis 
and Glossophaga (Enders and Wimsatt, 1968; 
Rasweiler, 1979; Kimura and Uchida, 1983, 
1984). 

Fusion 

Evidence for fusion between trophectoder
mal syncytial protrusions and uterine epi
thelial cells in rabbits has been presented by 
Larsen (1961) and Enders and Schlafke 
(1971a). Fusion of cytotrophoblast cells pro
duces a trophectodermal syncytium which 
forms numerous processes. These penetrate 
the zona pellucida and indent the apex of the 
uterine epithelial cells forming initially a flat 
apposition. Subsequently, the apposed mem
branes fuse to form a fetomaternal hybrid 
tissue. Evidence of fusion comes from the 
observation of chains of vesicles in regions 
where one would expect flat apposition. 
Also, cells linked to the adjacent uterine epi
thelium by the usual apical tight junction 
complex demonstrate cytoplasmic continuity 
with the overlying trophectodermal syncy
tium (Figure 4.13). Since at the same time the 
uterine epithelium itself is producing plaques 
of symplasm by loss of lateral membranes, it 
is difficult to follow the detailed outcome of 
the initial fetomaternal fusion. Fusion seems 
to be necessary to initiate trophectodermal 
invasion, but it is considered likely that the 
maternal nuclei and cytoplasm make only a 
transient contribution to the invasive tro
phectodermal syncytium (Enders and 
Schlafke, 1971a). 
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Figure 4.13 Classification of the different fetomatemal cellular interactions at implantation. (Based on 
Schlafke and Enders, 1975.) 



In the ruminant trophectoderm, character
istic granulated binucleate cells (BNCs) are 
first produced just before implantation 
(Wimsatt, 1951; Wooding, 1982b, 1983). 
BNCs migrate to form a flat apposition with a 
uterine epithelial cell, and then fuse apically, 
finally providing a trinucleate cell within the 
uterine epithelium (Figures 4.13 and 4.38) 
(Wooding, 1982b). Evidence for the fusion 
comes from images of the two cells cytoplas
mically continuous across the fetomaternal 
microvillar junction but linked by tight junc
tions to their epithelia (Figure 4.42) and the 
presence of BNC-derived granules containing 
placental lactogen hormone only in trinuc
leate cells in the uterine epithelium (Morgan 
et al., 1987) (see section 4.3.6b for further 
details). 

The final example of fusion comes from the 
marsupial Perameles (Padykula and Taylor, 
1976). On about the ninth day of the 12-day 
gestation a limited area of trophectoderm 
cells, each with a characteristically large 
nucleus, comes into close apposition to the 
uterine epithelium which consists at this 
stage of plaques of syncytium containing nu
merous very small nuclei. Specimens a day or 
so later display no separate trophectodermal 
layer but the fetal and maternal blood capil
laries are separated only by plaques of syncy
tium which contain a mixture of very small 
and characteristic large nuclei (Figures 4.17, 
4.18 and 4.19). The simplest explanation for 
the apparent disappearance of the trophecto
derm and two sizes of nuclei in the final 
syncytium is fetomaternal fusion but the de
tails have yet to be investigated (see section 
4.3.5c). 

The advantages of fetomaternal hybrid tis
sue formation are obscure. It does offer rapid 
access through the uterine epithelium while 
maintaining its structural integrity; presum
ably some immunological camouflage is pro
vided by the maternal component of the 
hybrid tissue. However, the problem of dual 
cytoplasmic control must be formidable, and 
the fact that the hybrids are produced by 
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such dissimilar methods - fetal syncytium or 
cell fusing with maternal cell or syncytium -
once again indicates that these cases are 
probably individual answers to specific prob
lems rather than a general solution of the 
puzzle of fetomaternal accommodation. 

Intrusion 

This type is found in several families and is 
characterized by firm adhesion followed by 
penetration of trophectodermal processes 
through a healthy uterine epithelium without 
any signs of destruction of, or alteration in, 
the contiguous uterine cells (Figure 4.13). In 
the ferret syncytial processes pass between 
the cells, apparently forming tight junctions 
with them (Enders and Schlafke, 1971b). In 
contrast, in the horse individual binucleated 
trophectodermal cells are said to indent the 
cell apices away from the tight junctions and 
initially pass through the body of the uterine 
epithelial cell on their way to form the endo
metrial cups (Allen et al., 1973). In both cases 
the uterine epithelial cells are subsequently 
surrounded and phagocytosed to allow a 
broader trophectodermal access to the 
endometrium. 

The tiny blastocysts of the human and 
guinea pig form a trophectodermal syncy
tium at the site of apposition to the uterine 
epithelium (Enders and Schlafke, 1969; Boyd 
and Hamilton, 1970). This seems to facilitate 
rapid subsequent penetration of the entire 
conceptus into the endometrium, but the de
tails of the process are unknown. The uterine 
epithelium subsequently closes over the im
plantation site. 

Intrusion seems to require protrusions 
from syncytium or binucleate cells, but the 
means by which these negotiate the tight 
junction barrier remains to be elucidated. The 
ruminant BNC is the only cell so far demon
strated capable of passing through a tight 
junction while maintaining the junction in
tact, but the BNC is derived from that same 
epithelium (Morgan and Wooding, 1983). 
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Intrusion implantation suggests that the fetal 
trophectoderm can form tight junctions with 
the maternal tissue but there is no direct evi
dence for this in any system as yet. 

As more EM studies are made it becomes 
clear that the categories above may not be 
exclusive. In the mouse, for example, there is 
an excellent electron micrograph which dem
onstrates that the first visible sign of implan
tation may be intrusion into or fusion with a 
healthy uterine epithelial cell (Figure 4.73) 
(M.H. Kaufman, 1983), and at the light 
microscope level similar penetration of the 
intact uterine epithelium has been reported 
after actinomycin D injection (Finn and Bredl, 
1973). 

In some marsupials there is a local pene
tration of an otherwise unchanged uterine 
epithelium by cellular trophoblast which 
could be by fusion or intrusion (Tyndale 
Biscoe and Renfree, 1987); a similar process 
has been reported in Galago (Butler, 1967). 
There are now three examples of fusion im
plantation; only one was known in 1975. This 
process may be more widespread than has 
been realized. 

The problem is the transience of the initial 
cellular events and the lack of markers to 
distinguish fetomaternal fusion from intru
sion. The ruminant BNC fusion with a uter
ine epithelial cell was recognized by several 
criteria. There are obvious BNC 'marker' 
granules; it is a cellular system so that the 
number of nuclei per hybrid cell can be 
counted; finally the tight junction between 
fetal and fetomaternal trinucleate cells 
(TNCs) can be logically explained by the mi
gration and fusion hypothesis (Wooding 
1982b, 1984). 

Investigations of other systems are compli
cated by lack of markers and by considerable 
coincident syncytium formation so it is not 
practical to count nuclei. However, it should 
be remembered that tight junctions between 
fetal and maternal tissue [as reported, for 
example, by Leiser (1979) at cat implantation] 
may indicate fusion just as well as intrusion. 

4.3 DEVELOPMENT OF EMBRYONIC 
MEMBRANES IN THE VARIOUS 
VERTEBRATE TAXA 

4.3.1 FISHES 

(a) Introduction 

The fishes are non-amniotes which have 
evolved a wide variety of modifications 
for successful viviparity (Amoroso, 1960; 
Hogarth, 1976; Wourms, 1981; Mossman, 
1987). The most widely used system is an 
increased secretion of nutrients into the 
ovarian or uterine cavity and absorption via 
the fetal gut or skin surface, but a number of 
genera have produced specialized structures, 
both embryonic and extraembryonic, some of 
which closely parallel amniote placentas. 

(b) Classification 

Fishes: 
Class Chondrichthyes (cartilaginous 

fish) 
Subclass Elasmobranchii, selachians 

About half the 100 families have viviparous 
members; only two of these families 
(Carcharinidae and Syphonidae, including 
sharks, skates and rays) have either a yolk sac 
placenta (Figure 4.4) or trophonemata. The 
latter are long glandular extensions of the 
uterine epithelium producing abundant se
cretion (Wourms, 1981). 

Class Osteichthyes (bony fish) 
Subclass Actinopterygii 

This includes more than 99% of all living 
bony fish. Fourteen out of the 425 families are 
viviparous, and five of these have structures 
ranging from fin elaborations, gut extensions 
(trophotaeniae) and expansions to extra
embryonic pericardial sac elaborations anal
ogous to the vertebrate amnion and chorion 
(Figure 4.15). 

It is clear that fish viviparity has evolved 
many times in many different genera (Amor-
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Table 4.2 Dryweight increases during gestation in fishes 

Species 

CHONDRICHTHYES; Cartilaginous fish 

I OVIPAROUS 
Scyliorhinus caniculus 

II VIVIPAROUS 
Squalus acanthias 
Mustelus mustelus 
Dasyatis violacea 
Mustelus canis 
Gymmura micrura 
Odontaspis taurus 

OSTEICHTHYES; Bony fish 

I OVIPAROUS 
Salmo vivideus 

II VIVIPAROUS 
Poeciliopsis monacha 
Poecilia (lebistes) sp. 
Heterandria formosa 

Anableps dowei 

Ameca splendens (Goodeidae) 
Embiotoca lateralis 
Jennynsia sp. 

Percentage change 
in dry weight of 
conceptus 

-20 

-40 
370 

1,600 
1,050 
4,900 

1,200,000 

-40 

-40 
o 

4,000 

800,000 

15,000 
20,400 
24,000 

Reproductive pattern 

oviparous 

yolkyegg 
yolkyegg 
trophonemata 
placenta 
trophonemata 
intrauterine cannibalism 

oviparous 

yolkyegg 
yolk, small pericardial sac 
large smooth pericardial sac, 
simple 
follicular placenta large 
specialised pericardial sac 
villous follicular placenta 
trophotaeniae 
fin extensions, gut expansion 
trophonemata 

Uterine 
secretion 

none 

serous 
mucous 
lipid 
mucous 
lipid 

oso, 1960, Wourrns, 1981). A decrease in the 
amount of yolk after retention in the body of 
the mother necessitated an efficient system of 
nutrient transfer. In fishes, the placenta is 
only one, and not necessarily the most 
efficient, solution to the problem. In fish 
physiology a rough measure of the efficiency 
of viviparity is taken as the percentage in
crease or decrease in organic material be
tween egg and neonate (Table 4.2). 

nutrient transfer advantage (Scyliorhinus ver
sus Squalus) unless the organic content of the 
uterine secretion is increased (Squalus versus 
Mustelus mustelus). Development of tropho
nemata, uterine glandular extensions which 
may be in close relationship with the fetal 
mouth or gills, further augments the percent
age increase (M. mustelus versus Dasyatis) and 
a true trilaminar yolk sac closely apposed to 
an expanded semivillous uterine epithelium 
is almost as effective (Cate-Hoedemaker 1933; 
Schlernitzauer and Gilbert, 1966) (M. canis 
versus Dasyatis). However, a richer uterine 
secretion plus trophonemata can be three or 
four times as good as a yolk sac (Gymmura 

(c) Chondrichthyes 

In Table 4.2 it can be seen that retention in 
the uterus does not necessarily offer any 
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versus M. canis), and a species in which the 
surviving uterine tenant has eaten all its orig
inally numerous siblings (Odontaspis) has no 
rival measured on this criterion. 

Yolk sac placenta 

In several of the skates and rays after the yolk 
is exhausted the trilaminar vascularized yolk 
sac is then modified to serve a placental func
tion. Such· species have very lengthy ges
tation times. In Mustelus canis (laevis) which 
has been most closely investigated structur
ally (Cate-Hoedemaker, 1933), the placenta 
forms after a 3 month dependence on yolk 
and is functional for another 9-10 months 
(Figure 4.14). 

The uterus develops shallow folds around 
each embryo and within the fold the yolk sac 
trophoblast forms with the uterine epi
thelium a localized intimate association 
which subsequently increases in area by fold
ing. A shell membrane, or derivative thereof, 
persists between the maternal and fetal epi
thelia until term, but there is a considerable 
decrease during pregnancy in the thickness 
of the epithelia and the shell membrane. In 
addition, the blood capillaries eventually 
deeply indent the epithelia, reducing still 
further the separation of fetal and maternal 
blood (Figure 4.14). Cate-Hoedemaker (1933) 
suggested that there was a syncytial change 
in both epithelia, but this has yet to be veri
fied electron microscopically. A more recent 
tracer and ultrastructural study of the yolk 
sac placenta of Carcharhinus (Hamlett and 
Wourms, 1984; Hamlett et aI., 1985) demon
strated the ability of the trophoblast to absorb 
proteins endocytotically and of the uterine 
epithelium to mediate transfer, but capillary 
indentation of the epithelia was not so 
marked as in M. canis. There is a complete 
range from the firmly adherent structurally 
modified yolk sac placenta of Mustelus canis to 
the transient non-specialized association of 
yolk sac trophectoderm and uterine epi
thelium (across a fairly thick shell membrane) 

reported in Squalus acanthis (Jollie and Jollie, 
1967). In some cases (Scoliodon) very complex 
elaborations of the yolk sac stalk surface 
(appendiculae) are present as well as a pla
centa (Figure 4.14). These fetal appendiculae, 
like the glandular extensions of the maternal 
uterine epithelium (trophonemata), may also 
play an important role in fetomaternal nutri
tive exchange in other families but, since the 
tissue association is very loose, as far as it has 
been investigated, a placental relationship 
cannot be assumed (for a recent review see 
Hamlett, 1989; Hamlett et al., 1993). 

Thus, in the Chondricthyes a true yolk 
placenta with considerable specialization for 
haemotrophic exchange has been developed, 
but the vast majority of viviparous species 
rely on histotrophic nutrition with only a few 
structural adaptations to facilitate this. 

(d) Osteichthyes 

The bony fish do not have true uteri and 
viviparous development takes place either in 
the ovarian follicle or, after follicular rupture, 
in the ovarian cavity (Turner, 1947; Amoroso, 
1960; Wourms, 1981). Table 4.2 demonstrates 
that again the level of maternal organic provi
sion is greatest when facilitated by special
ized fetal and/or maternal structures. Unlike 
the Chondricthyes the yolk sac is not devel
oped further than its function as a yolk store; 
but in parallel with the Chondricthyes some 
species do have gland-rich trophonemata 
which reach from the uterine surface into the 
mouth or gill cleft of the embryo. The other 
structures, pericardial sac, trophotaeniae or 
fin extensions, are unique to a few families of 
the Osteichthyes (Figure 4.15) (Schindler and 
Hamlett, 1993). 

Pericardial sac 

In three families (Anablepidae, Poeciliidae 
and Goodeidae) gestation starts in the fol
licle. In early development the exocoelomic 
cavity around the heart extends to form an 
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Uterine epithel um 

EARLY LATE GESTATION 

Figure 4.14 Placental development in the cartilaginous fishes; skates, rays and sharks (Chondrichthyes). 
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Figure 4.15 Placental membrane relationships in the bony fishes (Osteichthyes). 
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extraembryonic sac whose wall consists of 
somatopleuric mesoderm bounded by troph
ectoderm. This enlarges to a variable degree 
in different genera enclosing the entire head 
in some cases (Figure 4.15). The sac is richly 
vascularized and blood from the body flows 
through this portal system before returning 
to the heart. The trophectoderm is closely 
apposed to a well-vascularized follicular epi
thelium, and capillary indentation of fetal 
and maternal epithelial layers is observed in 
some species in later gestation. The degree of 
development of the pericardial sac varies con
siderably in different genera. Lebistes (Kunz, 
1971) and Poecilia (Tavolga and Rugh, 1947) 
still retain a large yolk sac but the develop
ment of a small pericardial sac increases the 
efficiency of the organic transfer (Table 4.2). 
Heterandria has a much larger pericardial sac 
covering the entire head and most of the 
body at one stage with only a small yolk sac 
(Fraser and Renton, 1940; Grove and 
Wourms, 1991) and this combination pro
duces a considerable increase (4 OOO%) in or
ganic material during gestation. In Anableps 
the pericardial sac does not cover the head 
but expands ventrally into the area normally 
occupied by the yolk sac (vestigial in 
Anableps). The pericardial sac develops vas
cular swellings ('bulbs') under the trophoec
toderm surface which is closely apposed to a 
proliferation of slender, richly vascularized 
villi developed from the follicular epithelium 
(Figure 4.15). Fetal and maternal epithelia are 
tightly adherent and the efficiency of this true 
placental structure is exemplified by the vast 
increase in organic transfer (800 OOO%) dur- . 
ing intrafollicular development (Knight et al., 
1985). 

The Anablepidae also show considerable 
embryonic gut expansion in the last third of 
pregnancy so that the gut wall comes to lie 
close to the pericardial sac with its placental 
function (Figure 4.15). The relevance of this 
juxtaposition to increased fetomaternal 
exchange is unknown. This association of a 
vascularized endodermal sac (the hind gut) 

with the trophectoderm of the pericardial sac 
is directly analogous to the formation of the 
allantochorion in other taxa. Many other vivi
parous genera show similar gut expansion 
and direct absorption of follicular or ovarian 
fluid via mouth or anus has been suggested 
(Wourms, 1981). 

Trophotaeniae 

These are extensions from the hind gut epi
thelium (endoderm) which are richly vascu
larized (by sphlanchnic mesoderm) (Figure 
4.15). They range in size from small rosettes 
to groups of ribbon-like appendages as long 
as the embryo. 

Trophotaeniae are present in several un
related families, but are best developed in the 
Goodeidae, of which Ameca splendens has 
been best investigated (Lombardi and 
Wourms, 1985a,b,c; Wichtrup and Greven, 
1985). Embryos are released early from the 
follicle into the ovarian lumen; there may be a 
brief pericardial sac and yolk sac stage before 
the development of the trophotaeniae. There 
is a close relationship between the trophotae
niae and the ovarian epithelium but never a 
permanent adherence. Ultrastructural and 
tracer studies indicate that the trophotaenial 
epithelial cells are greatly specialized for 
endocytotic absorption (Schindler and 
DeVries, 1987) and the ovarian epithelial cells 
for secretion. The efficiency of the system is 
indicated by the 15 000% increase in fetal or
ganic material during gestation. 

Other systems Twq other families show 
large dry weight increases during gestation 
(Wourms, 1981). Embiotocidae (20 000% in
crease) have spatulate fin extensions, an 
enlarged hind gut and lie close to an actively 
secreting ovarian epithelium; and Jennynsia 
(24000% increase) has ovarian trophonemata 
extending into the mouth and buccal cavity 
(Figure 4.15). Nothing is known of the func
tional cytology of these ostensibly efficient 
associations. 
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Homologies between fish and amniotic placentas 

Based on embryological derivation and inti
macy of apposition the chondricthyean yolk 
sac placenta is directly homologous to the 
trilaminar choriovitelline placenta of mam
mals. Functionally there may be differences 
since the most specialized fish placenta 
appears to have a considerable respiratory 
function, judging by the extensive capillary 
indentation and attenuation of the fetal and 
maternal epithelia (Cate-Hoedemaker, 1933; 
Schlernitzauer and Gilbert, 1966). Similar 
modifications are reported for the persistent 
trilaminar yolk sac of most marsupial families 
(Luckett, 1976; Tyndale-Biscoe and Renfree, 
1987). This contrasts sharply with eutherians, 
which have tall columnar trophectodermal 
cells over the transient trilaminar yolk sac 
designed more for macromolecular uptake 
rather than for gas exchange. 

Trophotaeniae are essentially exteriorized 
giant gut villi, with an endodermal epi
thelium vascularized by splanchnic (gut) 
mesoderm (Figure 4.15) (Lombardi and 
Wourms, 1985a,b,c). They are thus homolo
gous to the inverted fetal yolk sacs of rodents 
and insectivores (Figure 4.3) and like them 
specialized for endocytotic uptake rather 
than gas exchange and with a similar loose 
association with the maternal epithelium. 

The pericardial sac membrane of 
Poeciliidae and Anablepidae consists of 
somatopleuric mesoderm underlying troph
ectoderm. The extension and folding of the 
sac over the embryonic head (Grove and 
Wourms, 1991) indicates that it is functionally 
homologous with the chorionic headfold 
which produces the amniotic cavity in the 
amniotes. In amniotes the somatopleuric 
chorion would not normally be vascularized 
until reached by the allantoic mesoderm, but 
in the Poeciliidae vascularization spreads 
from the adjacent yolk sac portal circulation 
as this yolk sac is superseded by the pericar
dial sac (Turner, 1947; Knight et al. 1985). In 
Anablepidae the modified pericardial sac and 

villous elaborations of the maternal follicular 
epithelium are firmly adherent and Wourms 
(1981) seems entirely justified in defining this 
as a true follicular epitheliochorial placenta, 
not a 'pseudo' placenta (Turner, 1947). It is 
much more efficient than a yolk sac placenta 
in facilitating embryonic dry weight increase 
and possibly represents a parallel develop
ment to the replacement of the yolk sac by 
the chorioallantoic placenta in mammals. 
How specialized the apposed epithelia of the 
follicular placenta are with respect to gas 
exchange and macromolecular uptake re
mains to be determined. 

Clearly the fish have evolved placental 
structures remarkably analogous to those in 
the amniotes. Apart from intrauterine canni
balism, proliferation of a non-yolk sac extra
embryonic membrane in intimate association 
with maternal tissue seems to be the most 
efficient solution. 

4.3.2 AMPHIBIA 

(a) Introduction 

Like the fish, the amphibia have evolved 
many viviparous forms. Most provide inter
nal nutrition by secretions of the oviduct or 
ovary. There is little evidence of fetal modifi
cations for fetomaternal transfer. Some 
species do show expansions of a highly vas
cularized tail or gill extensions, but how 
closely these are related to maternal tissues 
remains to be demonstrated. 

(b) Classification 

Class 
Order 

Amphibia 
Anura 

This order has some remarkable adaptations 
to viviparity (Hogarth, 1976). Rheobatrachus 
broods the young in its stomach, digestion 
being suspended for the duration. In 
Rhinoderma the male incubates the young in 
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its vocal chord pouch. The dorsal skin modi
fies into individual pouches in which the 
young develop in Pipa and Gastrotheca; 
the former has an expanded vascularized 
tail, the latter leaf-like gill extensions 
wrapped around the embryo (Del Pino et al., 
1975). Similar modifications are seen in 
many free-living juvenile forms and further 
investigation is necessary to establish if 
the association with the maternal tissue is 
close enough to be considered placental. 
Nectophrynoides is, more conventionally, 
retained in the oviduct and depends on the 
epithelial secretions for maintenance and 
growth (Xavier, 1976). 

Order Urodela 

Nearly all the salamanders have internal 
fertilization, but only one of the 400 species is 
obligately viviparous. It relies on ovarian 
secretions for growth. 

Order Gymnophiona (Apoda) 

Only 25 of the 170 species have been inves
tigated; half of these are viviparous sup
ported by lipid-rich ovarian secretions with 
no obvious fetal modification to facilitate ab
sorption. Some have a long gestation period, 
depend on yolk for the first 3 months but 
then develop on ovarian secretions for a 
further 9 months. Viviparity is normally 
associated with extreme conditions of alti
tude or desiccation. 

4.3.3 AVES 

The only class with no viviparous forms. All 
birds have the full complement of embryonic 
membranes in the egg with very little vari
ation despite enormous differences of habitat 
and size. The massive amount of yolk in the 
yolk sac is the initial and continuing source of 
nutrition; the allantois with deeply indented 
capillaries is the organ of respiration within 
the egg (see Mossman, 1987). 

4.3.4 REPTILIA 

(a) Introduction 

The reptilia are mostly egg-laying amniotes 
with a full complement of extraembryonic 
membranes like the birds. The adoption of 
viviparity may be associated with extremes of 
habitat and has occurred many times (Pani
gel, 1956; R. Shine and Bull, 1979). Many 
genera today have ovoviparous and vivipar
ous species in different climatic areas (Guil
lette, 1982). 

The viviparous groups retain the egg in the 
oviduct or uterus for up to nine months; the 
shell is reduced to an acellular proteinaceous 
layer (almost to vanishing point) in some, 
and many ovulate eggs with very little yolk. 
The extraembryonic membranes have devel
oped into structures facilitating fetomaternal 
exchange O.R. Stewart and Blackburn, 1988; 
Blackburn, 1993; Stewart, 1993) (Figure 4.16). 

The yolk sac, bi- or trilaminar, is loosely 
associated with the secretory uterine epi
thelium and the trophoblast is capable of con
siderable endocytotic absorption. The yolk 
sac placenta is present from an early stage of 
development and may persist to term or be 
reduced to a vestige by the growth of the 
chorioallantoic placenta. The association be
tween trophoblast and uterine epithelium in 
the chorioallantoic placenta varies from a 
simple fetomaternal cellular apposition to 
those forms in which fetal and maternal capil
laries deeply indent the attenuated layers 
(Figure 4.16). The development of this poten
tial respiratory facility occurs just prior to 
the period of maximum fetal growth with 
its vastly increased requirement for gas 
exchange. Oviparous species lay their eggs 
just before this time (Guillette, 1982). 

(b) Classification 

Reptilia 
Orders Chelonia (turtles), Crocodilia 

All species oviparous. 



300 Placentation 

Tiliqua and most 
Reptilia 

Fetal 

Weekes type I 

Placental 

Weekes type III 

Chalcides (Seps) 

--\ 
Yolk sac 

small 

Figure 4.16 Placental membranes in reptiles. Not shown is the very thin acellular shell membrane which 
persists between the trophectoderm and uterine epithelium in many reptiles. 
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Order Squamata 
Suborder Lacertiliformes (lizards) 

Most families oviparous. Numerous VIVI

parous forms (with some ovoviviparous), 
e.g. family Scincidae, Lygosoma, Chalcides 
(Seps) Xantusia, Mabuya, Tiliqua; Lacertidae, 
Lacerta. 

Suborder Serpentiformes (snakes) 

Most species viviparous. 

Family Colubridae: Thamnophis, garter snake 
Hydrophiidae: Hydrophis, seasnake 
Viperidae: viper 

(c) Suborder Lacertiliformes (lizards) 

All viviparous lizards have yolk sac and 
chorioallantoic placentas (Bauchot, 1965: 
Luckett, 1977). The yolk sac is formed first 
and is largest in those orders with much yolk 
(Tiliqua) but may be reduced to small dimen
sions in those with very little (Lygosoma, 
Chalcides) (Figure 4.16). Initially the tropho
blast is bilaminar, but it may be subsequently 
vascularized by yolk sac or allantoic capillar
ies. Both fetal and maternal layers are cu
boidal, the uterine epithelium is said to be 
secretory, the trophoblast absorptive. Fetal 
yolk sac and maternal capillaries are numer
ous but do not indent the adjacent epithelia 
significantly. Fetomaternal exchange area 
may be increased by folding of one or both 
epithelia (Bauchot, 1965). 

The chorioallantoic placenta is extensive in 
lizards, with highly vascularized fetal and 
maternal epithelia closely apposed in both 
ovoviviparous and viviparous forms. Weekes 
(1935) defined a range from type III with 
apposition. of the unchanged columnar cell 
layers to type I in which the two epithelia 
are very attenuated and deeply indented by 
capillaries (Figure 4.16). Reports of degener
ation of, or syncytial transformation in, one 
or. both type I epithelia need to be reinvesti
gated with electron microscope techniques 
since the relevant layers may be too thin to be 

detected with the light microscope (Luckett, 
1977). Whatever the detailed structure, the 
lizard chorioallantoic placenta is normally dif
fuse with flat apposition of fetal and maternal 
layers. This is the form found in the Yucca 
night lizard Xantusia in which Yaron (1977) 
has shown that the type I placenta is not only 
respiratory (with indenting capillaries) but 
also a major site of amino acid uptake, 
emphasizing the oversimplification of the 
respiratory as distinct from absorptive, func
tional classification. 

However, some lizards (characteristically 
those with small eggs with little yolk, 
Chalcides, Mabuya) develop a specialized oval 
area in the middle of the diffuse placenta 
which consists of interdigitating villous folds 
of chorion and uterine epithelium referred to 
as a 'placentome' (Cate-Hoedemaker, 1933) 
(Figure 4.16). Unlike the remainder of the 
attentuated and indented (i.e. type I) fetoma
ternal layers the placentome in Chalcides has 
well-developed columnar epithelia (i.e. type 
III), presumably fulfilling the same secretory 
and absorptive functions as the yolk sac, 
which in these species is small and/or tran
sient. A slightly different pattern is reported 
for Mabuya (Blackburn et al., 1984; Blackburn, 
1993), which is said to have the same 'absorp
tive' (type III) structural type in both placen
tome and at least part of the surrounding 
areas of the chorioallantoic placenta. Since 
Mabuya has the smallest egg and the biggest 
percentage increase in dry weight during ges
tation so far found in lizards (38 000%) it is 
possible that detailed investigation may yet 

. demonstrate areas with the usual respiratory 
structural specialization (type I). 

Fetal binucleate cells have been reported in 
the chorion of the placentome in both Mabuya 
and Chalcides. There is no evidence for mi
gration or any significant differences in cyto
plasmic structures with adjacent uninucleate 
cells. This is a further example of the variety 
of form shown by the trophoblast, but there 
is no evidence for any specialized role such as 
that demonstrated for the equid (Allen, 1982) 
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or the ruminant binucleate cell (Wooding, 
1982b). 

(d) Suborder Serpentiformes (snakes) 

The placental structures of viviparous snakes 
are similar to those of lizards. However, 
several forms show the modification of an 
early absorptive yolk sac placenta into a 
unique, discoid chorio-omphaloallantoic pla
centa (Hoffman, 1970; J.R. Stewart and 
Blackburn, 1988; Stewart, 1993). This is com
plemented or replaced by a later chorioallan
toic placenta frequently showing adaptations 
facilitating respiratory exchange. No special
ized placentomal areas have been reported. 
Hoffman (1970) has produced autoradio
graphic evidence for the yolk sac chorion as a 
major site of nutrient uptake. In Thamnophis 
(Hoffman, 1970) and Hydrophis (Kasturiran
gan, 1952) chorionic binucleate cells are pres
ent in the yolk sac region instead of the 
chorioallantoic placenta as in lizards but with 
a similar absence of specialized structure. 

(e) Homologies between reptile and 
amniotic placentas 

The reptiles thus show many examples of the 
development of specialized fetomaternal 
extraembryonic membrane apposition as a 
result of reduction or loss of the shell 
membrane in eggs retained in the uterus. 

The yolk sac is important in many species, 
providing both respiratory and nutrient up
take. It is never as specialized as in some 
elasmobranchs (Mustelus canis) for respiratory 
exchange because this function is provided 
by the chorioallantoic placenta and the two 
placentas coexist in snakes and many lizards. 

In the most highly developed lizards with 
the smallest, least yolky eggs and earliest 
shell loss, the chorioallantoic placenta super
sedes the early yolk sac and develops two 
structurally different areas. A central region 
is elaborately folded, increasing the surface 
area available for endocytotic uptake, and 

the remainder is specialized for respiratory 
exchange. This arrangement is functionally 
analogous, but structurally reversed, to that 
seen in the mammalian chorioallantoic pla
centa, in which the folded area provides for 
respiration. 

In the reptiles this increase in extent and 
specialization correlates with the exponential 
growth phase of the embryo and seems to be 
essential to supply sufficient nutrient and gas 
exchange to ensure a successful uterine 
development. 

4.3.5 CLASS MAMMALIA, SUBCLASSES 
PROTOTHERIA (MONOTREMATA, e.g. 
PLATYPUS) AND METATHERIA 
(MARSUPIALIA) 

(a) Introduction 

Prototheria lay eggs and Metatheria produce 
shelled eggs in utero with the same reliance as 
birds on a bi- or trilaminar yolk sac and allan
tois for mobilization of yolk and respiratory 
exchange. However, they all have far less 
yolk and a much earlier hatching or birth 
than the birds and require subsequent mam
mary nutrition and protection in a pouch in 
Metatheria (Luckett, 1976, 1977; Tyndale
Biscoe and Renfree, 1987). A few marsupials 
lose their shell and show localized invasion of 
the uterine epithelium by the yolk sac troph
ectoderm, and other families develop an area 
of chorioallantoic placentation in the last 
quarter of the typically very short 12-14 day 
gestation. 

(b) Prototheria (Monotremata) 

Two families only 

Ornithorhyncus: Platypus 
Tachyglossus: Echidna 

The eggs are much smaller than those of 
equivalent sized reptiles or birds with a much 
greater increase in size by absorption of uter
ine secretions in utero prior to shell depo-
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sition. The blastocyst forms precociously and 
has 19 somites when the egg is laid. The 
mesoderm has spread to produce a vascular
ized trilaminar yolk sac over two-thirds of the 
blastocyst with the remainder bilaminar and 
avascular (Luckett, 1977) (Figure 4.17). 

The trophectoderm of the trilaminar region 
is thin, minimizing the gas diffusion distance 
to the yolk sac capillaries, while the endoder
mal cells are columnar, actively absorbing 
yolk and transporting it to the same capillar
ies. In the avascular bilaminar portion the cell 
types are reversed, a columnar absorptive 
ectoderm and thin endoderm. 

After the egg is laid the amnion folds fuse 
and the allantois develops as the usual hind 
gut outgrowth eventually forming a chorioal
lantoic membrane over half the inside of the 
egg. The trilaminar yolk sac persists over the 
other half; the bilaminar segment is finally a 
mere remnant (Luckett, 1977) (Figure 4.17). 

The trophectoderm over the late-gestation 
trilaminar yolk sac and chorioallantois is said 
to be thin, which would facilitate haemotro
phic exchange, but there are no detailed 
studies available to verify this. 

(c) Metatheria (Marsupialia) 

Seven major families 

Dasyuridae: insectivores and carnivores 
Didelphidae: American opossums 
Peramelidae: bandicoots 
Macropodidae: kangaroos, wallabies 
Phalangeridae: arboreal Australian opossums 

(Trichosurus) 
Phascolarctidae: koala 
Vombatidae: wombats 

There is an excellent recent review of mar
supial reproduction (Tyndale-Biscoe and 
Renfree, 1987, and Chapter 7, this volume). 

Metatheria have even less yolk than 
Prototheria, cleavage is complete (holo
blastic) and the hollow blastocyst is retained 
in the uterus initially bounded by a shell 
membrane. 

Pregnancy is completed within the dur
ation of one ovarian cycle; there is no system 
for prolonging the life of the corpus luteum. 

Most families have similar fetal membrane 
development to Prototheria, but the allantois 
is smaller and forms a chorioallantoic pla
centa in only a few species (Figure 4.17). 

The bilaminar yolk sac persists to the end 
of pregnancy absorbing uterine secretions by 
endocytosis before and after shell membrane 
rupture. Amino acids are taken up by this 
route and the yolk sac lumen can contain up 
to 10 times the concentration in the maternal 
plasma. The trilaminar yolk sac occupies as 
much as two-thirds of the egg surface and 
shows a thin trophectodermallayer over the 
yolk sac capillaries, suggesting a predomi
nantly respiratory function. 

In most families the trophectoderm of the 
bi- or trilaminar yolk sac is loosely apposed to 
the uterine epithelium. After the shell mem
brane disappears in mid- to late pregnancy 
some species show a trophectodermal in
vasion of the uterine epithelium from a 
discontinuous annular zone close to the 
junction of bi- and trilaminar portions of the 
yolk sac. The invasive trophectodermal pro
cess may be a syncytium (Didelphidae, 
Philander) (Enders and Enders, 1969) or cellu
lar (Dasyuridae; Sminthopsis) (Figure 4.17) but 
normally does not cross the uterine epi
thelium basement membrane although there 
is one report that it surrounds superficial 
maternal blood vessels (Tyndale-Biscoe and 
Renfree, 1987). There are interesting parallels 
here with the initial stages of girdle formation 
in the horse (section 4.3.6.a). 

The allantois is reported to form a chorio
allantoic placenta in only three families, 
Phascolarctidae, Vombatidae and Peramel
idae, and only the last has been investigated 
in detail. In the peramelids, Perameles and 
Isoodon, the allantois vascularizes the troph
ectoderm in the last one-third of a very short 
12-day pregnancy (Padykula and Taylor, 
1976). It forms a chorioallantoic placenta in 
close apposition to the uterine epithelium 



304 Placentation 

Shell ----_;..:~----:i!::: 

~ .......... ~- Trilaminar 
~;:::=:=::::::~~-- Bllaminar 

I 
Oidelphid 

trophectoderm 

epithelium 

7dpc 

MONOTREMES 

9dpc, one nuclear type 
in syncytial plaque 

11 dpc Iwo nuclear 
types 

PERAMELES; CHORIOALLANTOIC PLACENTA DEVELOPMENT 

Figure 4.17 Placental membranes in monotremes and marsupials. 
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occupying a far smaller area than the persist
ent bi- and trilaminar yolk sac placentas 
(Figure 4.17). In Perameles at 9 days post coi
tum or post ovulation, the entire uterine epi
thelium apposed to the conceptus develops 
from a unicellular layer into individual 
plaques of syncytium containing uniformly 
small round nuclei. The uterine capillaries 
deeply indent these syncytial plaques. The 
apposed trophectoderm is undifferentiated 
and unicellular with large irregularly shaped 
nuclei. As the vascularization of the chorio
allantoic trophectoderm increases, the fetal 
blood vessels indent the epithelium and now 
two sorts of nuclei are recognizable in the 
uterine epithelial syncytial plaques, small 
round ones and others with large irregular 
profiles. Eventually the unicellular trophecto
derm can no longer be distinguished and 
only very thin laminae continuous with the 
syncytial plaques separate maternal and fetal 
blood vessels (Padykula and Taylor, 1976) 
(Figures 4.17,4.18 and 4.19). 

From the time course of the trophecto
dermal disappearance and the evidence of 
the two types of nuclei in the syncytial 
plaques it seems that the unicellular troph
ectoderm cells fuse with the uterine epithelial 
syncytial plaques. Such fetomaternal cell 
fusion would significantly reduce the number 
of membrane barriers between fetal and ma
ternal blood and greatly facilitate fetomater
nal exchange. The trophectoderm does not 
vanish but forms part of a fetomaternal 
hybrid syncytium directly analogous to the 
similar system produced in sheep and goat 
chorioallantoic placentas by fusion of fetal 
binucleate cells with uterine epithelial cells 
(section 4.3.6.b). 

The chorioallantoic placenta in the pera
melids supports considerable embryonic 
growth. Even though their gestation is the 
shortest of any marsupial, their neonates are 
relatively well developed at birth (Tyndale
Biscoe and Renfree, 1987). This indicates that 
the chorioallantoic placenta may well be more 
efficient than the yolk sac type. 

The marsupials thus show several features, 
such as trophectodermal invasion and forma
tion of chorioallantoic fetomaternal hybrid 
tissue, which have close parallels in certain 
eutherian placentas. This seems to be another 
example of parallel evolution, the same func
tional demands producing similar structures 
from basically the same fetal membrane 
repertoire, rather than any indication of an 
evolutionary relationship between the 
groups. 

4.3.6 EUTHERIA 

(a) Epitheliochorial placentation 
(pig, horse) 

In this form of placentation the uterine epi
thelium and trophectoderm come into con
tact, the fetal and maternal microvilli 
interdigitate and placental development 
essentially involves a vast increase in area 
with no loss of any layers between the fetal 
and maternal bloodstreams. The exclusively 
cellular layers may become exceedingly at
tenuated, reducing the diffusion distance as 
pregnancy proceeds, but all persist to term 
(Amoroso, 1952; Steven 1975a, 1983; Ramsey, 
1982; Mossman, 1987). 

The uterine glands are numerous and 
actively secreting through pregnancy (Bazer 
and First, 1983), and there are fetal expan
sions over the gland mouths, forming areolae 
consisting of cells specialized for histotrophic 
absorption. The domestic pig placenta will be 
described as the basic type, and variations on 
that pattern considered for the horse, 
American mole (Scalopus) and the primates 
(lemurs and Galago). 

Pig, Sus scrota 

Oestrous cycle: 21 days 

Ovulation: spontaneous 
*Uterus: bicornuate 
Litter: 6-12 
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Gestation: 114 days 
*Implantation: superficial 
* Amniogenesis: folding 
*Yolk sac: initially large and vascularized, 
remnant persists, apparently functional to 
50 dpc 

*Chorioallantois: forms definitive placenta 
*Shape: diffuse, simple villous 
*No decidual reaction 
*Interhaemal membrane: epitheliochorial 
Accessory placental structures: areolae 
(Brambel, 1933; Friess et al., 1981) 

Figure 4.18 Development of chorioallantoic placenta in marsupials (compare with bottom of Figure 4.17). 
(a) 7 mm crown-rump (CR) length; close apposition (*) between the cellular fetal trophectoderm (T) 
(m, fetal mesoderm) and uterine epithelial syncytial plaques (5). Note that the plaques are deeply 
indented by the maternal capillaries (mv). Isoodon, x 400. (b) 10 mm CR. The fetal blood vessels (tv) do 
not indent the cellular fetal trophectoderm (T) in the way that the maternal vessels (MY) indent the 
uterine epithelial syncytial plaques (5). The plaques contain two sorts of nuclei: n2, morphologically 
similar to those in the trophectoderm cells; and nll similar to those in the original syncytial plaques. CT 
maternal connective tissue. Perameles, X 400. 
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The major characteristics (*) are found in the 
families Suidae, Hippopotamidae and 
Camelidae (Mossman, 1987). 

Pig fetal membranes At implantation 
(15 dpc, see below) the conceptus is a mostly 
trilaminar blastocyst. The yolk sac forms 
what is probably a briefly functional bi
laminar absorptive yolk sac placenta before 
its attachment to the trophectoderm is dis
rupted by growth of the allantois. The yolk 
sac lumen then collapses but still retains a 
good blood supply. Healthy endodermal cells 
with enormous mitochondria and large 
amounts of smooth endoplasmic reticulum 
are found in the yolk sac up to 50 days of 
gestation (Tiedemann and Minuth, 1980). 

Between 22 and 28 dpc the allantois ex
pands to contact and vascularize most of the 

inner surface of the trophectoderm. This 
forms the chorioallantoic placenta and the 
vascularization also spreads into the amnio
chorionic membrane over the back of the 
embryo (Amoroso, 1952) (Figure 4.1). 

Development of the pig placenta At 8-
11 dpc the pig conceptuses are flaccid 
spheres reaching 10 mm in diameter and 
have been spaced evenly throughout the 
uterus probably by contractions of the uterine 
musculature (section 4.2.9a). Between 10 and 
12 dpc the conceptuses secrete oestrogens 
(Geisert et al., 1982a; Bazer et al., 1984, 1989) 
and an interferon-like molecule between 11 
and 17 dpc (Cross and Roberts, 1989). A 
minimum of four conceptuses are necessary 
to stimulate the uterus to modify its prosta
glandin secretion so that the luteal progester-

Figure 4.19 Definitive structure of the chorioallantoic placenta in marsupials. (a) Near term, 12 mm CR. 
The fetal trophectoderm is no longer visible but the fetal blood vessels (fv) are separated from the 
maternal (mv) by only a thin layer of cytoplasm continuous with the syncytial plaques (5), which contain 
two sorts of nuclei (nl' n2). Isoodon, x 480. (b) 12 mm CR. Electron micrograph of the attenuated 
cytoplasmic layer (5) between fetal (FV) and maternal (MY) blood vessels. CT, maternal connective 
tissue. Isoodon, x 15000. (From Padykula and Taylor, 1976.) 
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one production is maintained. Subsequent 
fetal death may result in litters of less than 
four (Polge et al., 1966). There is also evidence 
for an optimal length of uterus per conceptus 
at 20-25 dpc (M.e. Wu et al., 1989). 

The oestrogens also stimulate secretion 
from the uterine epithelium and glands (Gei
sert et al., 1982b). This produces specific pro
teins which are thought to be involved in the 
remarkable reorganization and subsequent 
immunological readjustments necessary for 
successful implantation of the conceptus and 
continued luteal growth (Roberts et al., 1985; 
Bazer et al., 1989). Similar proteins are pro
duced by the uterus of a non-pregnant pig 
treated at the correct stage of the cycle with 
artificial oestrogens (Geisert et al., 1982c). 

The 10 mm spherical conceptus extends in 
about 24 h to become a 150-mm thread 
stretched along the considerably corrugated 
uterine epithelium (Figure 4.20a) (Perry and 
Rowlands, 1962). 

No DNA or RNA synthesis or any mitoses 
occur during this structural remodelling 
(Geisert et al., 1982b; Mattson et al., 1990). 
Once elongated, the conceptus thread inter
acts with the immediately underlying uterine 
epithelium. From this time (12-13 dpc) 
marked changes throughout the uterus in the 
structure of the subepithelial capillaries, not
ably increased fenestrations, have been des
cribed (Keys and King, 1988) and assumed to 
indicate increased permeability. However, 
the local increase in permeability in the 
immediate vicinity of the blastocyst reported 
by Keys et al. (1986) could not be verified by 
subsequent work (Keys et al., 1989). On 13-
15 dpc the fetal and maternal epithelia come 
into close apposition, involving loss of micro
villi and considerable glycocalyx erosion, 
along the strip region (Dantzer, 1985). As the 
fetal and maternal microvilli reform they now 
interdigitate. This increases the fetomaternal 
exchange area by 10-12 times over a flat ap
position (Baur, 1977). There is no good evi
dence for formation of any junctions between 
the fetal and maternal epithelia or for pene-

tration of their tight junction apical seals by 
cellular processes from either side. Neither 
epithelium forms even a limited syncytium at 
any stage of gestation (Dantzer, 1985). There 
are few differences in the fine structure of the 
uterine epithelium between the cycle and 
early pregnancy (Keys and King 1989, 1990). 
Since fetal trophectodermal syncytium for
mation has been reported from ectopic pig 
blastocysts transferred into the pregnant 
endometrium below the uterine epithelium 
(Samuel and Perry, 1972), this layer may be 
instrumental in blocking fetal syncytium for
mation and possible subsequent invasion. No 
decidual changes have been reported in the 
endometrium at the implantation site. 

At 17 dpc proliferation of fetal trophecto
derm over the gland mouths has started to 
form the regular areolae, where the fetal and 
maternal epithelia become widely separated 
by glandular secretion (Amoroso, 1952) 
(Figures 4.20b,c and 4.21a). 

About 7000 regular areolae per conceptus 
are present, fairly evenly spaced, from early 
gestation to term (Figure 4.20c). They triple in 
area between 30 and 114 dpc forming 10% of 
the total chorioallantoic surface area at mid
gestation and 4% at term (Brambel, 1933). 
They show a characteristic fine structure 
(Sinowatz and Friess, 1983) and a broad spec
trum of enzyme activities (Skolek-Winnisch et 
al., 1985; Firth et al., 1986a,b). Uteroferrin, an 
iron-containing glycoprotein, is among a var
iety of molecules synthesized in the gland 
cells (Chen et al., 1975; Stroband et al., 1986). 
This is released into the lumen, taken up by 
the areolar trophectodermal cells and trans
ferred to the fetus, for which it represents an 
important iron source (Raub et al., 1985). The 
larger and less frequent (about 1500 per pla
centa) irregular areolae have significantly 
different fine structure from the regular type, 
but nothing is known of their specific func
tions (Figure 4.21) (Brambel, 1933; Perry, 
1981). 

At 18-22 dpc the conceptus expands so 
that it touches the uterine epithelium round 
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Figure 4.20 Epitheliochorial placentation. (a) Note the remarkable change of the shape of the pig 
blastocyst from a 5-mm-diameter sphere at 10 dpc to a I-m-Iong thread at 13 dpc, x 0.5. (From Perry and 
Rowlands, 1962.) (b and c) Development of a regular areola in a pig placenta. (b) 23 dpc, x 80. (c) 
mature, 111 dpc, x 25. (d and e) Section through mature lemuroid placentas. (d) Loris, x 15. (e) Galago, 
x 7. Compare with the pig placenta in Figure 4.21. 

the .entire circumference and establishes 
microvillar interdigitation over the whole 
area of the trophectoderm (Dantzer, 1985; 
Hasselager, 1985). Further growth in the area 
of the fetomaternal junction is accomplished 
by development first of folds and then 
division of these into simple villi (K. Michael 
et al., 1985; Wigmore. and Stickland, 1985) 
(Figure 4.22). 

The result is to maximize the surface area 
available for exchange between the fetal and 
maternal capillaries and minimize the dis
tance between them. This is achieved in the 
pig by development of a meshwork of capil
laries just under the epithelium of each fetal 
and maternal villus. Injection of latex or resin 
into the fetal or maternal vasculature and 
examination of the resulting casts of the 
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blood vessel architecture shows that the fetal 
and maternal villus meshworks are comp
lementary and each is supplied by an artery 
running up one side of the villus before 
dividing near the apex into a capillary mesh
work which drains to veins around the base 
of the villus (Figures 4.9,4.23 and 4.24) (Tsut
sumi, 1962; MacDonald, 1975, 1981; Leiser 
and Dantzer, 1988) (for the physiological 
exchange implications of this arrangement 
see section 4.2.5c). 

Increase in size and branching of the villi 
can be accommodated by expansion of the 
capillary meshwork. As the conceptus grows 
the fetomaternal junctional area and the 
transport capacity of the placenta increase 
continuously right up to term (K. Michael et 
al., 1985). The villi and folds show local dif
ferentiation of structure. The trophecto-

dermal cells at the bases of the fetal villi are 
tall, columnar and specialized for histotroph 
absorption; they are apposed to similar 
columnar maternal uterine epithelial cells, 
often with cell debris between (Dantzer et al., 
1981). The fetal and maternal blood vessels 
are situated just below the basement mem
branes. The structure is analogous to a 
miniareola with material produced by de
generation of, or secretion by, the maternal 
epithelium rather than a gland. In contrast, at 
the sides and tips of the fetal villi (sides and 
base of the maternal villi) both epithelia are 
thin and deeply indented by blood vessels 
from each side (Figures 4.22b and 4.25) 
(Steven, 1983). 

This reduces the interhaemal diffusion dis
tance to as little as 2 J,Lm, although the same 
number of membrane barriers is present as at 

Figure 4.21 Epitheliochorial placenta of the pig. Light micrograph showing a maternal mucosal fold 
whose sides consist of fetal villi inserted into endometrial crypts, seen at higher magnification in Figure 
4.22b. A chorionic vesicle (asterisk) and irregular (open arrow) and regular (closed arrow) areolae can be 
seen. The section passes through the extreme edge of the regular areola, whose characteristic structure is 
better illustrated on Figure 4.20c. 107 dpc, x 12. 
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Figure 4.22 Epitheliochorial placenta of the pig. Development of the placental villi which form the 
fetomaternal haemotrophic exchange area. Note the increase in regional differentiation. The uniform 
trophectoderm and uterine epithelial cell layers forming the folds of (a) develop into very attenuated 
layers deeply indented by fetal and maternal capillaries around the apex and sides of the fetal villus in 
(b). However, at the base of the fetal villi in (b) the trophectoderm cells are considerably enlarged 
(asterisks) and are involved in pinocytotic, histotrophic uptake. Upward arrows, sides of maternal 
crypts; downward arrows, fetal villi; FA! fetal arteriole; FVI fetal venule; MAl maternal arteriole. 
(a) 33 dpc, X 130. (b) 99 dpc, X 170. 

the base of the fetal villi where the interhae
mal distance ranges from 20 to 100 J.1m (Fig
ures 4.22 and 4.25). 

Indentation of the blood vessels into the 
epithelia increases as pregnancy proceeds 
(Figures 4.22 and 4.25). There is no evidence 
for any active process of 'tunnelling into' or 
'invasion' of the epithelia by the blood ves
sels. The endothelium is always separated 
from the epithelium by a basement mem-

brane. It seems likely that indentation results 
from differential growth, the endothelium 
growing less quickly than the epithelium. 

During pregnancy the fetal and maternal 
villi can be separated manually but there is 
always some maternal epithelium pulled 
away with the fetal side and vice versa. At 
parturition the placenta separates cleanly at 
the microvillar fetomaternal junction and the 
incidence of retained placentas (see synepith-
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eliochorial placentation) is negligible. There 
is a massive release of relaxin from the cor
pora lutea as a result of the rise in prostaglan
dins which triggers parturition (First and 
Bosc, 1979). Processes initiated by these hor
monal changes (Bazer and First, 1983) are no 
doubt involved in releasing the microvillar 
interdigitation between fetal and maternal 
epithelia to allow an easy placental 
separation. 

Horse, Equus caballus 

Oestrous cycle: 22 days 

*Ovulation: spontaneous 
*Uterus: bicornuate 

Gestation: 336 (± 20) days 
Litter: one, rarely two (Ginther, 1989) 
*Implantation: superficial 
* Amniogenesis: folding 
*Yolk sac: initially large and functional to 

38 dpc 
*Chorioallantois: forms definitive placenta 
*Shape: diffuse, microcotyledonary, villous 
*No decidual reaction. 
*Interhaemal membrane: epitheliochorial 
Accessory placental structures: trophectoder-

mal girdle producing endometrial cups; 
areolae 

The major characteristics* are found in the 
Perissodactyla families. 

Figure 4.23 Epitheliochorial placentation. Pig placenta vascular supply demonstrated with corrosion 
casts (a and c) and cleared sections of injected specimens (b and d). See also Figures 4.8, 4.9 and 4.24. 
(a) Latex injection of fetal blood supply viewed from the maternal side showing the capillary network in 
each villus (v). 105 dpc, x 40. (b) Injection of the fetal blood supply shows the villus capillary net in cross 
section. 105 dpc, x 40. (c) Latex injection of the maternal vasculature viewed from the back showing the 
network of capillaries at the base of each crypt with their supplying or draining arterioles and venules 
(arrowheads). 105 dpc, X 40. (d) Injection of the maternal blood supply demonstrates on a section the 
maternal crypts into which the fetal villi fit. 75 dpc, X 50. (From Tsutsumi, 1962.) 
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Figure 4.24 Epitheliochorial placentation. Scanning electron micrograph of a corrosion cast from a pig 
placenta with both maternal and fetal circulations injected with acrylic resin in situ and then cross
fractured. The complementary nature of the fetal villus (white open arrows) and maternal crypt (solid 
white arrows) capillary networks is elegantly demonstrated. FAI, fetal arteriole; FVI, fetal venule; FA, 
fetal artery; FV, fetal vein; MAl maternal arteriole; MA, maternal artery. 99 dpc, X 95. (From Leiser and 
Dantzer, 1988.) 

Equidae, horse, donkey, zebra 
Tapiridae 
Rhinocerotidae 

The unusual length of standing heat in 
horses (4-5 days; compare with sheep, 1 day; 
pig, 11/2 days) and the consequent uncer
tainty about the time of ovulation makes days 
post coitum a far less reliable indicator of 
gestational age than in the other domestic 
species. Use of the more accurate days post 
conception is only realistic if the preovulatory 
surge in luteinizing hormone is monitored in 
the maternal blood for a particular preg
nancy. 

Like the pig, the definitive horse placenta 
is a simple apposition of unchanged fetal 
and maternal epithelia for haemotrophic 
exchange with a large number of areolae for 
histrophic transfer (Steven, 1982). Unlike 
the pig, the horse conceptus does not elon-

gate and implantation (fetomaternal lnicro
villar interdigitation) occurs much later at 
about 45 dpc (pig 15 dpc) (Ginther, 1979). 
Uniquely, the equid trophectoderm produces 
(between 30 and 40 dpc) a girdle around the 
conceptus of binucleate cells which lnigrate 
into the maternal endometrial stroma to form 
the gonadotrophin-producing endometrial 
cups (Allen et ai., 1973; Allen, 1982). This 
pregnant mare serum gonadotropin (PMSG) 
is now known as equine chorionic gonadotro
pin (eCG). 

Horse fetal membranes At 20 dpc the 30-40-
mm spherical conceptus has a fully formed 
amnion and the allantois is just visible as a 
small outgrowth of the hind gut (Figure 
4.26a). 

About one-third of the conceptus is bilalni
nar and most of the rest forms a rapidly 
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Figure 4.25 Epitheliochorial pig placenta. (a and b) Electron micrographs at the same magnification 
illustrating the development of the extreme indentation of the blood vessels into the trophectoderm (T) 
and uterine epithelial layers (U). The depth of the microvillar interdigitation can clearly be seen in (b) 
(arrowheads). F, Fetal vessels; M, maternal vessels; arrows, glycogen in uterine epithelium. (a) 16 dpc, 
X 400. (b) 109 dpc, X 400. 
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vascularizing trilaminar absorptive chorio
vitelline layer. By 25 dpc the allantois has 
formed a vascularized chorioallantoic cap 
over the embryo and its further expansion 
reduces the relative extent of the still absorp
tive choriovitelline layers. From 25 dpc a 
band of trophectodermal cells proliferates at 
the boundary between the chorioallantois 
and the trilaminar yolk sac to form the chori
onic girdle (Figures 4.26 to 4.30). 

By 40 dpc these cells have migrated into 
the maternal endometrium to form a ring of 
endometrial cups (Figures 4.26a and band 
4.28) and the yolk sac is reduced to a vestige 
within the umbilical cord. Subsequent 
growth of the conceptus is based entirely on 
the chorioallantois. Unlike the pig there is no 
amniochorion formation since the conceptus 
is isolated from the chorion by growth of the 
allantois (Figure 4.1). The umbilical cord is 
unusually long, having amniotic and allan
toic portions linking the fetus to the mem
branes (Whitwell and Jeffcot, 1975; Ginther, 
1979). 

Development of the horse placenta The con
ceptus moves freely between the two horns 
of the uterus between 12 and 16 dpc as it 
expands from 12 mm to an 28-mm sphere. 
This has been demonstrated by ultrasonogra
phy and is presumably caused by contrac
tions of the uterine musculature. Maternal 
recognition of pregnancy probably occurs be
tween 14 and 16 dpc based on changes in 
prostaglandin content of the uterine vein 
(Sharp et al., 1989). At 17 dpc the expanding 
conceptus reaches a critical diameter and 
fixes in the caudal portion of the horn which 
offers most luminal resistance (Ginther, 1983, 
1984a,b; twin conceptuses, Ginther, 1989). It 
can subsequently be detected by rectal palpa
tion as a uterine swelling. Recent evidence 
suggests that there is little or no subsequent 
migration because of closure of the uterus 
around the conceptus with development of a 
considerable muscular tone in the myome
trium. Cellular interaction is initially limited 

by an acellular capsule around the embryo 
which is produced by the trophectoderm 
after the conceptus reaches the uterus (9 dpc) 
and persists until 21-22 dpc then ruptures 
and disappears (Betteridge, 1989). Subse
quently, it is probably the bilaminar portion 
of the yolk sac which adheres to the uterine 
epithelium. The adhesion is tenuous and if 
the uterus is cut open between 22 and 40-
50 dpc the conceptus is expelled by the inter
nal pressure in the uterus (Ginther, 1979). 
There is a copious secretion from the uterine 
glands during this time (Zavy et al., 1984), 
most of which is absorbed initially by the 
trilaminar yolk sac (from 16 to 28 dpc) and 
later by the chorioallantois. 

From 27 to 35 dpc the avascular trophecto
derm at the boundary between the chorioal
lantois and the trilaminar yolk sac proliferates 
to form a 'chorionic girdle' many cells thick 
(Figures 4.26a and b, 4.28, 4.29 and 4.30) 
(Allen, 1982; Enders and Lip-, 1991a). Initial 
cell interaction (30-33 dpc) between mother 
and fetus is indicated by localized changes in 
lectin labelling of the uterine epithelium 
apposed to the developing girdle (Whyte 
and Allen, 1985). By 35 dpc the apical cells 
of the girdle have become binucleate, start to 
produce eCG (Figure 4.31b) and express 
MHC-1 antigens (Donaldson et ai, 1990, 
1992). 

They then invade the uterine epithelium 
against which they are pressed by expansion 
of the conceptus against the firm uterine 
muscular tone (Figures 4.26, 4.30 and 4.31). 
The first binucleate girdle cells protrude 
pseudopia into and are said to push through 
the body of the uterine epithelial cells, well 
away from their tight junction seal (section 
4.2.9c). They are then briefly delayed by the 
basement membrane of the uterine epi
thelium (along which they may migrate into 
uterine glands) and finally invade the endo
metrial stroma between the uterine glands 
(Allen et al., 1973; Enders and Liu, 1991b) 
(Figures 4.26, 4.30 and 4.31). The uterine 
epithelium is subsequently phagocytosed 
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Figure 4.27 Horse conceptus, chorionic girdle and endometrial cups. The chorionic girdle forms 
between 28 and 36 days post coitum (dpc) around the conceptus in a band immediately above the 
junction of the allantois and yolk sac. The girdle remains the same size while the allantochorionic sac 
expands above it. Compare the diameter of the 30-dpc conceptus in (a) with the ring of cups in (b) from 
which the 60-dpc conceptus has been reflected (arrows). (a) 30 dpc, x 0.4. (b) 60 dpc, x 0.5. (From 
Ginther, 1979.) 

and removed by continuing binucleate cell 
migration (Figure 4.31), which allows the 
whole chorionic girdle free access to the 
endometrial stroma (Figure 4.26). 

Once in the uterine stroma (36-40 dpc) the 
binucleate cells have not been seen to divide 
but develop into masses of very large cells 
forming a ring of 'endometrial cups' (Figures 
4.26 and 4.32). 

The uterine epithelium grows in from the 
sides to cover the cup area. These cup cells 
secrete eCG which appears in the maternal 

(but never the fetal) circulation via the capil
laries and lymphatic vessels in and around 
the cup. The mature cup cell has a cytoplasm 
full of mitochondria, rough endoplasmic re
ticulum cisternae and a large Golgi apparatus 
(D.W. Hamilton et al., 1973) (Figures 4.33 and 
4.34). 

Ultrastructural immunogold studies have 
shown that eCG is localized in the Golgi cis
ternae and in small dense granules similar to 
those found in the migrating girdle cell and 
present both in the Golgi region and at the 



Development of embryonic membranes in the various vertebrate taxa 319 

Figure 4.28 Horse conceptus, chorionic girdle. A 37-dpc conceptus with a clearly visible girdle (cg) from 
which some girdle cells have been lost on removal from the uterus (arrow). e, embryo. 37 dpc, x 2. 
(From Ginther, 1979.) 

peripheral plasmalemma (Figures 4.31 and 
4.34). Release of eCG would therefore seem 
to be by the usual exocytotic mechanism as 
found for other protein hormones. The 
amount of eCG produced depends on the 
size of the cup, which is determined by the 
number of fetal binucleate cell migrants. This 
last seems to depend upon the genotype of 
the conceptus. For example horse ~x horse 
and horse ~x donkey crosses produce large 
cups, while donkey ~x donkey or donkey ~x 
horse produce small cups (Allen, 1982). 

Cells scraped from the girdle between 36 
and 37 dpc will grow in tissue culture to form 
large, usually binucleate, cells which produce 
considerable amounts of eCG for up to 200 
days (Allen and Moor, 1972; Figure 4.33b). 
On the analogy of the ruminant binucleate 
cell it seems unlikely that binucleate girdle 
cells can divide, so any increase in cell num
bers in culture would have to be based on 

division of the uninucleate (stem?) cells of the 
girdle. Fetal cells, already binucleate, isolated 
from endometrial cups will not divide or per
sist successfully in culture. 

Maternal lymphocytes and macrophages 
start to accumulate at the edge of a cup as 
soon as it establishes itself (Figure 4.32). 
Maximum secretion of eCG from the cup 
occurs between 50 and 80 dpc, after which 
the lymphocytes start to invade and kill the 
cup cells. The uterine glands in the cup also 
produce a considerable amount of secre
tion at this time (Figure 4.32), presumably 
stimulated by the cup cells. This glandular 
secretion contains very large amounts of eCG 
secreted by the cup cells, but surprisingly this 
does not reach the fetal circulation. 

The variation of cup size with genotype, 
the lymphocyte accumulation and the ability 
of the cup cells to secrete eCG in tissue cul
ture (Figure 4.33) for up to 200 days suggests 
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Figure 4.29 Horse conceptus, chorionic girdle. (a) Scanning electronmicrograph of a 32 dpc girdle. Note 
the very sudden transition from smooth trophectoderm (asterisk) to the convolutions of the girdle. (b) 
Detail from (a) showing how the girdle cell proliferation forms microfolds and crevices. (a) 32 dpc, x 60. 
(b) 32 dpc, x 170. (Courtesy of Dr D.F. Antczak.) 
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(8) 

Figure 4.30 Horse conceptus, chorionic girdle. Cross sections through (a) 32 and (b) 36 dpc girdles 
showing the considerable proliferation of the trophectodermal cells but the basement membrane 
(arrowheads) remains flat. Compare the thickness of the unmodified trophectoderm outside the girdle 
(arrows): (c) Electron micrograph of the apex of fetal chorionic girdle at 37-dpc. Most of the cells are 
binucleate (e.g. asterisks). (a) 30 dpc, X 25. (b) 36 dpc, X 25. (c) 37 dpc, X 1100. (a and b) courtesy of Dr 
W.R. Allen. 

that the cytolysis and regression of the cup 
cells is caused by an immunological reaction 
rather than a programmed cell death (Allen, 
1982). Subsequently, the whole mass of de
generating cup tissue is everted from the 
endometrium, encapsulated by the overlying 
allan to chorion, and remains as a necrotic 
residue in the allantoic cavity (Whitwell and 
Jeffcot, 1975). The uterine epithelium grows 
over the scar from the edges (Ginther, 1979). 

Interspecific embryo transfer experiments 
(e.g. zebra conceptus into horse, Summers et 

ai., 1987) have shown that as long as there is 
some cup development, however small, nor
mal gestation results and usually 'pregnancy
specific antibody' is elicited in the maternal 
blood. However, a donkey conceptus trans
ferred to a horse produces neither a cup reac
tion nor pregnancy antibody and abortion 
usually follows between 80 and 100 dpc in 
the presence of a massive lymphocyte infil
tration throughout the entire endometrium, 
ostensibly similar to the infiltration round a 
normal size (horse in horse) cup. In some 
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cases this abortion can be blocked by infusing 
pregnant mare's serum (but not eCG alone) 
or paternal lymphocytes into the mare be
tween 20 and 80 dpc (Allen et aI., 1987). 

Once a horse has carried one donkey preg
nancy successfully (and this is as yet entirely 
unpredictable) with or without treatment, 
then most subsequent donkey conceptuses 
are carried to term without further therapy
the system displays immunological memory. 

The girdle and the early cup cells are the 
only allantochorionic cells to express MHC 
antigens (Crump et al., 1987; Donaldson et ai, 
1990, 1992). Presumably, it is this exposure to 
MHC (and other trophoblast antigens) which 
stimulates the maternal immune system to 
produce the antibodies and/or recruit sup
pressor lymphocytes necessary for a success
ful pregnancy. 

At 35-38 dpc the allantois has vascularized 

Figure 4.31 Horse chorionic girdle. (a) The fetal chorionic girdle has invaded and eliminated the uterine 
epithelium but further migration into the maternal endometrial stroma (5) is delayed by the residual 
basement membrane (arrowheads) of the epithelium. Most girdle cells are binucleate (asterisks). 37 dpc, 
x 1700. (b) Binucleate girdle cells in the position shown in (a) often contain groups of small granules. 
This section has been processed with immunocytochemical methods to demonstrate that the granules 
contain equine chorionic gonadotrophin indicated by the gold colloid marker (arrowheads). 37 dpc, x 
30000. 
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Figure 4.32 Horse endometrial cup structure. (a) Section through a newly formed cup at 40 days post 
conception (dpc) with cup cells closely packed around the uterine glands (G). The uterine epithelium 
(arrows) reforms rapidly after migration of the girdle cells is completed at 38-40 dpc. There is an 
accumulation of lymphocytes around the base of the cup (asterisks). (b) Note the large size of the cup 
cells compared with the gland cells (G). (c) Mature cup (60 dpc) with accumulated secretion (um) 
localized between the allantochorion (arrows) and the cup. Considerable numbers of lymphocytes have 
accumulated in a continuous zone (asterisks) around the cup. (a) 40 dpc, x 70. (b) 40 dpc, x 2000. (c) 
60 dpc, x 30. (a-c from Ginther, 1979.) 
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Figure 4.33 Horse endometrial cup cells (a) in vivo and (b) in vitro. (a) An electron micrograph of a 
characteristic binucleate cell from a 50-dpc cup fixed by perfusion in situ. The material was processed 
without osmium and stained with phosphotungstic acid (Wooding, 1980). This emphasizes the two 
nuclei and extensive Golgi cisternae (arrowheads) and small granules (arrows) in a typical endometrial 
cup cell. 50 dpc, x 3200. (b) Light micrograph of cells isolated from a 35-dpc girdle and grown in tissue 
culture for 50 days. They are very large, characteristically binucleate and produce considerable amounts 
of eCG. The cytoplasm accumulates numerous lipid droplets giving a stippled appearance, x 1300. 
(Courtesy of Dr R. Moor.) 

more than 90% of the total trophectoderm, 
and this is the earliest stage at which micro
villar interdigitation between uterine epi
thelium and trophectoderm has been 
reported (Steven, 1982). The fetomaternal cell 

sheets then produce villi by a process of 
complementary growth. Fetal villi are formed 
over the entire surface of the conceptus ex
cept over the openings of the numerous 
endometrial glands. Here the trophectoderm 
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Figure 4.34 Horse endometrial cup cells. (a) Electron micrograph of cells processed without osmium and 
stained with phosphotungstic acid followed by lead citrate which enhances the massive arrays (aster
isks) of rough endoplasmic reticulum cisternae filling most of the cytoplasm of the cup cells. 50 dpc, x 
3200. (b) The small granules produced by the Golgi apparatus of the cup cells (see Figure 4.33a) contain 
eCG as indicated by the immunogold colloid marker (arrowheads) . They are usually located peripherally 
but never seem to accumulate in any number. 50 dpc, x 44 000. 

develops a dome of highly absorptive colum
nar cells over the gland mouth and its secre
tion, forming areolae exactly as in the pig, if a 
little smaller in size (Figure 4.35). 

By 60 dpc the fetal villi are longer and have 
started to group together between the areo
lae. Further extension of the villi with sec
ondary branching plus the development of a 
bounding maternal connective tissue capsule 
produces the characteristic microcotyledon 
between the glands, each 1-2 mm in diam
eter at term (Samuel et al., 1974) (Figures 4.26, 
4.35 and 4.36). 

After girdle cell migration has finished 
(about 40 dpc) there is no published evidence 
for any specialized cells or any syncytium in 
the trophectoderm or uterine epithelium. 
Like the pig, the trophectoderm is uniformly 
uninucleate and its microvilli are closely 
interdigitated with the uniformly uninucleate 
uterine epithelium. This fetomaternal junc
tional area increases (as does fetal weight) 
throughout pregnancy by mutual growth of 
the fetal and maternal epithelia (Baur, 1977), 
and both are increasingly indented by their 
initially subepithelial capillaries (Samuel et 
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Figure 4.35 Epitheliochorial placentas. The horse (a) with its microcotyledons (Cot) with areolae (A) 
between in the allantochorion (ACH) has a very similar placental architecture to the American mole, 
Scalopus (b). In (b) the areolae are indicated by arrows, the microcotyledons by asterisks. In the 
endometrium (ES) of both there are many glands (g) which empty into the areolae. (a) Mid-pregnancy, 
X 20. (From Bjorkman, 1970.) (b) Late gestation, X 37. (From Prasad et aI., 1979.) 

aI., 1976). Indentation is most marked in the 
fetal trophectoderm but is not so extreme as 
observed for the pig. 

There are no extravasations of maternal 
blood at the microvillar junction (as found in 
ruminants and carnivores) so iron transport 
is presumably based on a similar carrier sys
tem to the pig protein uteroferrin in the glan
dular secretions. A similar protein has been 

reported in the horse (Zavy et aI., 1979, 1984). 
The trophectodermal cell fine structure 

changes during pregnancy. At 200 dpc there 
is a considerable amount of smooth endo
plasmic reticulum and this persists to term. 
Rough endoplasmic reticulum is found from 
180 dpc to term, when the number of dense 
bodies (probably lysosomal) has also 
increased considerably (Samuel et al., 1976). 
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Figure 4.36 Horse epitheliochorial placenta. (a-d) Vascular injections illustrate the tuft of fetal vessels 
forming a microcotyledon (asterisk), and partly filled villus tips show that there is a central arteriolar 
supply (arrows, b and c). (d) The capillary network forming the maternal cotyledonary blood supply 
with a large draining venule (arrow). (a) 210 dpc, x 40. (b) 195 dpc, x 400. (c) 195 dpc, x 400. (d) 
150 dpc, x 70. (All from Tsutsumi, 1962.) 

The endocrine profile of the horse during 
pregnancy is complex (Allen, 1975, 1982) (see 
Figure 4.37). 

A peak level of 10 ng/ml serum progester
one is initially produced at 8 dpc by the 
primary corpus luteum, but this secretion 
gradually decreases. The eCG produced by 
the endometrial cup cells starting at 38 dpc 
then stimulates ovulation and the production 
of the secondary corpora lutea, which in
crease the progesterone levels considerably 

(up to 14 ng/ml). As the cups and secondary 
corpora lutea regress (100-150 dpc) the 
placenta takes over production of a much 
reduced level of progesterone (3-4 ng/ml), 
presumably related to the considerable 
amount of smooth endoplasmic reticulum in 
the trophectoderm of the microcotyledons. 
Oestrogens are also produced, mainly oes
trone and the unique equid B-ring un
saturated oestrogens equilin and equilenin 
(Allen, 1975; Pashen et al., 1983; Haluska and 
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Figure 4.37 Comparison of the endocrine changes in the serum and the development of endometrial 
cups and fetal gonads during pregnancy in the horse. Note that the lifespan of the corpora lutea 
correlates with high progesterone levels; the levels necessary to support pregnancy in second half of 
gestation are much lower and are supplied by placental synthesis. (Data from Ginther, 1979, and Samuel 
et al., 1974, 1976.) 

Currie, 1988). Precursors for the oestrogens 
are produced by the hypertrophied inter
stitial cells in the fetal gonads (Figure 4.37). 

The pattern of blood vessels is very differ
ent in the horse fetal villus when compared 
with that in the pig. There is a central arteri
ole which passes directly to the villus tip 
before dividing into a peripheral capillary 
network draining back down the villus to its 
base (Figures 4.9 and 4.36). The maternal 
arteries run first to the tips of the maternal 
villi or septa which are inserted between the 
bases of the fetal villi. The blood then drains 
down through a meshwork of peripheral 
capillaries to the collecting veins at the base 
of the maternal villus (septum) (Tsutsumi, 
1962; Steven, 1982) (Figures 4.9 and 4.36). 

This arrangement should allow classical 
countercurrent flow between fetal and ma
ternal capillaries assuming they run along
side one another for a sufficient distance. At 
parturition the interdigitated microvilli of the 
fetal and maternal cells separate by a process 
probably requiring changes in adhesion at 
the molecular level. The short fetal villi and 
maternal septa (villi) then disengage, prob
ably as a result of decrease in blood pressure 
and/or volume. There is rarely any problem 
with separation and expulsion of the mem
branes at partus (Steven et al., 1979). Details 
of the decrease in systemic progesterone 
(Bazer and First, 1983) and increases in pros
taglandin and oxytocin at this time are given 
in Haluska and Currie (1988). 
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Other epitheliochorial types Scalopus aquati
cus, the American mole, is an insectivore with 
a bicornuate uterus, producing an average 
litter of four after 35 days of gestation. 
Implantation is superficial with no apparent 
decidual formation, the amnion forms by 
folding and there is a functional yolk sac until 
term. The definitive chorioallantoic placenta 
is diffuse villous and epitheliochorial with 
numerous areolae (Prasad et al., 1979). 

Scalopus is the only insectivore known 
with an epitheliochorial placenta, most are 
haemochorial with a few endotheliochorial 
examples (Mossman, 1987). However, they 
all have a similar yolk sac development, with 
a mesometrial bilaminar yolk sac which 
persists to term and a functional trilaminar 
choriovitelline placenta on the lateral and 
antimesometrial, glandular uterine walls. 
The vitelline capillaries are displaced by 
development of the allantoic circulation to 
produce the simple villi. The chorioallantoic 
villi are collected into groups similar to the 
microcotyledons of the equid type but they 
lack the connective tissue capsule (Figure 
4.35b). The uterine epithelium is extremely 
thin « 1 /-1m) in places and required EM 
studies to prove that it persists (Prasad et al., 
1979). Areolae develop over the mouths of 
the uterine glands separating the villus 
groups. At parturition, separation occurs at 
the fetomaternal microvillar junction. 

Scalopus with its epitheliochorial placenta 
has obvious skeletal and developmental 
affinities with insectivores such as Talpa, the 
European mole (endotheliochorial placenta), 
and with the shrews and the European hed
gehog (haemochorial placentas). This empha
sizes the point that animals of very similar 
phyletic origins, size, habitat and repro
ductive behaviour can have widely differing 
definitive placental structures. Alternatively, 
it may be taken as a demonstration that the 
transition from epitheliochorial through 
endotheliochorial to haemochorial is a rela
tively simple developmental change. 

Another very different order, Pholidota 

(scaly anteater or pangolin) has a similar 
epitheliochorial placenta to Equidae with 
grouped short villi between frequent areolae 
(Mossman, 1987). 

Cetacea, the whales, porpoises and dol
phins, have diffuse epitheliochorial placentas 
like that of the pig with short villi or folds and 
numerous areolae opposite the mouths of 
uterine glands. None of these have yet been 
investigated in detail with the EM (Mossman, 
1987). 

The strepsirhine primates, lemurs, lorises 
and bushbabies (galago), all have diffuse 
epitheliochorial placentation based on 
narrow slender or short fat individual villi 
with large bulbous areolae between (Figure 
4.20d and e; compare with Figure 4.21, pig). 
At implantation Galago senegalensis is reported 
to produce a specialized area of giant tropho
blast cells which remove the uterine epi
thelium and act as an anchorage point for the 
conceptus (Butler, 1967). This is reminiscent 
of the trophectodermal protrusions into the 
uterine epithelium produced by some of the 
marsupials (Enders and Enders, 1969). In 
both cases these giant cells are transient and 
do not contribute to the definitive placental 
development. Whether the implantation is 
produced by delamination intrusion or fusion 
is not yet clear. In the definitive placenta of 
the lemur Microcebus a discoid structure with 
no uterine epithelium (Grosser's syndesmo
chorial) has been claimed (Reng, 1977), but 
insufficient detail can be seen to verify this; 
and a giant, possibly double, cell layer has 
been suggested for Galago demidovii (Moss
man, 1987). Both these structures would be 
very atypical and it needs EM resolution to 
unravel the details. A recent ultrastructural 
study of the definitive placenta of Galago cras
sicaudata emphasized the simplicity of the 
basic epitheliochorial villus pattern (B.F. 
King, 1984). 

The Camelidae and Tragulidae (chevro
tains) are reported to have large branched 
folds and villi forming diffuse epitheliochor
ial placentas (Morton, 1961). What is more 
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important is they are said to have some 
(Camelidae) (Lennep, 1961) or many (Traguli
dae) (Mossman, 1987) binucleate cells in the 
trophectoderm. It has been suggested that 
these BNCs may be equivalent to ruminant 
BNCs, capable of migration and fusion to 
form fetomaternal hybrid tissue at the feto
maternal interface (section 4.2.6b). However, 
a recent EM study on the camelid, llama, 
could find no evidence for any significant 
numbers of BNCs with the characteristic 
ruminant structure (Steven et al., 1980a). Any 
uninucleate epithelium or tissue normally 
produces a low level (1-3%) of cells with two 
nuclei, but these have identical ultrastructure 
to their uninucleate neighbours. The 
Camelidae BNCs are probably in this cat
egory (Lennep, 1961). The Tragulidae report 
needs further investigation, as it suggests 
that there are as many BNCs (15-20%) as are 
normally found in a ruminant but present 
in a diffuse noncotyledonary placenta. This 
might provide valuable clues as to why pla
centomes form. 

(b) Synepitheliochorial placentation 
(sheep, cow) 

In Grosser's syndesmochorial category 
(almost exclusively ruminants) the uterine 
epithelium was said to be lost and the troph
ectoderm apposed to the maternal connective 
tissue directly. Further work demonstrated 
that the uterine epithelium persisted to a 
variable degree but was considerably altered. 
It has recently been shown by a variety of 
techniques that ruminant fetal trophectoder
mal BNCs invade the uterine epithelium and 
fuse to form fetomaternal hybrid syncytial 
plaques at the junction of the fetal and ma
ternal tissue (Wooding, 1982a,b, 1984) (Fig
ures 4.38 and 4.39). 

This is so different from the epitheliochor
ial category that it amply justifies a separate 
grouping. 

'Syndesmochorial' is of obscure derivation 
and we propose synepitheliochorial as a 

much more descriptive and easily under
stood category (section 4.2.3c). All ruminant 
placentas so far investigated have BNCs 
which produce the fetomaternal hybrid syn
cytium with uterine epithelial cells but the 
degree to which the maternal epithelium is 
significantly altered does vary. The 'syn-' in
dicates the contribution of the BNC-derived 
syncytium and the retention of 'epithelio
chorial' emphasizes that large areas of simple 
fetomaternal apposition are present in the 
definitive placenta (Wooding, 1992). 

The synepitheliochorial placenta has three 
identifying characteristics: the BNC in the 
fetal trophectoderm (section 4.2.7b) which 
form a structurally separate population 
among the uninucleate trophectodermal cells 
from which they are derived; the fetomater
nal syncytium formed by BNC fetal migration 
and fusion with some or all of the maternal 
uterine epithelial cells; and the cotyledonary 
chorioallantoic placental organization, with 
the restriction of fetal and maternal villus 
elaboration to discrete regions (placentomes) 
based on pre-existing non-glandular caruncu
lar areas on the uterine epithelium (Amoroso, 
1952) which are well developed in the fetal 
lamb uterus by mid-pregnancy (Wiley et al., 
1987). A placentome is formed by enmeshed 
fetal villi and maternal crypts; the tuft of fetal 
villi is correctly referred to as a cotyledon and 
the corresponding maternal structure is a car
uncle (Figures 4.40 and 4.41). 

However, cotyledon is also frequently used 
for the whole structure, so that a 'maternal 
cotyledon' corresponds to a caruncle. 
Ruminant placentas may be oligocotyledon
ary with 3-8 large placentomes, as in deer, or 
polycotyledonary with numerous (20-150) 
but smaller placentomes as in cows, goats 
and sheep (Figure 4.4). Since there are a finite 
number of caruncles per uterus, although a 
singleton conceptus may not utilize all the 
sites it will have more placentomes than 
twins, which can only have about half the 
total number each. However, the twins will 
have larger individual placentomes and their 
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1. Immobilization by papillae, and elongation 

Cm>i15dpc 
Sheep 13-16dpc 

2. Cellular apposition and subsequent interdigitation of microvilli 

Endoderm 

Trophectodenn 

Sheep 16-18dpc 
Goat 18-20dpc 
\X1N ~22dpc 

junction 

Uterine 
epithelium 

3. Binucleate cell development and migration 

Exocytosis 

The uterine epithelium is greatly modified by migration 
and fusion (1-4) of fetal binucleate cells with some 
uterine epithelial cells and the death of others, - . 

Figure 4.38 The cellular changes at implantation in the ruminants. 

combined mass will be greater than that of 
the singleton. There is a close correlation be
tween conceptus placentomal mass and 
birthweight of the fetus (A.W. Bell, 1984, 
1991), and recent studies indicate a pivotal 
role for IGF-l and -2 in placental growth 

(Bassett, 1991; Geisert et al., 1991; Owens, 
1991). Placentomes also differ in gross struc
ture, being concave to the fetal side in sheep 
and goats, but convex in the cow and flat in 
antelopes (Amoroso, 1952). The differences 
are probably without functional Significance 
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Sheep, Goat 
Huge growth in area 01 trophectoderm by 0811 division and 
fetomaternaJ syncytium by BNC migration and fusion (1-4) 

Cow, Deer 
Huge growth in area 01 trophect.oderm and uterine epithelium 
by cell division. BNC migration (1-3) produces transient 
binucleate cells which alter exocytosis are reSOlbed by the 
trophectoderm (4-5) 

Figure 4.39 The binucleate cell contribution to the definitive ruminant placenta. 
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Pregnant hom 

Oviduct 

amniotic 
sac Ovary with • 

corpus Julem • 
(b) (a) Fetus and membranes Uterus opened flat 

Figure 4.40 Synepitheliochorial placentation. (a) Cow fetus within intact extraembryonic membrane 
sac(s). Unusually this conceptus was contained within one hom only of the uterus (b), which has been 
opened out flat. Note the increase in size of the caruncles in the pregnant hom which in vivo were 
enmeshed with the fetal cotyledons. (a and b) 90 dpc, x 0.25. 

since if the sheep (normally concave) has 
some of its caruncles removed surgically from 
the non-pregnant uterus then the usually 
adequate resulting placenta has fewer, larger, 
but now convex, cotyledons (Harding et al., 
1985). Hradecky et al. (1988) found no consist
ent correlation between the number or size 
of cotyledons with the length or degree of 
branching of the villi in a wide variety 
of ruminant placentomes. 

A logical sequence of villus development 
can be assembled starting with a completely 
diffuse epitheliochorial placenta with short 
stumpy individual villi as in the pig. The 
microcotyledonary epitheliochorial placenta 
of the horse is slightly more complex and has 
small tufts of longer more slender villi. 
Trophectodermal binucleate cells make a 
fleeting appearance in the girdle but never 
assume any permanent structural role in the 
definitive equid placenta. The sheep polyco
tyledonary synepitheliochorial placenta has 
much longer villi more clearly aggregated 

into discrete placentomes, with characteristic 
BNCs which playa central role in the forma
tion of the mature villus. The cow has fewer, 
larger placentomes with more complexly 
branched villi (Figures 4.40 and 4.41) but the 
BNCs form only transient fetomaternal mini
syncytia. The deer has the most extreme 
villus aggregation, into 3-8 very large placen
tomes with villus structure and minisyncy
tium formation from BNCs very similar to the 
cow. It is not suggested that this is an evol
utionary sequence but it does indicate poss
ible variations of the basic epitheliochorial 
placenta which exploit the system of villus 
amplification of the fetomaternal exchange 
area. Fetomaternal hybrid syncytium forma
tion based on BNCs seems to be central to 
this villus expansion. 

The advantage of concentrating the villi 
into ever larger placentomes is not obvious 
but it does result in a considerable increase in 
the fetomaternal exchange area per gram of 
delivered fetus. Compact cotyledondary pla-
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centas have 5-10 times as much fetomaternal 
exchange area per gram of fetus as diffuse 
placentas (Baur, 1977). It is, however, unclear 
why the ruminant should need so much 
more exchange area than the horse or if there 
are any advantages in a few large rather than 
many small placentomes. 

The fetal trophectoderm has microvilli 
closely interdigitated with those of the uter
ine epithelium or derived syncytium, form
ing the characteristic microvillar junction. In 
the cotyledon local separation at this junction 
plus a local intermittent vascular leak forms 
haemophagous zones, large in sheep, small 
in the cow, in which stagnant maternal blood 
is apposed to tall columnar trophectoderm 

which actively phagocytose the red blood 
cells (Burton, 1982). 

There are two major types of synepithelio
chorial placenta: the sheep and goat type, 
with more than 90% of the original caruncu
lar uterine epithelium modified to fetomater
nal syncytial plaques; and the cow and deer 
type, with a similar proportion of (reformed) 
cellular uterine epithelium but with continu
ous formation of transient trinucleate 
minisyncytia (Figure 4.39). In the intercotyle
donary areas, after the first third of preg
nancy, both types have a cellular uterine 
epithelium containing characteristic intrae
pithelial lymphocytes (Lee et al., 1992) but 
with only occasional minisyncytia produced 

Figure 4.41 Synepitheliochorial placentation. A similar cow conceptus to that in Figure 4.40 but the 
chorion has been dissected away over the central region to reveal the amnion and the allantois. The villi 
on the fetal cotyledons on the non-dissected part are well demonstrated; they are clumped into 
apparently solid masses in Figure 4.40a. 100 dpc, x 0.66. 
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by BNC migration and fusion (King and 
Atkinson, 1987). There are small areolae over 
the mouths of the glands. The percentage of 
fetomaternal exchange surface contributed by 
the intercotyledonary area decreases rapidly 
until at term it is less than 2% of the total in 
the cow (Baur, 1972). 

Development of the sheep and cow pla
centa will be described as the basic ruminant 
types. 

Sheep, Ovis aries; cow, Bos taurus 

Oestrous cycle: 16 days, sheep; 21 days, cow 
Ovulation: spontaneous 
Litter: 1-4 
Gestation: about 150 days, sheep, goat; about 

280 days, cow, depending on breed 
Implantation: superficial; chorionic papill~e 

into glands to immobilize conceptus In 
sheep and cattle 

Amniogenesis: folding 
Yolk sac: vascularized by 16 dpc (sheep), 

20 dpc (cow) reduced to insignificance by 
30 dpc by growth of the allantoic sac. 

Chorioallantois: Forms definitive placenta, 
allantoic sac never surrounds the amnion 
as in the horse but the allantoic mesoder
mal vessels vascularize the entire chorion 
(Figures 4.40 and 4.41). 

Shape: Cotyledonary with complex villous 
structure. The cotyledon number varies 
from 3 to 150 depending on species. 

No decidual reaction 
Interhaemal membrane: synepitheliochorial; 

migratory trophectodermal binucleate cells 
form fetomaternal hybrid tissue from im-
plantation to term . 

Accessory placental structures: areolae In 
intercotyledonary areas; haemophagous 
zones at bases of fetal cotyledonary villi, 
larger in sheep than cattle 

Most ruminant families share the character
istics above. 

Cervidae: deer, moose 
Giraffidae 
Antilocapridae: pronghorns 

Bovidae: cattle, sheep, goats, antelopes, buf
falo, bison, gnu 

However, the Tragulidae, chevrotains from 
Java, are reported to have a non-cotyledonary 
placenta with villi diffusely distributed on the 
mesometrial side only. BNCs are said to be 
present in the trophectoderm and the uterine 
epithelium is probably cellular (Mossman, 
1987). 

Ruminant fetal membranes The ruminant 
morula enters the uterus about 4-5 dpc, 
transforms to a blastocyst, and loses its zona 
pellucida as it expands two or three times 
(Rowson and Moor, 1966). One genus (roe 
deer, Aitken, 1974) arrests the development 
of the blastocyst (diapause) at this stage prior 
to implantation. The physiological mechan
ism is not understood. Bazer and First (1983) 
provide an excellent summary of the details 
of uterine secretions, the maternal hormonal 
levels and structural changes from oocyte 
to blastocyst in ruminants. Subsequent hor
monal changes are detailed in Heap et al. 
(1983). 

In the sheep and cow the spherical concep
tus comes to rest in a predictable region in the 
uterus (S.Y. Lee et al., 1977), presumably as a 
result of myometrial contractions, and im
mobilizes itself by extending trophectoder
mal papillae, cellular protrusions, down the 
glands (Figure 4.38) (Wooding and Stap~es, 
1981; Guillomot and Guay, 1982; WoodIng 
et al., 1982). The conceptus then expands 
and elongates to fill the uterine lumen 
(Wintenberger-Torres and Flechon, 1974; 
Wales and Cuneo, 1989). In the sheep or cow 
and many other ruminants, if there are two 
conceptuses each implants about one-third of 
the length of the uterus up from the cervix, 
one in each horn of the bicornuate uterus 
(S.Y. Lee et al., 1977). Single conceptuses im
plant in a similar position, not always on the 
side they first enter the uterus, and may 
eventually expand into both horns. The loca
tion of the implantation sites are character
ized by local oedema which can be monitored 
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with i.v. injections of pontamine blue (Bos
hier, 1970), although no obvious changes can 
be demonstrated on the two surfaces prior to 
attachment (Guillomot et al., 1982). 

As the blastocyst elongates in vivo or in 
vitro it produces considerable amounts of 
!Jpecific proteins (including an interferon 
from the trophectoderm) which are thought 
to have important roles both in maintenance 
of the corpus luteum and immunological 
defence of the blastocyst (Hansen et al., 1985; 
Bazer et al., 1986; Fincher et al., 1986; 
Knickerbocker et al., 1986; Helmer et al., 1987; 
Sasser and Ruder, 1987; Salamonsen et al., 
1988; Bazer et al., 1989; Farin et al., 1989; Ing 
and Roberts, 1989; Lifsey et al., 1989; Roberts, 
1989, 1992; Nephew et al., 1990; Farin et al., 
1990; Guillomot et al., 1990; Roberts et al., 
1990). In the absence of such trophecto
dermal proteins, luteolysis is induced by 
prostaglandins transferred from the uterus 
by lymphatic and venous countercurrent 
exchange to the ovarian artery (Heap et al., 
1985). Tissue culture studies have recently 
demonstrated that uterine epithelial cells can 
be grown (Munson et al., 1990) which can 
secrete more prostaglandin to the mucosal 
than the luminal compartment (Cherny and 
Findlay, 1990). 

The yolk sac is fully vascularized by 16 dpc 
in the sheep but has only a transient exist
ence and is soon displaced by the rapidly 
elongating allantoic sac. This forms a tubular 
structure along the full mesometrial aspect of 
the conceptus by 25 dpc having started as a 
tiny diverticulum from the hind gut at 16 dpc 
(Figures 4.1, 4.38, 4.39, 4.40 and 4.41). The 
allantoic vascularization rapidly spreads over 
the entire chorion including the extensive 
amniochorion (Bryden et al., 1972). 

Implantation can be defined in ruminants 
by the start of the BNC migration and fusion 
with the uterine epithelial cells (16 dpc 
sheep, 19 dpc goat, 20 dpc cow) (Figures 
4.38, 4.42 and 4.43). 

No overt endometrial cellular alterations 
have been reported in any ruminant, and no 

decidual reaction results from the changes in 
uterine epithelium from cellular to syncytial 
(Boshier, 1969; Guillomot et al., 1981; C.E. 
Smith et al., 1990). However, the uterus 
grows and the blood flow through the uterine 
vasculature increases considerably between 
11 and 30 dpc (Reynolds and Redmer, 1992). 
Although the sheep/goat and cow/deer types 
have significantly different definitive syne
pitheliochorial placental structure, at implan
tation BNC migration and fusion produces 
the same conversion of the caruncular epi
thelium from cellular to fetomaternal syncy
tial plaques (Wathes and Wooding, 1980; 
Wooding, 1984; Wango et al., 1990a,b). At the 
earliest stage of BNC migration in the sheep, 
evidence from serial section counting of the 
number of nuclei within each cellular bound
ary in the uterine epithelium indicates that 
possible fusions are restricted. A BNC can 
fuse with the apex of a single uterine epi
thelial cell to form a trinucleate cell (TNC) 
and further BNCs can fuse apically to extend 
this minisyncytium to five or seven nuclei or 
beyond. No evidence was found for any 
minisyncytia with two or four nuclei (Wood
ing, 1984; Wango et al., 1990a,b). Thus, the 
syncytia in the uterine epithelium do not re
sult from random lateral fusion of uterine 
epithelial cells which would produce a con
tinuous range of nuclear numbers per mini
syncytium. There is no technical problem in 
recognizing cells with two nuclei since the 
same studies clearly confirmed that the 
trophectoderm consisted of uninucleate cells 
and BNCs (Wooding, 1984; Wango et al., 
1990a,b). 

By 20 dpc (sheep) 22 dpc (goat) and 24 dpc 
(cow) continued BNC migration and fusion 
coupled with cell death produce syncytial 
plaques which cover the flat caruncular 
surface (Leiser, 1975; G.J. King et al., 1979; 
Wathes and Wooding, 1980; Wooding, 1984; 
Wango et al., 1990a,b). The maximum num
ber of nuclei per plaque in sheep was esti
mated to be 24, and the plaques are bounded 
by tight junctions significantly different from 
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those sealing the uterine epithelial cells 
(Morgan and Wooding, 1983). The occasional 
uterine epithelial cell persists also. There are 
more frequent uninucleate cells remaining in 
sheep intercaruncular areas but here too, at 
this early stage, in the sheep and cow syncy
tial plaques replace the uterine epithelium to 
a considerable extent (G.}. King et al., 1981; 
G.}. King and Atkinson, 1987). The intercar
uncular uterine epithelium is re-established 
after 2-3 weeks by rapid division of residual 
epithelial cells, mostly from gland orifices. 

Villus development in the caruncular areas 
starts at 24 dpc (sheep, goat) and 28--30 dpc 
(cow) (G.}. King et al., 1979). Clusters of 
BNCs in the trophectodermal epithelium 
seem to initiate the process. There is no evi
dence for any invasion of the caruncular 
endometrium by the fetomaternal syncytial 
layer; there seems rather to be a mutual 
growth of both fetal and maternal tissue. 
Autoradiographic studies with [3H] thymi
dine later in pregnancy have produced no 
evidence of tip growth of villi (Wooding et al., 
1981), but in the first half of gestation BNCs 
are undoubtedly concentrated at the tips of 
the fetal villi (C.S. Lee et al., 1985, 1986a,b). In 
the sheep the start of villus formation corre
sponds to the first synthesis of at least one 
new protein by the BNCs (C.S. Lee et al., 
1985; Morgan et al., 1987). A plausible sce
nario for villus growth would be the pro
duction of an extensive tip syncytium by a 
high level of BNC migration and fusion. This 
syncytium is extended into the oedematous 
endometrial stroma by rapid growth and div
ision of the uninucleate trophectodermal cell 
layer plus tissue pressure and development 
of an extensive vasculature in the fetal villus 
core. These processes would be like inflating 
a rubber glove into a swelling mound of jelly. 
Alteration of the endometrium to accommo
date this villus growth could well be con
trolled by a BNC product secreted via 
the syncytium (C.S. Lee et al., 1985, 1986b; 
Morgan et al., 1987). The maternal endome
trial cells, mainly fibroblasts, are gradually 

reduced in number as villus development 
proceeds. The larger maternal blood vessels 
are eventually surrounded by concentric 
layers of basement membrane-like material 
plus fragments, possibly of degenerate ma
ternal endometrial cells or possibly of long 
slender elongations from the fetal syncytium 
which extend toward the maternal vascula
ture (Steven, 1975a,b). 

In the sheep and goat, occasionally, be
tween fetal syncytium and maternal vascula
ture there are large individual cells, probably 
residual endometrial fibroblasts or pericytes. 
They have a very uniform structure with a 
cytoplasm filled with much glycogen, tracts 
of fibrils and a large deeply divided nucleus 
(Figure 4.69). They are equipped as if capable 
of considerable synthesis and secretion hav
ing numerous dilated cisterna of rough endo
plasmic reticulum, and a sizeable Golgi body 
with a complement of small dense vesicles. 
They are present throughout pregnancy. In 
position and structure they closely resemble a 
cell type in the endotheliochorial placenta 
(Figures 4.68 and 4.69). 

In the sheep when the villi reach their 
maximum length at 70--90 dpc there is a con
siderable volume of fetal connective tissue 
core (Lawn et al., 1969; Steven, 1983). 
Subsequently, the surface area of the villi (the 
fetomaternal hemotrophic exchange surface) 
grows by ever-increasing subdivision of the 
initial villi until at term there is very little 
connective tissue in either fetal or maternal 
villi. These now consist largely of the two 
blood vessel systems (Figure 4.44) (see 
Leiser, 1987) with very little separation be
cause of indentation by the fetal vessels of the 
trophectodermal epithelium and attenuation 
of both that and the apposing syncytial 
plaques. 

This is best appreciated on tissue fixed by 
perfusion via both maternal and fetal arteries 
(Figure 4.44). Corrosion cast studies of the 
goat villus vasculature suggest a gross coun
tercurrent flow (Figures 4.45 to 4.48; section 
4.2.5c) in the cotyledons. 
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The approximate 250-JJ.m-Iong capillary 
meshworks in the terminal villi (Tsutsumi, 
1962) may have a cross-current or a mixed 
cross and countercurrent microflow (see 
Figures 4.8, 4.9 and 4.48). The villus vascula
ture in the cow is more complex than in the 
goat (Figure 4.49) but the gross and micro
flow systems are probably very similar. 

The increase in the area of the syncytium 
must be generated solely by BNC migration 
for no nuclear division has been observed in 
the syncytium. Quantitative investigations 
(Wooding, 1983) indicate that BNC migration 
is maintained at the same high level from 
implantation to term in all ruminants exam
ined so far, and this is corroborated by the 
autoradiographic evidence in sheep (Wood
ing et al., 1981, 1993). These results agree well 
with Baur's morphometric investigations 
which show a continuous increase in fetoma
ternal exchange area virtually to term in the 
cow and in each of the wide variety of other 
genera he examined (Baur, 1977). However, 
there are two reports claiming that the cotyle
donary villous surface area in the sheep 
shows little increase in area in the second half 
of pregnancy (Stegemann, 1974; Teasdale, 
1976). The autoradiographic evidence (Wood
ing et al., 1981, 1993) indicates that the sheep 
probably does follow the general pattern of 
continuous area increase with fetal weight 
but more work is needed to establish this. 

The cow and deer synepitheliochorial pla
cental type forms villi in a similar way but the 
syncytial plaques formed at implantation are 
overgrown by rapid division of the residual 
uterine epithelium (G.J. King et al., 1979). 
There is still a concentration of BNCs at the 

forming/advancing tips of the villi (C.S. Lee et 
al., 1986a) but they form only transient tri
nucleate cells (TNCs or 'minisyncytia') with 
the uterine epithelium (Figures 4.60 and 4.61) 
(Wooding and Wathes, 1980); there is no pro
duction of the extensive areas of syncytial 
plaques seen in the sheep (Wooding, 1984). 
Plainly the syncytial transformation is not es
sential for villus growth. Rapid cell division 
in the uterine epithelium plus the contri
bution from BNC migration and TNC forma
tion is sufficient to keep pace with the 
trophectodermal expansion in the cow. This 
produces an interhaemal membrane which is 
cellular on both sides as in a pig or horse 
placenta (Figure 4.39). In deer placentas there 
have been several reports of more extensive 
minisyncytia than trinucleate cells in the 
uterine epithelium, usually toward the tips of 
the maternal villi (W.J. Hamilton et al., 1960; 
Kellas, 1966; Sinha et al., 1969) but EM is 
necessary to investigate the detail of this BNC 
behaviour. Our limited (unpublished) obser
vations on five deer genera (Chinese water, 
fallow, muntjac, red and roe) indicate that 
TNC formation is the standard outcome of 
BNC migration. 

Parturition in the sheep is heralded by a fall 
in progesterone levels. This is induced by 
cortisol production and secretion by the fetal 
adrenal, and this and other hormonal 
changes (Bazer and First, 1983; Thorburn, 
1991) possibly including relaxin are probably 
instrumental in causing a rapid but specific 
degeneration of the uninucleate trophecto
dermal layer (which the BNCs survive) (Perry 
et al., 1975; Steven, 1975b). There is also an 
increase in the strength and synchrony of the 

Figure 4.42 Synepitheliochorial placentation. Fusion of two fetal binucleate cells (1 and 2), each with a 
uterine epithelial cell (3 and 4), at implantation (16 dpc) in the sheep. Cells 2 and 4 were continuous on a 
different plane of section (see Figure 4.29 and Wooding, 1984). The material is non-osmicated and 
stained with phosphotungstic acid to emphasize the binucleate cell granules (arrowheads), nuclei and 
microvillar junction (open arrows), the cytoplasm appears empty. However, after osmium, conventional 
uranyl acetate and lead section staining produces from the same material micrographs equivalent to 
those in Figures 4.33 and 4.38. T, fetal trophectoderm; V, uterine epithelium. 16 dpc, x 2500. 
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myometrial cell contractions due to their con
siderable hormone-dependent development 
of gap junctions at this time (Garfield et ai., 
1979, 1988; Cole and Garfield, 1989) and 
the cervix softens as a result of increased 
prostaglandin synthesis (Ledger et ai., 1983; 
Magness et ai., 1990). Together with the sud
den drop at birth in the fetal placental blood 
pressure these processes are probably suf
ficient to produce an efficient means of pla
cental separation within 1-4 h in the sheep 
and goat. The fetomaternal syncytium re
mains in situ on the maternal villi. As soon as 
the placenta separates there is a massive infil
tration of the maternal caruncular residues by 
polymorphs and macrophages, which pro
duce a rapid degeneration of the tissue, and 
the whole mass is sloughed at a level just 
above the myometrium (Van Wyk et ai., 
1972). The uterine epithelium is regenerated 
by cellular overgrowth from the glands at the 
edges of the caruncular areas (Wagner and 
Hansel, 1969). In the cow the progesterone 
level falls and cortisol rises in a similar man
ner at parturition and relaxin may also be 
involved (Musah et ai., 1987) as well as oxy
tocin (Fuchs et ai., 1992), but there is no de
generation of the trophectodermallayer as in 
the sheep. Release of the placenta depends 
upon changes in the molecular forces main
taining the microvillar interdigitation, as in 
the pig or horse placenta. However, the villi 
are very much longer than those of the pig or 
horse and this may be the cause of the signifi
cant percentage of cow placentas that do not 
separate easily (Grunert, 1986). BNCs may 
also have a role at partus (Gross et ai., 1991). 
A 'retained placenta' is one which has not 
been delivered 12 h after birth. 

Methods for isolating pure populations of 
BNCs have recently been reported in several 
laboratories. Such BNCs are as versatile in 
their synthetic capabilities as they are unique 
in their developmental and behavioural 
characteristics. BNCs in short-term primary 
culture have been reported to produce pros
taglandins, progesterone (Hamon et ai., 1985; 
Reimers et ai., 1985; Ullman and Reimers, 
1989; Wango et al., 1991) and placentallacto
gens (Rhodes et al., 1986; Morgan et al., 1990). 
However, all isolated BNC populations con
tain the complete developmental sequence of 
BNCs, in our experience usually biased 
towards the young BNCs with few or no 
granules. This is quite unlike other isolated 
exocrine cells such as mammotrophs or 
somatotrophs from pituitary, which consist 
almost entirely of mature fully granulated 
cells. The activities of the isolated BNC popu
lation could therefore be characteristic of only 
one developmental stage, and it is difficult to 
assess their physiological significance with
out figures for synthesis of these hormones 
by the other cell types in the placenta (She
mesh, 1990; Ben David and Shemesh, 1990) 
which are not yet available. BNCs can be 
isolated because only they are robust enough 
to survive the procedure; other, gentler 
methods will be necessary to separate 
viable populations of the more fragile uninuc
leate trophectodermal cells or the syncytial 
plaques. 

In our experience, BNCs will survive in 
viable condition in primary culture for up to 4 
days before rapid deterioration and cell lysis. 
Only occasional cells adhere to the tissue 
culture flask. No one has reported nuclear 
division in BNCs and since they are cells at 

Figure 4.43 Synepitheliochorial placentation. Implantation (20 dpc) in the cow. Glutaraldehyde, and 
osmium fixation. Binucleate cells (1 and 2) with characteristic granules (arrowheads) are migrating up to 
the microvillar junction (open arrows) between trophectoderm (T) and uterine epithelium (U). The 
uterine epithelium includes a trinucleate cell (3) with granules (arrowheads) and two round nuclei very 
similar to those in the binucleate cell. This trinucleate is probably a fetomatemal hybrid cell produced by 
fetal binucleate cell fusion with a uterine epithelial cell (see Figure 4.29 and Wathes and Wooding, 1980). 
20 dpc, x 2800. 
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the end of a developmental process and 
contain two nuclei they may be terminally 
differentiated and so incapable of division. 
Most studies of isolated BNC have demon
strated release, not synthesis, of progester
one prostaglandins or placental lactogen, 
usually at a declining rate (Reimers et al., 
1985; Rhodes et al., 1986; Ullman and 
Reimers, 1989). Progressive death of the cells 
and passive release of material seems to be as 
likely an explanation as normal secretion. 
This is especially true for placental lactogen 
since normal BNC development includes 
migration and fetomaternal fusion prior to 
release of secretory granules by exocytosis. 
No one has succeeded in reproducing this 
behaviour in cultures as yet, but recent work 
has shown that isolated BNCs can synthesize 
progesterone from pregnenolone (Wango et 
al., 1991) and placental lactogen from amino 
acids (Morgan et al., 1990). Certainly the 
BNC population has considerable synthetic 
potential, but how far this contributes to 
the fetomaternal balance remains to be 
determined. 

Structure and function of placental binucleate 
cells 

Binucleate cells, formed by the absence of 
cytokinesis after a normal nuclear division, 
are found occasionally in the placentas of a 
wide variety of genera. There are two basic 
types of binucleate cell. The first forms dis
crete populations, with two 2N nuclei in a 
cytoplasm of characteristic ultrastructure as 
in ruminant BNCs (Wooding, 1982b) or equid 
endometrial cup cells (Allen, 1982). The 
second is sporadically distributed as part of a 
continuous spectrum of cells with unusual 
nuclear forms in a cytoplasm indistinguish
able from other cells of the range as in rodent 
giant trophoblast cells (Pijnenborg et al., 
1981). Here the binucleate cell form has been 
suggested to be either in transition to a single 
large polyploid nucleus or merely evidence of 
tardy cytoplasmic division (Brodsky and 

Uryvaeva, 1977; Ilgren, 1983). One of the 
characteristic properties of the binucleate 
cell seems to be a capacity for migration 
from its site of formation. In ruminants it can 
pass through tight junctions, in the horse 
through the uterine epithelium and in ham
sters and some other rodents it can invade 
the uterine arteries as deeply as the myome
trial layer . 

BNCs are most consistently found and in 
the greatest number throughout pregnancy, 
in the trophectoderm of all the ruminants so 
far studied (Wimsatt, 1951; Wooding, 1982b, 
1983). They first appear in the trophectoderm 
of the blastocyst during the third week of 
pregnancy (day 15, sheep, Boshier, 1969; 
Wooding, 1984; day 17, cow, Greenstein et 
al., 1958; day 18, goat, Wango et al., 1990b). 
They are found in the fetal trophectoderm 
apposed to the uterine epithelium at the 
earliest stages of implantation (day 16, sheep; 
day 18, goat; day 20, cow), and constitute 
approximately one-fifth of the total trophec
todermal cells for almost the whole of the 
remainder of pregnancy. There is a decrease 
in the last week of pregnancy in the sheep 
and goat (Table 4.3). 

These generalizations apply to both single
ton and multiple pregnancies (Wooding, 
1983). 

There is no evidence for any specialized 
stem cell; binucleate cells can originate by 
division of any uninucleate cell in the tro
phectodermal epithelium. The division pro
duces two cells, one of which has no apical 
tight junction. The nucleus of this cell divides 
again without subsequent cytokinesis, 
thereby forming a binucleate cell. This bi
nucleate cell rapidly releases any contact with 
the basement membrane. It therefore starts 
and usually completes its maturation process 
with only rare tiny desmosomal-like contacts 
with the uninucleate cells of the epithelium; 
no tight or gap junctions have been observed 
(Lawn et al., 1969; Boshier and Holloway, 
1977). There is one published method for 
growing this epithelium with included BNCs 
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Figure 4.44 Synepitheliochorial sheep placenta. Vascular relationships. Electron micrographs of sec
tions of cotyledons at a similar gestational age (a) perfused with fixative through both maternal and fetal 
blood vessels (b) fixed by dicing up fresh cotyledon in the same fixative used in (a). Only by the use of 
double perfusion can an accurate idea be obtained of the relative sizes and dispositions of the blood 
vessels in vivo. The result emphasizes the concept that the placenta should be considered primarily as a 
close apposition of blood circulations, not a mass of tissue through which blood circulates. 
Phosphotungstic acid staining on non-osmicated araldite embedded tissue. Arrowheads, microvillar 
junction (which is not the fetomaternal junction, the arrowheads are all on top of the fetomaternal 
hybrid syncytial layer see section 4.3.6b); f, fetal capillaries; m, maternal capillaries. (a) 130 dpc, x 1300. 
(b) 128 dpc, x 1300. 
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Figure 4.45 Synepitheliochorial placentation. Vascular relationships in the goat cotyledon. (a) Light 
micrograph of a transverse section through a cotyledon showing the fetal villi (V) in the maternal crypts 
(A) 120 dpc, X 35. (b) Scanning electron micrograph of a vascular corrosion cast showing the maternal 
capillary meshwork. This links the maternal stem artery MSA (not present on this preparation but which 
delivers oxygenated blood to the region corresponding to the top of the micrograph) to the maternal 
stem veins (MSV) at the bottom, which return the blood to the uterine vein. In (b) the maternal network 
corresponding to the region A in the section is similarly marked. FSV, fetal stem vein. 120 dpc, x 50. 
(From Leiser, 1987.) 

in tissue culture (Steven et aI., 1980b). 
However, we and others have been unable to 
repeat this work, and although there are 
more recent methods of growing uninuc
leate, polarized, trophectodermal epithelium 
(Ralph et al., 1989; C.S. Lee et aI., 1990) no 
BNCs could be identified in these cultures. 

The young binucleate cell has a few mito
chondria in a dense, ribosome-filled cyto
plasm with no glycogen (Figure 4.50). 

It rapidly develops an extensive system of 
swollen rough endoplasmic reticulum cis
ternae and a very large Golgi apparatus. The 
Golgi produces large numbers of dense gran-
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Figure 4.46 Synepitheliochorial placentation. Scanning electron micrographs of corrosion casts of (a) the 
fetal vasculature and (b) both fetal and maternal blood vessels. The detailed architecture of the blood 
vessels is well demonstrated, with the fetal capillaries much finer than the maternal. The penetration of 
the fetal stem arteries (FSA) direct to the tips of the villi is clear in (b). FSA, MSA, fetal or maternal stem 
arteries; FSV, fetal stem veins. (a and b) 120 dpc, x 35. (From Leiser, 1987.) 

ules and the cell grows very large (Figure 
4.51). 

In the first third of pregnancy in sheep and 
goat a fully granulated 'mature' binucleate 
cell frequently also contains a large lipid 
droplet and/or a membrane-bound crystalline 
inclusion which are typical of the surround
ing uninucleate cells, emphasizing the deri
vation of one from the other. All the 

binucleate cells in the trophectoderm can be 
arranged in a single developmental sequence 
(Wooding, 1982a,b, 1983, 1984); there is no 
clear structural evidence for two populations 
as suggested by Boshier and Holloway 
(1977). 

BNCs from all species so far examined con
tain a unique structural element, the double 
lamellar body (DLB). This is a discrete small 
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Figure 4.47 Synepitheliochorial placentation. (a) Corrosion cast of the capillaries forming the tips of the 
goat fetal villi (asterisks). Some villi are connected in series (white arrow, see Figure 4.48). 133 dpc, x 
170. (b) Villus tip capillaries showing the central supply arteriole (AC) and venous connections to the 
next villus (YC). White arrowheads: sinusoidal widenings. 133 dpc, x 330. (From Leiser, 1987.) 

area of double membranes of characteristic 
branching structure intermittently continu
ous with endoplasmic reticulum cisternae 
and usually located near the Golgi body (Fig
ures 4.52 to 4.55). 

In a recently divided BNC the double mem
branes have numerous associated small clear 
vesicles (Figures 4.52 and 4.54). DLBs in 
mature migrating BNCs lack these clear ves
icles as do DLBs in the fetomaternal syncytia, 
which we consider to be derived from the 
migration (Figures 4.53 and 4.55). 

The DLB thus shows a clear developmental 
sequence but as yet its function is unknown. 
Autoradiographic (Wooding et al., 1981), 
histochemical (Wooding, 1980) and immuno
gold EM (C.S. Lee et al., 1986lH.i) studies 
show no involvement of the DLB in protein 
synthesis, placental lactogen storage, phos
phatase localization or BNC granule 
production. 

The mature binucleate cell lies very close to 
the microvillar junction but normally does 
not form part of the tight junction between 
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Figure 4.48 Synepitheliochorial placentation. 
Leiser's (1987) schematic summary of his corrosion 
study of goat placental vasculature. Both fetal and 
maternal stem arteries (FSA, MSA) run directly to 
opposite sides of the placenta, ensuring a grossly 
counter-current flow. However, the details of the 
arteriolar distributions are said to indicate a cross
current flow at that level. From the stem arteries 
(FSA, MSA) the arteriolar supply (FAlor MAl) to 
each villus tip may be direct (AC) or in series, 
derived from an adjacent villus (Ve, MC). (From 
Leiser, 1987.) 

the apices of the uninucleate trophectoder
mal cells. Migration through this tight junc
tion is the next stage in the binucleate cell life 
cycle. Throughout pregnancy 15 - 20% of the 
total population of binucleate cells are part of 
this tight junction in all four genera enumer
ated so far (cow, deer, goat and sheep) 
(Wooding, 1983; Table 4.3). Only mature bi
nucleate cells are found with tight junction 
structures and micrographs of these cells at 
all stages of passage through the tight junc
tion (Figures 4.56, 4.58 and 4.59) together 
with autoradiographic (Wooding et al., 1981) 
and freeze-fracture (Morgan and Wooding, 
1983) evidence (see below) provides a clear 
indication that these cells are migrating. 

This migration starts at implantation and in 
the goat, sheep and cow produces a syncy
tium bordering the maternal tissue by fusion 
of the migrated binucleate cells with some 
individual uterine epithelial cells plus an 
elimination of the remainder (Wathes and 
Wooding, 1980; Wooding, 1984) (Figures 
4.38, 4.39, 4.42 and 4.43). In the sheep and 
goat cotyledon this syncytium persists 
throughout pregnancy (Lawn et al., 1969) 
(Figures 4.58 and 4.59). In the cow at implan
tation there is a transient formation of syncy
tium by migrated binucleate cells fusing with 
uterine epithelial cells but only a partial loss 
of the uterine epithelium. This bovine syncy
tium is then eliminated by displacement by 
continuing division of the remaining uterine 
epithelial cells (G.J. King et al., 1979; Wathes 
and Wooding, 1980). Subsequently, during 
the remainder of pregnancy in cow and deer, 
the migrated binucleate cell fuses with an 
individual cell derived from the original uter
ine epithelium to form a transient trinucleate 
cell (Figures 4.60 and 4.61) which dies after 
the granules from the original binucleate cell 
have been released (Wooding and Wathes, 
1980; Wooding, 1987) (Figure 4.39). 

This migration was suggested by the 
earliest workers on the ruminant placenta 
(Assheton, 1906; Wimsatt, 1951), but sub
sequent electron microscopic investigations 
were unable to find any supporting evidence 
(Bjorkman and Bloom, 1957; Lawn et al., 
1969; Bjorkman 1968,1970). A study of sheep 
binucleate cells in 1977, for example, con
cluded that there were 'no published, well 
resolved pictures of binucleate cells in contact 
with the syncytium' (Boshier and Holloway, 
1977). By developing a method for selective 
staining of non-osmicated material with 
phosphotungstic acid to emphasize only the 
binucleate cell granules and the microvillar 
junction (Figures 4.56 to 4.61) (Wooding, 
1980) and by subsequent use of ultrastruc
tural (Wooding et al., 1980) and immunocyto
chemical (Figure 4.57) (Wooding, 1981; C.S. 
Lee et al., 1986b-d) techniques it has now 
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been possible to demonstrate clearly both the 
fact and extent of the migration. 

The frequency of migration in the sheep 
and goat needs to be sufficient to maintain 
the syncytium, in which no nuclear division 
has ever been demonstrated, throughout the 
enormous expansion in area which occurs 
during formation of the cotyledonary villi. It 
is clear that static micrographs can never pro
vide direct evidence for a dynamic process. 
However, injection of radioactive thymidine 
into fetal sheep or goats and subsequent 
autoradiography of the fetomaternal interface 
layers shows that labelled nuclei are initially 
found exclusively in the uninucleate troph
ectoderm, subsequently in mature binucleate 
cells and finally in the syncytium (Wooding et 
al., 1981, 1993). There was no evidence for a 
population of binucleate cells which became 
labelled but did not migrate. 

In the goat and sheep cotyledon, mainten
ance of the substance of the syncytium would 
seem to be an important function for mi
gration. However, in the intercotyledonary 
regions in goat and sheep the trophectoderm 
is apposed to a cellular uterine epithelial de
rivative, as it is in the whole of the cow and 
deer placenta, yet binucleate migration still 
occurs. It has been suggested that the pri
mary function of the migration is to deliver 
the binucleate cell granules to the plasma
lemma bounding the maternal connective tis
sue (Steven et aI., 1978). Exocytosis would 
then deliver the granule contents close to the 
maternal circulation, and there is good ultra
structural evidence for such a process from 
sheep and goat syncytium and cow tri-

nucleate cells (Wooding, 1987; Wango et aI., 
1990a). 

Ovine and bovine placentallactogens (oPL 
and bPL) have been localized exclusively in 
the BNC granules and Golgi body and the 
granules in the syncytium by electron micro
scopic immunocytochemistry (Figure 4.57). 
No label was found over the Golgi bodies in 
the syncytium, indicating that synthesis and 
packaging of BNC granule contents occurs 
before BNC migration (Wooding, 1981; C.S. 
Lee et al., 1986b-d; Wooding and Beckers, 
1987). This agrees with the hypothesis of 
delivery of the granules to the syncytium by 
binucleate cell migration in order to evade the 
barrier to diffusion of protein molecules like 
placental lactogen (PL) provided by the 
tight junctions sealing the trophectoderm. 
Placentallactogens have so far been localized 
only in binucleate cells in the sheep by 
immunocytochemistry (Martal et aI., 1977; 
Watkins and Reddy, 1980; Wooding, 1981; C. 
S. Lee et al., 1986b-d; Morgan et aI., 1987) and 
cow (Verstegen et al., 1985; Duello et aI., 1986; 
Wooding and Beckers, 1987). The only claims 
for localization of oPL to uninucleate chorion 
cells (Carnegie et al., 1982; Chan et aI., 1990) 
are far less convincing than any of the other 
studies cited here (see Wooding et aI., 1992). 
Biochemical organelle isolation techniques 
have also shown that placental lactogens co
purify with a granule fraction (oPL, Rice and 
Thorburn, 1986; bPL, Byatt et ai, 1986). More 
recently, hybridization histochemical studies 
(Milosavljevic et aI., 1989; Kappes et aI., 1992) 
have shown that PL mRNA is found only in 
ovine and bovine BNCs. There are other mol-

Figure 4.49 Synepitheliochorial cow placenta. Vascular structures. The injected and sectioned material 
(a and c) and the latex cast (b) demonstrate the complexity of the villus structure in the cotyledon. (a) 
Longitudinal and (c) transverse sections of villi demonstrate the delicacy and detail of the capillaries at 
the ends of the side branches (arrows). This can also be appreciated in the latex cast (b). There seem to be 
three vessels in the core of the fetal villus (b, arrowheads), presumably stem arteries and veins. In (c) the 
largest vessels (asterisks) are probably maternal veins. (From Tsutsurni, 1962.) (a) 105 dpc, x 100. (b) 
90 dpc, x 100. (c) 105 dpc, x 90. 
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Table 4.3 Binucleate cell numbers throughout pregnancy in ruminants* 

Stage of gestation days Percentage Percentage of 
post coitum ofBNC in BNC population 

trophectoderm migrating** 

A. SHEEP 
12-15 (isolated preimplantation 
conceptuses) 0--3 28 
16--29 18 24 
41--67 20 21 
70--105 18 26 
114-139 17 18 
142-147 (term=145) 8 20 

B. GOATS 
27-90 21 21 
95--130 21 23 
135--148 16 25 

C. COWS 
18--28 20 25 
37-260 21 12 

D.DEER 
Implantation 16 12 
Implantation to 60 18 15 

*For details of breeds, counting methods, statistical limits see Wooding (1983). 
**A migrating BNC is defined as one which is part of the trophectodermal apical tight junction. 

ecules, including glycoproteins, present in 
high concentrations in the binucleate cell 
granules as shown by immunogold studies 
(for example, one glycoprotein is defined so 
far only by its monoclonal antibody SBU-3) 
(C.S. Lee et al., 1985, 1986b--d; Figure 4.57b) 
and by their selective staining with periodic 
acid-Schiff at light microscope level (Wim
satt, 1951; Lee et al., 1985, 1986a) and phos
photungstic acid at electron microscope level 
(Wooding, 1980; Wooding and Wathes, 
1980). This staining is found in cow, deer, 
goat and sheep binucleate cells. 

Another constituent recently claimed for 
the BNC granules is the acidic 78-kD 
'pregnancy-specific protein B' (PSPB or 
bPAG) (Sasser et al., 1989; Zoli et al., 1992). 
This is found in the maternal blood of all 
pregnant ruminants tested so far, but it per-

sists longer post partum than would be 
expected if it is produced solely in the BNCs 
(Humblot et al., 1990). There is evidence that, 
although all BNCs appear similar ultrastruc
turally, the content of their granules may 
depend on the location of the BNCs or the 
age of the conceptus. Ovine intercaruncular 
BNCs do not express oPL or SBU-3 (C.S. Lee 
et al., 1985, 1986c,d), and although oPL is 
present in caruncular BNC in conceptuses 
from 16 dpc SBU-3 is not found until 24 dpc 
(Morgan et al., 1987). 

Binucleate cell migration, therefore, pro
vides the fetus with a general method of deli
vering large molecules to the maternal 
circulation. However, in the sheep, oPL is 
present in both maternal and fetal circu
lations and if all binucleate cells migrate to 
the maternal side it is difficult to understand 
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Figure 4.50 5ynepitheliochorial placentation. Glutaraldehyde/osmium fixation. Development of fetal 
binucleate cells (I, young; 2, mature) in the trophectoderm (T) of the definitive placenta of the goat. Note 
the numerous characteristic granules (arrowheads) and large Golgi body (asterisk) in the mature 
binucleate cell, which has started to migrate up to the microvillar junction at two points (open arrows). 
5, fetomatemal syncytial layer; C, fetal connective tissue. 127 dpc, x 2500. 

the origin of the fetal serum oPL (Chan et al., 
1978; Martal and Lacroix, 1978). What little 
evidence there is indicates that there is no 
transfer of oPL from maternal to fetal circu
lation (Grandis and Handwerger, 1983) or 
from fetus to mother (Schonecht et al., 1992). 
This problem is more extreme in the cow, in 
which the bPL concentration in the maternal 
circulation is always very much lower than 
on the fetal side (Beckers et al., 1982; Wallace 
et al., 1985). Despite this, all the bPL
containing BNCs appear to migrate and bPL
containing granules are found only in BNCs 
and their derivatives (Wooding and Beckers, 
1987). Even allowing for the vastly greater 
maternal blood volume, the amount reaching 
the fetal circulation is very significant from 
the earliest stage measured. 

There is no evidence in cow or sheep for a 
subpopulation of BNCs which degranulate 
on the fetal side, but there may be a constant 
low level of release of granules prior to BNC 
migration, which would be very difficult to 
detect ultrastructurally. Alternatively, there 
may be a constitutive pathway for oPL and 
bPL secretion independent of the conven
tional regulated exocytotic mechanism (Bur
gess and Kelly, 1987). This is an important 
point because exogenously administered oPL 
elicits biological responses in the fetal sheep 
(Battista et al., 1990) consistent with earlier 
suggestions (A.W. Bell, 1984; Gluckman et 
al., 1987) that oPL may serve as an important 
somatotrophic hormone in the fetus. 

This presence of placentallactogens in both 
fetal and maternal circulations is in sharp 
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contrast with the restriction of equine chori
onic gonadotropin (eCG) produced by the 
horse endometrial cup BNCs entirely to the 
maternal circulation (Ginther, 1979). In this 
case the BNCs do not mature (i.e. produce 
eCG-containing granules) until they are in 
transit to the cup site in the maternal endo
metrium (section 4.3.6a). 

It has been suggested that binucleate cell 
migration in the sheep can be increased by 
fetal pituitary stalk section or adrenalectomy, 
but this was based on the assumption that 
migration was insignificant in normal preg
nancy (Barnes et al., 1976; Bass et al., 1977; 
Steven et al., 1978; Lowe et al., 1979). Recent 
quantitative studies have shown in the sheep 
that there is no significant difference between 
the BNC migration level in normal pregnancy 
and that found after a variety of experimental 
procedures including pituitary stalk section, 
adrenalectomy, carunclectomy, hypophysec-

tomy and administration of progesterone 
synthesis inhibitors and EGF (Wooding et al., 
1986). The production, maturation and mi
gration rate of the BNCs seem to be totally 
unaffected by administration of this wide var
iety of compounds and procedures, as are the 
oPL blood concentrations (Taylor et al., 1982, 
1983). Those agents which initiate the com
plex hormonal and structural changes 
leading to parturition do decrease BNC pro
duction (not migration) (Wooding, 1982a,b, 
1983), but it is not yet possible to identify 
what factor(s) it is that controls BNC pro
duction. During implantation the earliest evi
dence for binucleate cell formation in sheep 
(Boshier, 1969) is found at the same time as 
the first demonstration of placental lactogen 
in the blastocyst of the sheep (Martal and 
Djiane, 1977; Morgan et al., 1987) or cow 
(Flint et al., 1979). In the last week of preg
nancy there is a fall in binucleate cell num-

Figure 4.51 Synepitheliochorial placentation. Glutaraldehyde/osmium fixation. Detail from cow bi
nucleate cell showing granules containing characteristic microvesicles (arrows). 49 dpc, x 46000. 
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Figure 4.52 Synepitheliochorial sheep placenta (a) The 'double lamellar body' (DLB), characteristic of 
ruminant binucleate cells, in a young binucleate cell, note the frequent electron lucent vesicles. 114 dpc, 
x 50000. 

bers and this correlates with a similar fall in 
oPL concentration in both fetal and maternal 
circulations (Martal and Djiane, 1977). 
However, until it is possible to predictably 
manipulate the oPL concentration, there is 
insufficient evidence to assume that the 
blood concentrations are directly related to 
binucleate cell numbers. It could be that it is 
the rate of migration of the cells or exocytosis 
of the granules which is the primary locus of 
control of release of oPL into the circulation. 
Interpretation of recent in vitro experiments 
on the control of oPL secretion is difficult 
because of the complexity of the system. oPL 
release could originate from unmigrated 
BNCs (via the presumed route into the fetal 
circulation) or from granules delivered to the 
syncytium by BNC migration - the normal 
route into the maternal circulation. The latter 
is an order of magnitude greater than the 

former in vivo. Secretion from placentomal 
slices (said to involve protein kinase C, 
Battista et al., 1990) will presumably involve 
both routes, whereas isolated trophectoder
mal uninucleate and binucleate cells (Burke et 
al., 1989) will be restricted to only the fetally 
directed secretion. 

There is now a considerable amount of evi
dence that all ruminant fetal binucleate cells 
migrate towards the maternal tissues, pre
sumably to deliver the content of their gran
ules to the maternal circulation. At least one 
hormone is involved in the sheep, goat and 
cow. The importance of this particular fetal 
contribution to the establishment and main
tenance of pregnancy remains to be estab
lished, but there is an increasing amount of 
evidence that the placental lactogens can 
modify the maternal metabolism to favour 
fetal nutrition and growth (Munro, 1980, 



354 Placentation 

1986; Waters et al., 1985; Freemark and 
Handwerger, 1986; Freemark et al., 1987; 
Thordarson et al., 1987; Chene et aI, 1988; 
Forsyth, 1991; Handwerger, 1991; Byatt et al., 
1992). 

(c) Endotheliochorial placentation 
(dog, cat, bat) 

In endotheliochorial placentation no uterine 
epithelium survives implantation (Figure 
4.5). The cellular chorioallantoic trophecto
dermal cells produce, by division and fusion, 
a fetal syncytium apposed to an amorphous 
layer around the persisting maternal endo
thelium. The amorphous layer (also referred 
to as the interstitial layer or, misleadingly, 
'membrane') is probably produced by the 
syncytium and is equivalent, ultrastructurally 
and in molecular constituents, to the base-

ment membrane of the maternal endo
thelium. It is neither uniformly thick nor 
continuous; processes of the fetal syncytium 
penetrate through it to reach a close relation
ship with the maternal endothelium in 
places, and it includes occasional large resi
dual endometrial cells. This structure is 
characteristic of the early and definitive 
endotheliochorial placentas which are zonary 
(Figure 4.62). 

The zones are made up of grossly parallel 
fetal villi, which are labyrinthine in architec
ture. Usually, but not always, there is a large 
haemophagous zone at the edge or in the 
centre of the zonary structure. Outside the 
main zone of the placenta a cellular fetal 
trophectoderm is loosely apposed to a per
sistent uterine epithelium and there are small 
areolae over the gland mouths. Endothelio
chorial placentation is characteristic of carni-

Figure 4.53 Synepitheliochorial sheep placenta. Mature DLB (see Figure 4.52) from the fetomatemal 
hybrid syncytium which is formed in part from mature binucleate cell migration and fusion, shows no 
associated vesicles such as those seen in the immature form (Figure 4.54). 114 dpc, x 40000. 
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Figure 4.54 Synepitheliochorial cow placenta. The double lamellar body (arrows) has electron lucent 
vesicles (arrowheads) associated with it in the young non granulated binucleate cell, but there are very 
few in the mature granulated cell (Figure 4.55) 49 dpc, x 12 000. 

vores and many bats but is also found in 
individual genera in other orders 
Proboscidea (elephant), Tubulidentata (aard
varks), Rodentia (Dipodomys, the kangaroo 
rat), Insectivora (Talpa the European mole, 
and Blarina, the shrew) and also Bradypodida 
(the sloths) (Mossman, 1987). 

The cat and dog will be taken as the charac
teristic examples of this placental type. 

Dog, Canis familiaris; cat, Felis domestica 

Oestrous cycle: 
dog, one 21-day cycle during the single 

yearly breeding period 
cat, 15-21-day cycles; several during each of 

the breeding periods which occur 2-3 times 
per year 

Ovulation: Spontaneous in the dog, induced 
by coitus in the cat. For endocrinological 

details during pregnancy see Concannon et 
al. (1989). 

Litter: 3--6 
Gestation: 55-65 days 
Implantation: superficial; central, antimeso

metrial 
Amniogenesis: folding 
Yolk sac: well-vascularized choriovitelline 

placenta up to 24 dpc with non
vascularized short villi of endotheliochorial 
structure (Figure 4.62). The yolk sac is then 
separated from the chorion by growth of 
the allantoic sac but persists to term (Figure 
4.62) as a highly vascularized collapsed sac 
with a characteristic ultrastructure (S.Y. 
Lee et al., 1983). 

Chorioallantois: forms definitive placenta, 
the allantoic sac surrounds and vascular
izes the amnion and chorion 

Shape: zonary 
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Decidua: very infrequent modification of 
stromal cells in the endometrium just be
low the invading tips of the villi 

Cats, and to a lesser extent dogs, have large 
cells, probably of endometrial stromal origin, 
throughout the placental lamellae between 
the trophectodermal syncytium and the 
maternal endothelial cells. Most authors refer 
to them as decidual cells but nothing is 
known of their function (Figure 4.68) (Wis
locki and Dempsey, 1946; J.W. Anderson, 
1969; Malassine, 1974). Ruminants have simi
lar cells in an equivalent position (see Figure 
4.69). 

Interhaemal membrane: endotheliochorial 
Accessory placental structures: areolae in 

paraplacental region. Haemophagous 
zones at the margin or centre of the zonary 
placenta (Figure 4.65) 

Fetal membranes and placental develop
ment The newly pregnant bicornuate uterus 
has a uniform development of numerous 
glands around the lumen (Wislocki and 
Dempsey, 1946; Barrau et al., 1975). In the cat 
and dog, blastocysts enter the uterus at 5 dpc 
and establish an even spacing by 8 dpc, at 
which time they are sufficiently large to dis
tend the uterus. If only two blastocysts are 
present one implants in each horn about half
way up (Amoroso, 1952). There is evidence 
for up to 40% transuterine migration between 
horns in cat and dog (Shimizu et al., 1990). 

In several animals with endotheliochorial 
placentas, such as bears, badgers and seals, 
the blastocyst can be held in diapause and 
implantation delayed for several months by 
physiological mechanisms which are still 
poorly understood (Enders and Given, 1977; 
Mead, 1993). Once the blastocyst has 

Figure 4.55 Synepitheliochorial cow placenta. The mature granulated binucleate cell has a double 
lamellar body (arrow) with few associated vesicles. Note the large size of the Golgi body (asterisks) in the 
mature cell. 130 dpc, x 12 000. 
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Figure 4.56 5ynepitheliochorial sheep placenta. Phosphotungstic acid staining. Binucleate cells migrate 
across the microvillar junction (arrows) throughout pregnancy carrying their characteristic granules 
(arrowheads), formed mostly before migration in the Golgi body (asterisk), into the fetomatemal 
syncytium (5). 114 dpc, x 5000. 

expanded to distend the uterus (central im
plantation) the yolk sac is vascularized over 
most of its mesometrial half, and a functional 
trilaminar choriovitelline placenta is formed 
(Figures 4.62 and 4.63). 

In the cat, cellular contact and subsequent 
interdigitation of microvilli between troph
ectoderm and uterine epithelium starts on 
13 dpc. Around this time full apical junction 
complexes have been observed (Leiser, 1979) 
between cells from the two epithelia, but it is 
not clear whether these are formed as a result 

of fetal trophectoderm intrusion between, or 
fusion with, the cells of the uterine epi
thelium. The uterine epithelium undergoes 
sporadic lateral fusions and a considerable 
amount of individual cell death. At this stage 
the cellular trophectoderm (cytotrophoblast) 
shows numerous divisions and produces a 
syncytium inextricably enmeshed with 
remnants of the cellular and newly syncytial 
uterine epithelium (Leiser, 1979). The fetal 
syncytiotrophoblast is actively phagocytic, 
rapidly displacing and replacing the uterine 
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Figure 4.57 Synepitheliochorial sheep placenta. (a) Binucleate cell Golgi body immunostained for ovine 
placental lactogen. The gold particles localize the lactogen exclusively to the trans cisternae of the Golgi 
stack (arrow) and the granules. 114 dpc, X 38000. (b) Colocalization of ovine placental lactogen (5 nm 
gold) and the SBU-3 antigen (10 nm gold) on the binucleate cell-derived granules in the placental 
syncytium. N, nucleus. (From Lee et al., 1986c). 114 dpc, x 40000. 
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Figure 4.58 Synepitheliochorial sheep placenta. Binucleate cells migrate (solid arrows) across the 
microvillar junction (open arrows) throughout pregnancy (Figure 4.58, 65 dpc; Figure 4.59, 142 dpc) 
delivering their granules to the base of the fetomaternal syncytium (asterisks). There are usually many 
granules in the syncytium at early stages (Figure 4.58) of pregnancy, few are found near term (Figure 
4.59). m, maternal blood vessels (see Figure 4.39 and Wooding, 1981). 65 dpc, x 2600. 

epithelium (Barrau et al., 1975; Leiser, 1979). 
It then flows around the maternal capillaries 
and establishes the endotheliochorial pattern 
of the interhaemal membrane. The absorp
tion of the maternal uterine and glandular 
epithelium and the continued erosion of the 
connective tissue are achieved by swelling 
masses of syncytiotrophoblast. This is pro-

duced by the rapid proliferation of the cyto
trophoblast and forms short avascular villi 
which make up the trilaminar choriovitelline 
placenta (Figure 4.63) (Amoroso, 1952). 
These villi extend into the endometrium all 
over the conceptus, except for the area im
mediately around the embryo, which has 
only just completed amnion formation by 
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fusion of head and tail folds. After the 
amnion is formed, the allantoic outgrowth 
from the hind gut rapidly expands into the 
exocoelomic space around and below the em
bryo. Fusing with the trophectoderm it forms 
a chorioallantoic placenta, displacing the yolk 
sac and its mesodermal vascularization over 
the whole of the spherical conceptus (Figure 
4.62). The allantoic vascularization is much 
more aggressive than that of the yolk sac and 
pushes rapidly into the villi. This develop
ment of fetal blood vessels plus the prolific 
generation of syncytiotrophoblast from cyto
trophoblast forms the basis of the rapid ad
vance of these villi down the glands, 
stripping away all gland epithelium (which 
first transforms into a syncytium) and con
nective tissue. At the same time the maternal 
vasculature is expanding and elongating. As 
Mossman (1987) has pointed out, formation 
of the zonary placental villi cannot just be 
based on erosion by the fetal syncytium and 
its advance into the endometrium, the final 

'.' . ( 
.~ . 

: - /- " ' . .... . 

length of the villi is much too long for this. 
There has to be considerable expansion of the 
maternal blood capillary system. This point 
can be best appreciated by examination of a 
developmental series of transverse sections 
through the cat placenta (Figure 4.63 and 
4.64). 

The structure of the initial interhaemal 
membrane is endotheliochorial, as it is at 
term. Indentation of the fetal cyto- or syncy
tiotrophoblast by the fetal capillaries is con
siderable towards the end of pregnancy, and 
there is usually a definite attenuation of 
the amorphous (interstitial) layer (J. W. 
Anderson, 1969; Barrau et al., 1975). The 
maternal endothelium varies considerably in 
thickness depending upon the species. In the 
bear it is typically three to four times thicker 
than in seals, but the functional significance 
of the differences is obscure (Amoroso, 1952; 
Sinha and Erickson, 1974; Wimsatt, 1974). 

The area of the interhaemal membrane in
creases and its thickness decreases as the 

Figure 4.59 Synepitheliochorial sheep placenta. Binucleate cells migrate across the placental microvillar 
junction (open arrows) right up to term (145 dpc). The micrograph shows a binucleate cell (solid arrow) 
at day 142 dpc migrating into the fetomaternal syncytium (asterisks) which contains fewer binucleate 
cell derived granules than at earlier stages (see Figure 4.58): 142 dpc, X 1400. 
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Figure 4.60 Synepitheliochorial cow placenta. Throughout pregnancy binucleate cells (B) migrate from 
the fetal trophectoderm (T) across the microvillar junction (open arrow) to fuse with uterine epithelial 
cells (U) producing trinucleate cells (asterisks). These eventually release their granules (arrowheads) 
close to the maternal blood vessels (m), die and are resorbed by the trophectoderm (see Figure 4.39 and 
Wooding and Wathes, 1980) f, fetal blood vessel. 70 dpc, x 4400. 
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ENDOTHELIOCHORIAL PLACENTATION 

Choriovitelline vascularized 
placenta with avascular villi 

'Giant ' or 
'decidual' cell 

15dpc 
T.S. Cat conceptus 

L.S. Conceptus SOdpc 

Fetal capillary 

Cytotrophoblast 

Interstitial 
'membrane' 

1'\---=----Maternal capillary -1--+-

cat INTERHAEMAL MEMBRANES 

19dpc 

Shrew 

Figure 4.62 Placental membrane development in endotheliochorial placentation, mostly Carnivora. 
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Allanto;c vessels 
lamellae enclosing 
maternal capillaries 

or spongy zone 

Figure 4.64 Endotheliochorial cat placenta. Placental development showing the enormous increase in 
length and proliferation of the labyrinthine fetal and maternal lamellae between 25 dpc (a) and about 
60 dpc (b) (term is 61-63 dpc). Both (a) and (b) are at the same magnification. (a) 25 dpc, x 24. (b) 
60 dpc, x 24. 
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fetus grows, thus continuously improving 
the transport potential of the placenta (Baur, 
1977). 

When the chorioallantoic membrane is first 
forming, the whole conceptus is expanding 
and elongating to become sausage shaped, 
with paraplacental regions outside the central 
zone of the placental villi. These regions have 
unchanged cellular trophectoderm and uter
ine epithelium loosely apposed with small 
areolae over the mouths of the numerous 
glands which are actively secreting through
out pregnancy (Leiser and Enders, 1980a). 
The area of this paraplacental region (Figures 
4.62 and 4.65) is macroscopically larger than 
the zone of the placental villi but probably 
less than 5% of the total interhaemal area at 
term. 

A characteristically large haemophagous 
zone develops at the edge or in the middle of 
the zonary endotheliochorial placenta of car
nivores (Figure 4.65). It is lined on the fetal 
side by high columnar trophectoderm show
ing all stages of very active phagocytosis and 
digestion of the red blood cells from the 
stagnant pool of blood at the fetomaternal 
interface. On the maternal side the uterine 

epithelium may be either cellular or syncytial. 
Transient rupture of the occasional maternal 
blood vessel is probably instigated by the 
fetal trophectoderm at the edge of the haemo
phagous zone, but the details of the mechan
ism are unclear. The endothelial break is soon 
repaired and the uterine epithelium reforms 
over the top (Leiser and Enders, 1980b). 

The gross form of the haemophagous zone 
or organ is very characteristic of the species. 
Cats and dogs (Figure 4.65) have green or 
brown borders to their zonary placentas 
coloured by blood pigment residues, and in 
the sea otter there is a large central peduncu
late sac. There is an excellent review of hae
mophagous zones by Burton (1982). 

The intimate relationship of the fetal and 
maternal blood vessels in the cat and the 
relative volumetric insignificance of the tissue 
in between is elegantly demonstrated by 
Leiser's SEM study of corrosion casts of the 
two vasculatures. These clearly show that 
maternal blood passes directly to the fetal 
side of the placenta and fetal blood to the 
maternal side prior to flowing back through 
their capillary systems. The arrangement of 
the arteriolar supply to the capillary networks 

Figure 4.65 Endotheliochorial dog placenta. Cross-section through the zonary placenta of the dog at 
mid-pregnancy. Note the large marginal haemophagous zones (asterisks). Lab, labyrinthine chorioallan
toic placenta; JZ, junctional zone; GZ, glandular zone; M, muscle in uterine wall; P, paraplacental 
chorioallantoic placenta. About 35 dpc, x 15. (From Bjorkman, 1970.) 
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Figure 4.66 Endotheliochorial cat placenta. Corrosion casts of resin-injected vasculature. (a and b) fetal 
and, Figure 4.67, maternal blood vessels. Note the lamellae formed from the fetal capillary meshwork in 
the labyrinthine zone in (a) and (b). The casting resin filled fetal arterioles (AI) and capillaries but not the 
venules (VI), whose lumina are indicated by the dashed arrows in (b) . (a) 57 dpc, x 25. (b) 57 dpc, x 
100. (From Leiser and Kohler, 1984.) 

is such that Leiser considers the flow to be 
predominantly cross-current (Figures 4.9, 
4.66 and 4.67) (Leiser and Kohler, 1983). 

Erosion of the original endometrial cells in 
the dog and cat is practically complete except 
for a population of cells which are distributed 
fairly evenly throughout the placenta in the 
amorphous (interstitial) material between 
fetal syncytium and maternal endothelium 
(Figure 4.68). 

Wislocki and Dempsey (1946) suggested 
that these cells originate from fibroblasts . 
They are typically large, 30-50 j.Lm with a 
large, or often two large, nuclei. They re
semble fibroblasts in their massive fibrillar 
tracts but also have the swollen rough endo-

plasmic reticulum and large Golgi apparatus 
which suggests they may have considerable 
synthetic and secretory potential (J.W. 
Anderson, 1969; Malassine, 1974). Once the 
placenta is established these cells can divide 
and maintain their frequency as the placenta 
grows. They are very similar in ultrastructure 
and position to the residual endometrial cells 
described above for the sheep and goat syne
pitheliochorial placentas, and their function 
is equally enigmatic (Figure 4.69). 

Descriptions of endotheliochorial placental 
development refer to a zone of necrosis in the 
endometrium at the tips of the advancing 
fetal villi. In this region the gland epithelium 
becomes syncytial, the connective tissue 
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oedematous, and both degenerate. From 
transverse sections of the placenta the im
pression given is that the necrotic zone rep
resents an area of total tissue breakdown 
induced by the fetal syncytium, which then 
phagocytoses the resulting debris (Amoroso, 
1952; Barrau et al., 1975). The process is in fact 
very selective since the maternal blood ves
sels pass through this zone completely 
unchanged and they probably represent 30-
50% of the volume of the structures initially 
present (Leiser and Kohler, 1983). The closest 
analogy might be a building on extensible 
stilts, which are sufficiently robust to support 
and supply the building of the upper floors. 
These would correspond to the initial chorio-

vitelline placenta. The blood vessel 'stilts' 
would eventually be incorporated into the 
final structure by growth of the chorioallan
toic lamellar placenta. The initial distribution 
of the maternal vasculature would thus deter
mine the basic pattern of placental develop
ment. To accurately test this hypothesis 
would require corrosion cast studies during 
placental development, since both volume 
and distribution of the blood vessels would 
be critical to the process. 

The characteristics of carnivore placen
tation are remarkably consistent. The initially 
weakly vascularized endotheliodichorial vil
lous choriovitelline placenta is colonized by 
the rapidly proliferating allantoic vasculature 

Figure 4.67 Endotheliochorial cat placenta. Corrosion cast of maternal blood vessels. The maternal stem 
artery (SA) runs through the full depth of the placenta before supplying (arrowheads) the capillaries of 
the labyrinthine zone (LZ). The capillaries collect into broad venules (SV) in the junctional zone OZ), 
which drain into veins (white arrow) in the endometrial muscle layer (M). Compare this figure with the 
histological cross-section of the dog placenta in Figure 4.65. 22 dpc, x 12. (From Leiser and Kohler, 
1983.) 
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Figure 4.68 Endotheliochorial placentation. Electron micrograph of the definitive interhaemallayers in a 
cat placenta. 'Decidual' cells (D) in the maternal connective tissue are consistently present. They have 
extensive rough endoplasmic reticulum, large Golgi bodies and glycogen deposits. This ultrastructure is 
similar to that seen in cells in a similar position in sheep placenta (see Figure 4.69). f, fetal connective 
tissue; T, cellular trophectoderm; 5, syncytial trophectoderm; asterisks, 'interstitial layer'; m, maternal 
blood vessel. 35 dpc, x 3000. 

to produce the endotheliodichorial chorioal
lantoic placenta. This is always associated 
with a haemophagous zone, a large allantoic 
sac and a significant yolk sac remnant. The 
only exception so far reported is the hyena, 
which has the typical large allantois and per
sistent yolk sac but a haemomonochorial defi
nitive placenta (Figure 4. lOa) which still has a 
marginal sinus similar in size to that of the cat 
haemophagous zone but filled with circulat
ing rather than static maternal blood (Demp
sey, 1969; Oduor-Okelo and Neaves, 1982; 
Wynn et al., 1990). 

There are even more intermediate stages 
between endotheliochorial and haemochorial 
structure shown by bats (Chiroptera) (Bhiw-

gade, 1990; Rasweiler, 1993), of which the 
families with the more primitive character
istics are endotheliochorial with clearly de
fined (Emballonuridae) or more diffuse 
(Megadermatidae) equivalents of a haemo
phagous zone (Gopalakrishna and Karim, 
1979; Mossman, 1987). There is far more des
truction of the maternal endometrium by the 
bat trophectoderm in the haemophagous 
zone than in carnivores and plainly, if the 
erosion continued to encroach on the main 
placenta, the haemochorial type would re
sult, as seen in Desmodontidae (Bjorkman 
and Wimsatt, 1968), Molossidae (Stephens, 
1969; Stephens and Cabral, 1971, 1972; 
Rasweiler, 1990, 1991), Phyllostomatidae 



370 Placentation 

(Bodley, 1974; Bleier, 1975), Thyropteridae 
(Wimsatt and Enders, 1980) and 
Vespertilionidae (Kimura and Uchida, 1984), 
Pteropodidae and Hipposideridae (Bhiw
gade, 1990). Rasweiler (1991) has recently 
provided an excellent account of the develop
ment of the haemomonochorial placenta in 
Molossus ater. 

It is possible that the intra syncytial lamella 
(ISL) present in all haemochorial bats so far 
examined closely (Figures 4.11 and 4.99) may 
be analogous to the endotheliochorial inter
stitial membrane (Rasweiler, 1993). The ISL 
consists of a discontinuous system of 
membrane-bound channels filled with base
ment membrane-like material. It is usually 

sporadically continuous with the maternal 
blood space, but in one molossid bat (Ste
phens, 1969) is continuous with the fetal syn
cytiotrophoblast basement membrane 
instead (Figure 4.11). Transport and skeletal 
functions have been suggested (see section 
4.2.7a). Other families of bats (Hipposideri
dae, Noctilionidae, Rhinolophidae and 
Rhinopomatidae, a.W. Anderson and 
Wimsatt, 1963; Gopalakrishna and Karim, 
1979; Mossman, 1987) are said to have 
endotheliochorial placentas but no haemo
phagous zone - thus that linkage is by no 
means absolute. The endothelial nature of 
the definitive placenta of the Rhinopomati
dae, Emballonuridae, Megadermatidae and 

Figure 4.69 Synepitheliochorial placentation. The (maternal) endometrial connective tissue in the ma
ture sheep placenta has 'decidual cells' (D) with similar ultrastructure and in a similar position to those 
found in cat placenta (Figure 4.68). f, fetal blood vessel; T, cellular trophectoderm; S, syncytial 
fetomaternal trophectoderm; m, maternal blood vessel. 140 dpc, x 4000. 
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Rhinolophidae has now been clearly estab
lished in a recent comparative electron micro
scope study (Bhiwgade, 1990). This supports 
the light microscope evidence that the 
Noctilionidae are also endotheliochorial (J.W. 
Anderson and Wimsatt, 1963). 

It was only by a study of the ultrastructure 
that the placenta of the insectivore Blarina 
(common shrew) was shown to be endothe
liochorial (Wimsatt et al., 1973). The syncytial 
trophoblastic layer is uniquely attenuated 
and profusely fenestrated, and both maternal 
and fetal capillary endothelial cells extend 
slender processes from their bases to or 
through this lace-like trophectoderm (Figure 
4.70b). 

It certainly would be no barrier to macro
molecules but may have some residual role in 
regulation or prevention of maternofetal cell 
traffic. A recent suggestion that in the final 
week of pregnancy it forms no significant 
barrier at all (Kiso et al., 1990) requires 
confirmation. 

The shrews (Soricinae) also have an un
usual annular haemophagous zone with ab
sorptive trophectoderm underlain by vitelline 
(yolk sac) capillaries (B.F. King et al., 1978) 
rather than the usual allantoic vascular sys
tem as in carnivores or bats. This emphasizes 
again the plasticity of the fetal membranes 
with quite different parts adapting to serve 
the same function. Fenestrated syncytiotro
phoblast has been found in only one other 
order, Bradypodidae, the sloths, again one 
with an endotheliochorial placenta. Here the 
layer is more substantial than in the shrews 
but still essentially porous. There is no hae
mophagous zone and the rest of the fetal 
membranes are, according to Mossman 
(1987), more reminiscent of anthropoids with 
a very early vascularization of the eventually 
discoid chorioallantoic placenta and the small 
non-persistent yolk sac (B.F. King et al., 
1982). 

Other examples of endotheliochorial pla
centation very similar to the carnivore inter
haemal membrane in structure are found in 

widely separated orders. Some of these have 
an accompanying haemophagous zone, as in 
the Elephantidae (Perry, 1974), but most [the 
aardvark (Orycteropodidae), two insecti
vores, Talpa (Malassine and Leiser, 1984) 
and Tupaia (Luckhardt et al., 1985), and the 
rodent, Dipodomys (Figure 4.71) (the kanga
roo rat, B.F. King and Tibbitts, 1969)] have no 
equivalent structure. 

The endotheliochorial placenta thus 
appears to be a successful solution for a var
iety of animals in a wide range of habitats 
with very different reproductive habits and 
maternal sizes. A haemophagous zone is a 
sufficiently frequent accompaniment to 
endotheliochorial placentation to indicate 
one advantage in developing a fully haemo
chorial placenta. Most orders with endothe
liochorial placentas also have members with 
the haemochorial type. 

(d) Haemochorial placentation (mouse, 
rabbit, man, apes, monkeys) 

The epitheliochorial-synepitheliochorial-endo
theliochorial sequence represents a gradual 
loss of interhaemallayers. The haemochorial 
is an apposite end to such a sequence; with 
the loss of all the maternal tissue, maternal 
blood irrigates the chorioallantoic fetal troph
ectoderm directly (Figure 4.5). 

Previous suggestions that in some species 
the fetal trophectoderm is also lost have not 
been substantiated by subsequent EM 
studies. The trophectoderm may be very thin 
but no placenta yet accurately described lacks 
a trophectoderm or its derivative as a barrier 
for the maternal blood, although pores in the 
trophectoderm have been reported (B.F. 
King, 1992). Depending on the species the 
trophectoderm may have one, two, or three 
layers, each of which may be cellular or syn
cytial. The species-specific pattern is estab
lished soon after implantation and is 
maintained to term. 

Fetal placental tissue is usually aggregated 
in a discrete area, discoid or limited zonary. 
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Figure 4.70 Most endotheliochorial placentas display a fairly uniform interhaemal membrane (see 
Figure 4.68), as typified by the cat (a) with a discontinuous cellular cytotrophoblast (T) which generates 
the thick syncytial layer (5) separated from the maternal endothelium (M) by a dense acellular interstitial 
layer (asterisk). However, the insectivore, Blarina (b) with its exiguous discontinuous meshwork of 
syncytiotrophoblast, and the rodent, Dipodomys (Figure 4.71), with its extremely thin syncytiotrophob
last layer (Figure 4.71, arrows) clearly demonstrate the variability possible within the endotheliochorial 
framework. The interstitial layer (asterisk in a; 'BL region' in b; arrowheads in Figure 4.71) is also very 
different in these examples. BL, trophoblast basement membrane; Fc, fetal capillary; M, maternal 
capillary. (a) 35 dpc, x 8000. (b) Near-term placenta, x 18100. (From Wimsatt et al., 1973.) 

The structure of the paraplacental area varies, 
with the yolk sac placenta playing an import
ant role throughout pregnancy in rodents, 
lagomorphs and insectivores (Figures 4.2 and 
4.3) but insignificant in primates. No areolar 

development has been reported; the glands 
do not play any significant role except very 
early in pregnancy. 

The erosion of the maternal tissue is con
siderable, and typically the species with hae-
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mochorial placentation induce decidual 
tissue transformation in the endometrium 
during placental formation. Again the vari
ation is enormous, with massive decidua in 
the rodent, moderate in the human and neg
ligible in the rhesus monkey. 

It must be emphasized that, although most 
maternal tissue is lost, major maternal arterial 
channels persist throughout pregnancy 
through the full depth of the placenta in most 
haemochorial placentas supplying maternal 
blood to the fetal surface (subchoriallakes) of 
the placenta. Usually several channels persist 
(rabbit, see below), sometimes only one [in 
the insectivorean elephant shrew (Starck, 
1949)] (Figure 4.72). 

The most notable exceptions to this are 
man, apes and the Old World monkeys. 

Haemochorial placentas are rather more 
varied in gross architecture than previous 
types with villous or labyrinthine structure 
and a variable and specific number of inter
haemallayers. 

As examples of the labyrinthine type with 
haemotrichorial structure the rat and mouse 
will be discussed in detail with rabbit (hae-

modichorial) and man, (haemomonochorial) 
for comparison. 

Haemotrichorial: mouse, Mus musculus; rat, 
Rattus rattus 

Oestrous cycle: 4-7 days 
Ovulation: spontaneous 
Uterus: duplex 
Litter: 5-9 
Gestation: 19 days (mouse) 22 days (rat) 
Implantation: interstitial 
Amniogenesis: cavitation 
Yolk sac: Initial bilaminar yolk sac stretched 

to disappearing point by mid-pregnancy. 
No choriovitelline placenta formed. Com
pletely inverted well-vascularized splanch
nopleuric yolk sac placenta with villous 
mesometrial half persists until term (Figure 
4.2). 

Chorioallantois: Forms definitive placenta, 
vascularized by allantoic mesenchymal bud 
(Figures 4.2 and 4.75). The allantoic sac is 
vestigial or absent. 

Shape: discoid, labyrinthine structure 
Decidua: extensive development throughout 

Figure 4.71 Endotheliochorial placentation. The rodent Dipodomys has very thin but continuous syncy
tiotrophoblast (arrows) and interstitial (arrowheads) layers. Compare these structures with those in cat 
(Figure 4.70a) and shrew (Figure 4.70b) placentas. FC, fetal capillary; M, maternal capillary. Near-term 
placenta, x 18000. (From King and Tibbits, 1969.) 
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Figure 4.72 Schematic circulations in haemochorial placentas. See also Figures 4.8 and 4.9. 

pregnancy in the endometrium around the 
conceptus (see Figure 4.12) 

Interhaemal membrane: haemotrichorial 
labyrinthine, two syncytia next to the fetal 
tissue and a cellular layer lining the ma
ternal blood space 

Accessory placental structure: completely 
inverted yolk sac 

Fetal membranes and placental development 
In these rodents the blastocysts reach the 
uterine lumen on 3-4 dpc and implant after 
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uterine contractions, finally influenced by the 
individual blastocysts, have ensured an even 
spacing. Closure of the uterine lumen then 
immobilizes the blastocysts and ensures an 
intimate apposition between blastocyst and 
uterine epithelium (Enders et al., 1980), a pro
cess which may involve specific changes in 
glycocalyx carbohydrate expression (Kimber 
and Lindenberg, 1990; Kramer et al., 1990). 
There is no appreciable swelling of the blasto
cyst prior to closure, and the blastocyst in
variably implants at the antimesometrial side 
of the uterine lumen, with the embryonic 
disc mesometrial (Amoroso, 1952; M.H. 
Kaufman, 1983). 

Implantation starts at 5 dpc with intrusion 
between, or possibly trophectodermal fusion 
with, the uterine epithelial cells (Figure 4.73) 
(Bevilacqua and Abrahamsohn, 1989) fol
lowed by complete death and delamination 
of the uterine epithelium (Enders et al. 1980; 
Schlafke et al., 1985; Blankenship et al., 1990 
(hamster); Welsh and Enders, 1991a; 
Blankenship and Given, 1992). 

At this stage the blastocyst is bilaminar but 
mesoderm is starting to form at the edge of 
the embryonic rudiment underneath the 
aggregation of trophectodermal cells referred 
to as the ectoplacental cone. The peripheral 
trophectoderm of the cone will differentiate 
into the polar or secondary giant cells which 
invade the uterine endometrium, by now 
considerably decidualized (M.B. Parr et al., 
1986) (Figure 4.12 and see section 4.2.8 
above). Over the antimesometrial two-thirds 
of the blastocyst, away from the ectoplacental 
cone, the endodermal cells secrete material 
which thickens the basement membrane 
separating the endoderm from the mural 
trophectoderm which has differentiated into 
the primary giant cells (Fatemi, 1987; 
Mazariegos et al., 1987). This thickened base
ment membrane is then referred to as 
Reichert's membrane (Figure 4.3). The mural 
or primary giant cells rupture the maternal 
blood vessels and form lace-like extensions 
through which the blood circulates but does 

not penetrate past Reichert's membrane 
(M.H. Kaufman, 1983; Welsh and Enders, 
1987). The endoderm and primary giant cells 
then form a non-vascularized bilaminar yolk 
sac placenta. As the blastocyst develops and 
increases in size this bilaminar region main
tains a similar structure but becomes ever 
thinner, eroding the decidua capsularis be
tween the giant cells and the myometrium 
but finally completely rupturing on 17-
18 dpc. This exposes the vascularized endo
dermal layer (referred to as the inverted vis
ceral yolk sac placenta) to the newly restored 
uterine epithelium (Welsh and Enders, 1983) 
(Figures 4.3 and 4.12). Absorption of ma
ternal immunoglobulins across this placenta 
throughout pregnancy is of considerable im
portance to neonatal immunoregulation 
(Bainter, 1986). 

After the initial differentiation of the giant 
cells the yolk sac inverts beneath the embryo; 
above, the allantoic outgrowth from the fetal 
gut reaches the base of the ectoplacental cone 
(Figure 4.2). This has been beautifully 
demonstrated by SEM (Figures 4.74 and 4.75) 
(Ellington, 1985, 1987). 

The cone appears to have three layers: 
inner, outer and a shell of secondary giant 
cells invading the mesometrial decidua 
basalis. As soon as the allantoic outgrowth 
reaches the bottom of the ectoplacental cone 
it erodes the endoderm and spreads out into 
a mesodermal pad closely underlying the 
inner ectodermal layer of the cone. An excel
lent pictorial sequence of placental mem
brane and embryonic development can be 
found in Rugh (1975). 

Considerable structural reorganization 
together with the stimulation of rapid cellular 
division in the cone tissue follows and out
growths of cone cells into the decidualized 
endometrium initiate the discoid chorioallan
toic placenta (Welsh and Enders, 1991b; 
Enders and Welsh, 1993) (Figure 4.76). 

By this time the outer giant cell layer is 
irrigated by maternal blood and is actively 
eroding the maternal decidual tissue and 
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Figure 4.73 Haemochorial placentation. Early implantation in the mouse. A trophectoderm cell (T) 
containing severallysosomes (arrows) has completely penetrated through to the basement membrane of 
the uterine epithelium (M), apparently phagocytosing or flowing round a uterine epithelial cell (A) in the 
process. This could be the result of intrusion or fusion; adjacent uterine epithelial cells seem unaffected. 
51/2 dpc, X 3450. (From Kaufman, 1983.) 
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Figure 4.74 Scanning electron micrographs of the 
rat conceptus after removal of the parietal yolk sac, 
all at the same magnification, dissected to show 
the internal membrane development. (a and b) 
Expansion of the exocoelom (X) inverts the chor
ion (small arrow) which bounds the ectoplacental 
cavity to form a double layer of trophectoderm 
lined with mesoderm (large arrow) under the 
ectoplacental cone (Figure 4.75a). This forms the 
basis for development of the allantochorionic pla
centa when vascularized by growth (Figure 4.75a 
and b) of the solid mesodermal allantois (arrow
heads) which originates from the hind gut of the 
embryo, here covered by the amnion (A). (a) 
9.25 dpc, x 220. (b) 9.25 dpc, x 220. (From 
Ellington, 1985, 1987.) 

expanding into the vascular sinuses. Giant 
cells do not divide, but are replenished by 
smaller cells at the surface of the ectoplacen
tal cone. The allantoic vasculature is aggressi
vely growing into the tissues at the base of 
the ectoplacental cone. The cone is consider
ably differentiated and is starting to form villi 
[Metz, 1980 (rat); Carpenter, 1972, 1975 (ham
ster, which is also haemotrichorial)] (see 
Figure 4.76). As these villi grow they too 
extend into the maternal blood sinuses. The 

fetal blood is then separated from the ma
ternal by three layers, two syncytia derived 
from the inner ectoplacental cone layers and 
the outer cellular layer grading into the giant 
cells. These are the basic interhaemal layers 
through the rest of gestation and the usual 
nomenclature is maternal blood/layer II 
layer II/layer IIIlfetal endothelial basement 
membrane/fetal endothelium/fetal blood 
(Figure 4.76). 

The fetal villi become confluent with one 
another as they increase in length at the 
expense of the decidua basalis tissue, eroding 
the maternal venous capillaries and coloniz
ing the sinuses. The main maternal arterial 
channels are not destroyed (about 4-7 per 
discoid placenta) but run through the whole 
thickness of the placenta directly to the sub
chorial lake at the base of the fetal placenta, 
from where the maternal blood flows back 
through the labyrinthine network formed by 
the fetal tissue growth (Figures 4.77 and 
4.78). 

The persistent maternal arterial channels 
are initially lined with maternal endothelium 
but this is displaced and phagocytosed by 
giant cells at an early stage. The process 
eventually produces widened channels lined 
with fetal cells (endovascular trophectoderm) 
extending as far as the uterine muscle layer 
[Legrand, 1974 (rat); Pijnenborg et al., 1981 
(man); Carpenter, 1982 (hamster); Hees et al., 
1987 (guinea pig)]. 

Growth of a haemotrichorial placenta like 
that of the rat or mouse presumably is based 
upon small groups of mitotically active cells 
continuous with the main attenuated layers 
(I, II and III) which separate fetal and ma
ternal blood. Layers II and III are in fact syn
cytial from the earliest stage and, as no 
nuclear division has yet been reported in 
such syncytia, some system for growth and 
extension of the layers is necessary (Davies 
and Glasser, 1968; Metz, 1980). Layers II and 
III are very closely apposed and connected by 
numerous gap junctions whose function is 
obscure (Metz et al., 1976) (see section 4.2.7a 
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above). The combined layers form a complete 
barrier to tracers introduced into maternal 
(Metz et al., 1978) or fetal (Aoki et al., 1978) 
circulations. The outermost layer (I) is cellular 
and fenestrated, and forms no barrier to 
tracers added to the maternal circulation. 
Enders (1965) has suggested that this layer 1 
functions by slowing the maternal blood flow 
and forming local regions of blood stasis be
hind the fenestrations which facilitate feto
maternal transport. There may be special 
difficulties in fetal uptake from maternal 
blood which are alleviated by such a slowing 
of the flow. Clearly a balance is needed be-

tween rapid flow to maintain solute concen
trations and efficient capture of the substrates 
by the translocases in the plasmalemma. All 
three layers (I, II, III) attenuate during preg
nancy but no significant ultrastructural 
changes have been reported (Jollie, 1969, 
1979; B.F. King and Hastings, 1977; Jollie and 
Craig, 1979; Metz, 1980). The first cells to 
differentiate are the primary giant cells 
around the antimesometrial and lateral 
aspects of the conceptus. At 6-7 dpc they 
form a more or less continuous shell around 
the conceptus with the secondary giant cells 
which differentiate subsequently around the 

Figure 4.75 Scanning electron micrographs of rat conceptus. See Figure 4.74 legend for details. (a) 
9.75 dpc, x 220. (b) 10.25 dpc, x 220. (From Ellington 1985, 1987.) 
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Figure 4.76 Placental development in multilayered haemochorial placentas. 
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Figure 4.77 Haemochorial rat placenta, vascular patterns. (a) Section through and (b) equivalent 
corrosion cast preparation of the maternal vasculature in the near term rat placenta. Note the uniformly 
fine dimension of the maternal channels in the labyrinth (L) and the abrupt transition to the spongiotro
phoblast (S) and giant cell (X) zones. (a) 22 dpc, x 66. (b) 22 dpc, x 50. (From Christofferson and 
Nillson, 1988.) 

edge of the ectoplacental cone. The giant cells 
have been shown to produce steroids (Deane 
et aI., 1962), placental lactogens (rat, 
Campbell et al., 1989; Duckworth et aI., 1990; 
mouse, Nieder and Jenne, 1990; hamster, 
Renegar et aI., 1990; reviews, Soares et al., 
1991; Southard and Talamantes, 1991) and 
relaxin (golden hamster, Johns and Renegar, 
1990). The giant cells become very large with 
a characteristically enormous, deeply divided 
nucleus, of variable but usually very high 
DNA content (up to 1024 N). As the embryo 
grows the giant cells become stretched, and 
some of the secondaries are replaced by cell 
division in the underlying cone tissue (Ilgren, 

1983; M.H. Kaufman, 1983). These secondary 
giant cells are rarely as large as the primaries 
and grade into the cells of the trophospongial 
layer which form a meshwork through which 
the maternal blood flows. Unlike the adjacent 
labyrinthine layer there is no fetal vasculari
zation and the trophospongium has a fine 
structure very different from the giant cells, 
but both are of the layer I population. 

Layers II and III are dependent on the fetus 
for continued growth and maintenance, since 
fetectomy at 12 dpc results in their rapid 
degeneration together with the fetal villi. 
However, layer I continues to grow after 
fetectomy as a residual meshwork in which 
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Figure 4.78 Haemochorial rat placenta. Corrosion casts of the maternal labyrinthine blood spaces. The 
labyrinthine architecture is elegantly demonstrated in (a) with a predominant direction of flow from the 
chorionic plate (top of micrograph) to the myometrium. (b) At 18 dpc the maternal blood spaces are 
smaller and there is no obvious direction in the structure. F, space occupied in vivo by the fetal vessels 
and membranes. (a) 22 dpc, x 150. (b) 18 dpc, x 150. (From Christofferson and Nillson, 1988.) 

the maternal blood circulates (Davies and 
Glasser, 1968). 

Haemodichorial: rabbit, Oryctolagus cuniculus 

Oestrous cycle: none 
Ovulation: on coital stimulation 
Uterus: duplex 

Litter: 8-12 
Gestation: 30-32 days 
Implantation: superficial, antimesometrial 
Amniogenesis: folding 
Yolk sac: (1) Large bilaminar non-vascular 

yolk sac persists until 16 dpc, then finally 
ruptures. Consists of giant trophectoderm 
cells, a basement membrane (much thinner 
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than the equivalent Reichert's membrane 
in the rodents) and endoderm. 

(2) Inverted yolk sac placenta, vascular
ized villus folds adjacent to embryo. Active 
in uptake of macromolecules, especially 
immunoglobulins, during pregnancy. 

Chorioallantois: definitive placenta vascular
ized by mesoderm of allantoic sac 

Shape: discoid, labyrinthine internal struc-
ture 

Decidual development: considerable 
Interhaemal membrane: haemodichorial 
The early conceptus development is very 

different from the rodents, but differen
tiation of the yolk sac and chorioallantoic 
placenta is essentially similar (Amoroso, 
1952). 

There is considerable blastocyst swelling 
prior to central implantation between 7 and 
8 dpc (Figure 4.79). 

Even spacing of blastocysts is achieved by 

PIac:entaI 
fold 

lumen 

(a) 

Penplacental 
fold 

the usual uterine muscle contractions refined 
eventually by interaction with the expanding 
blastocysts. Sea urchin eggs introduced into 
the pseudopregnant uterus are also evenly 
distributed although they are much smaller 
than the blastocyst (Boving, 1971). 

Changes in the uterine epithelial glyco
calyx at implantation are detailed in T.L. 
Anderson and Hoffman (1984) and T.L. 
Anderson et al. (1986). The first cellular 
changes at implantation are fusion between 
apposed syncytial trophectodermal knobs 
and cellular uterine epithelium, initially at 
the antimesometrial side and subsequently 
over the mesometrial side (where the chor
ioallantoic placenta eventually forms) (Lar
sen, 1961; Enders and Schlafke, 1971a). The 
uterine epithelium then fuses into syncytial 
plaques, each with a fairly constant number 
of nuclei and characteristic ultrastructure. 
This change also occurs in pseudopregnancy, 

@ 
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~.---..... . .. . 
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13 
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Figure 4.79 Haemochorial placenta of the rabbit. The blastocyst swells considerably before implantation 
(a). The chorioallantoic placenta develops mesometrially in two cotyledonary masses which increase 
considerably in extent during pregnancy, as shown diagrammatically in (b) (drawn actual size). (a) 
8 dpc, x 7. (b) Traced from Hafez and Tsutsumi, 1966; the numbers indicate dpc; term = 30/32. 
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and can be induced with the correct hor
monal regimen with no conceptus present 
(Davies and Hoffman, 1975; Davies and 
Davenport, 1979). 

Over the antimesometrial half of the uterus 
the fetomaternal hybrid syncytiotrophoblast 
displaces the uterine epithelial syncytial 
plaques which degenerate into symplasmic 
masses which are eventually sloughed and 
removed by phagocytosis. In the absence of a 
blastocyst or physical trauma the syncytial 
plaques disappear in a much more controlled 
fashion. Reversion of individual multi
nucleate cytoplasmic areas to single uninuc
leate cells has been claimed (Busch et al., 
1986). However, restoration of the uninuc
leate epithelium seems more likely to be by 
proliferation of residual uninucleates as in 
ruminant intercotyledonary areas. 

The number of fetal nuclei incorporated 
into the maternal syncytiotrophoblastic 
knobs is not known, nor is their fate. Larsen 
(1961) says they 'dissolve' but offers no pic
torial evidence for this. The (feto?)maternal 
syncytiotrophoblastic knobs which penetrate 
the antimesometrial uterine epithelium base
ment membrane seem to be directly involved 
(Blackburn et al., 1989) in the production of 
the uninucleate giant cells which form all 
round the lateral and antimesometrial aspects 
of the conceptus (Amoroso, 1952). Yolk sac 
development, with an antimesometrial bi
laminar segment which ruptures at 16 dpc, 
leaving a fully inverted yolk sac placenta, is 
essentially similar to the rodents. 

At the mesometrial pole once the amniotic 
folds have fused, the trophectoderm over the 
embryo invades and displaces the uterine 
epithelial syncytial plaques and subsequently 
penetrates the maternal endothelium as it did 
over the antimesometrial region (Hoffman et 
al., 1990a,b). The invading fetal tissue does 
not form any structure equivalent to the 
ectoplacental cone in rodents but presents a 
broad syncytial front toward the decidualiz
ing maternal tissue, backed by and presum
ably formed from the cellular cytotrophoblast 

(Figure 4.79). Thus, as soon as the fetal pro
cesses reach the maternal blood spaces they 
have the haemodichorial structure, layer I 
syncytial, layer II cellular, which character
izes the definitive placenta (Enders, 1965; 
Enders and Schlafke, 1971a). The allantoic 
vesicle has by now (9 dpc) reached the meso
metrial trophectoderm and it then actively 
vascularizes the extending front of fetal tis
sue. As in the rodents the larger arteries are 
invaded by trophectoderm (Pijnenborg et al., 
1981) but persist as channels running 
through the full depth of the forming labyrin
thine haemodichorial placenta to supply ma
ternal blood to the subchoriallake at the base 
of the fetal placenta (Figure 4.72) (Hafez and 
Tsutsumi, 1966; Carter et al., 1971). From here 
it flows in the newly formed fetal tissue chan
nels and drains via maternal veins. 
Considering the final dimensions, the pla
centa must grow by extension of the fetal 
tissue just as much as by erosion of the endo
metrium (Figures 4.79 and 4.80). 

The definitive placenta does not have quite 
the same gross sequence of maternal decidual 
fetal giant cellslfetal trophospongium (no 
fetal vascularization)/fetallabyrinth as do the 
rodents since there are few, if any, giant cells 
in this area in the rabbit. There is no evidence 
for any placental lactogen production either. 
The haemodichorial interhaemal membrane 
perSists but attenuates gradually to term 
(Samuel et al., 1975). Layer II is normally 
much thinner than I, but both vary consider
ably (Figure 4.81a and b) and can be equally 
thin (Figure 4.81c). 

They are frequently connected by small 
desmosomes and gap junctions (Figure 
4.81b). The ultrastructure of the spongiotro
phoblast is similar to that in layer I of the 
labyrinth but quite different from that in the 
adjacent giant cells (Figure 4.82). 

Since the maternal blood flows back from 
the fetal subchoriallake and the fetal from the 
opposite maternal side of the placenta, the 
flows are grossly countercurrent. This does 
not imply that the fetal blood capillaries run 
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Figure 4_80 Haemochorial placenta of the rabbit. (a) Early development of the two placental cotyledons; 
the histological structure of this 12 dpc placenta is shown in (b). The fetal villi (F) and the maternal blood 
sinuses they enclose (W) increase in length continuously so that invasion of the maternal endometrium 
only accounts for a small proportion of total final depth of the placenta. Note the symplasmic remnant 
(Y) of a gland in the junctional zone. (a) 12 dpc, x 6.5. (b) 12 dpc, x 6.5. 

parallel to the maternal channels through the 
entire depth of the placenta, but rather that 
the two blood flows (microflows, see Figure 
4.8) maintain a very close relationship for a 
sufficient distance to allow efficient gaseous 
exchange. This capillary length is what 
Mossman (1965) refers to as an 'exchange 
distance'. 

Just before parturition (28 dpc) a discrete 
thin lamina of uninucleate decidual cells 
forms on the myometrial side of the decidua 

basalis (Mossman, 1987). This forms the zone 
of separation of the placental stalk, which is 
considerably narrowed at parturition. These 
two processes, together with contraction of 
the myometrium, reduce the placental scar to 
minimum dimensions (Amoroso, 1952). The 
myometrial contractions are considerably 
enhanced at this time by the increase in fre
quency of gap junctions between individual 
smooth muscle cells (Cole and Garfield, 
1989). 
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Figure 4.81 Haemodichorial rabbit placenta. (a) Definitive labyrinth structure. The maternal blood space 
(M) is bounded by two layers of trophectoderm (Tl, T2), each of which show nuclei (Nl, N2); Tl is a 
syncytium, T2 unicellular. Tl has far more rough endoplasmic reticulum (asterisks) than T2, which is 
considerably thinner. F, fetal blood capillaries; P, fetal pericyte. (b) There are frequent gap (open arrow) 
and small desmosomal (small arrow) junctions between layers 1 and 2. (c) Although layer 2 is usually 
thinner both layers frequently reduce to an equivalent exiguous extent. (a) 22 dpc, x 4000. (b) 22 dpc, x 
35 000. (c) 22 dpc, x 15 000. 
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Figure 4.82 Haemodichorial rabbit placenta. The fine structure of the labyrinthine layer T1 on Figure 
4.81 is similar to that in the spongiotrophoblast (5) shown here with massive arrays of endoplasmic 
reticulum (asterisk). The giant cells (G) have a very different ultrastructure with larger and more 
numerous mitochondria (arrowheads) and scattered individual strands of endoplasmic reticulum. M, 
maternal blood space. 22 dpc, x 7500. 
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Haemomonochorial: human, Homo sapiens all around the conceptus and on 10-11 dpc 

Menstrual cycle: 28 days 
Ovulation: spontaneous 
Uterus: simplex 
Litter: 1-3 
Implantation: interstitial, antimesometrial 
Gestation: 270 days 
Amniogenesis: cavitation 
Yolk sac: The endoderm develops in an un

usual manner and initially forms a lattice
work in the lumen of the blastocyst, only 
secondarily forming a sac (Luckett, 1978). 
This never becomes significantly larger or 
vascularized (Figure 4.2). 

Chorioallantois: this forms the definitive 
placenta 

Shape: discoid 
Decidual development: considerable 
Interhaemal membrane: haemomonochorial 

The morula enters the uterus on 4-5 dpc 
transforms to a blastocyst, loses its zona pel
lucida and normally implants in the midline 
of the upper part of the posterior wall on 
6 dpc. It is not clear how it is so positioned 
but uterine closure ensures no significant 
further movement. Implantation occurs prior 
to any blastocyst swelling, the cellular troph
ectoderm produces a syncytial cap which 
rapidly intrudes through the uterine epi
thelium and the whole blastocyst passes into 
the endometrium. The details of this process 
are not understood. Once the conceptus is 
established in the endometrium (6-7 dpc, 
Figure 4.83a and b) active proliferation of the 
cytotrophoblast produces the basis for rapid 
syncytium formation (Aplin, 1991). 

No nuclear division has ever been reported 
in the human syncytiotrophoblast, but 
there are several autoradiographic and mor
phological studies showing that the cyto
trophoblast is the precursor of the 
syncytiotrophoblast throughout pregnancy 
(Richart, 1961; Galton, 1962; Tao and Hertig, 
1965; Tedde and Tedde-Piras, 1978; Kurman 
et al., 1984). The syncytiotrophoblast thickens 

lacunae fringed with microvilli develop 
within its bulk. It is actively invasive and 
soon breaches the maternal capillaries to start 
the flow of maternal blood into the lacunae 
(Figure 4.83c) (Boyd and Hamilton, 1970; 
Enders, 1989). 

Columns of cytotrophoblast cells then pro
liferate into and through the syncytium to 
initiate the fetal villi over the whole concep
tus (Figure 4.83d). Subsequently, the villi 
grow preferentially toward the best maternal 
blood supply so that villus development be
comes asymmetric and eventually restricted 
to an antimesometrial discoid area (Figures 
4.84 and 4.85). 

The allantoic vesicle is rudimentary in the 
human but there is a vigorous growth of 
allantoic mesoderm to vascularize the devel
oping placental villi, which by 20 dpc have 
grown through the syncytium and spread 
laterally to form a cellular cytotrophoblastic 
shell around the conceptus (Figure 4.83d). 
This is actively phagocytic towards the de
cidual cells against which it is apposed, and it 
also produces cells which migrate deep into 
the endometrium (Aplin, 1991). The maternal 
spiral arteries are also invaded by cytotro
phoblast, which removes and replaces the 
endothelium and pericytes to produce by 
mid-pregnancy widened channels com
pletely unresponsive to normal endothelial 
agonists, through which maternal blood is 
supplied to the endometrium (Pijnenborg et 
al., 1983). There is some evidence that if this 
process is inhibited or blocked there are con
siderable problems of insufficient blood flow 
resulting in the hypertensive disorders of 
pregnancy (Robertson et al., 1986; Shanklin 
and Sibai, 1989). 

As soon as the cytotrophoblast shell has 
formed around the conceptus (21 dpc) a layer 
of fibrinoid material is developed between 
the decidua and the shell (P. Kaufmann, 
1981b; Aplin 1991). In man the decidual cells 
are not packed closely together as in rodents, 
but are also surrounded by this fibrinoid 



Figure 4.83 Haemochorial placenta in man. Early stages of development, all at the same magnification. 
(a) The blastocyst passes through the uterine eithelium (a and b, arrowheads) and (b) establishes itself in 
the endometrium. (b and c) The syncytiotrophoblast (5) forms the initial boundary around the conceptus 
but (d) with the formation of the chorionic villi all around the periphery a cellular cytotrophoblastic shell 
(asterisks) develops around the conceptus and facilitates further villus growth. (a) 7IJ2 dpc, x 55. (b) 
9IJ2 dpc, x 55. (c) 12 dpc, x 55. (d) 14 dpc, x 55. (From Boyd and Hamilton, 1970.) 
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material which they synthesize (Wewer et al., 
1985; Kisalus et ai., 1987). It is thus more 
likely that the two major fibrinoid layers, 
Rohr's and Nitabuch's 'striae', are maternal 
rather than fetal products. They are in no 
sense continuous barriers between the fetal 
and maternal compartments since cytotro
phoblast cells penetrate past them as far as 
the myometrium in some cases (Loke et al., 
1986). These cells, which may develop into 
syncytial plaques by fusion, are referred to as 
'extravillous' trophoblast (the term includes 
endovascular trophoblast) (Schiebler and 
Kaufmann, 1981). They have the same mono
clonal antibody plasmalemma markers but 
lack the hormonal marker hCG typical of 
villous syncytiotrophoblast (Bulmer et al., 
1984; Gosseye and Fox, 1984; Loke et al., 1986; 
Robertson et al., 1986). Extravillous tropho
blast also expresses MHC class I and HLA G 
antigens, which are absent from villous syn
cytiotrophoblast (Redman et ai., 1984; Loke 
and King, 1989; Hunt and Hsi, 1990; Hunt et 
ai., 1990). 

As with the other haemochorial placentas 
discussed above, it is clear that most of the 
villus elongation is due to expansion of the 
fetal tissue after the initial erosion of the ma
ternal tissue has occurred, since a consider
able thinning of endometrial substance must 
also be caused by the stretching needed to 
accommodate the increase in conceptus size. 
Mossman (1987) has evidence that there is 
very little increase in thickness of the cytotro
phoblast shell or the decidua from as early as 
25 dpc to term, but the villi increase in length 
eightfold in that time. 

One clue as to the depth of fetal erosion 
may be the height of the shallow ridges (sep
tae) of maternal tissue which are covered 
with cytotrophoblast shell (Figures 4.85c and 
4.88). They delineate the aggregates of fetal 
villi which cluster around the points at which 
spiral arterial channels enter through the 
basal plate (cytotrophoblastic shell plus 
Nitabuch's stria). They are presumably 
produced because there are no villi over the 

septal region of the basal plate and therefore 
less erosion. 

An individual villus consists initially of 
solid cytotrophoblast, but this is invaded 
by the allantoic vasculature by 18 dpc. The 
young stem villus has a cytotrophoblastic tip 
at its insertion into the cytotrophoblastic shell 
(Figure 4.84a). Behind this, where the villus 
is bathed in maternal blood, the cytotropho
blast is covered by a continuous syncytiotro
phoblast layer. 

The villus elongates and branches, becom
ing tree like, usually retaining at least one 
connection via a terminal branch to the basal 
plate as well as its stem inserted into the 
chorionic plate (Figures 4.84 and 4.90) (Boyd 
and Hamilton, 1970; P. Kaufmann, 1981b; 
Burton, 1987, 1990; Mossman, 1987; 
Castellucci et al., 1990). 

There are three major levels of villus 
organization, primary or stem, secondary 
and terminal. Morphometrically there is a 
progressive loss of villus connective tissue, 
an increase in the volume occupied in the 
villus core by fetal blood vessels and a 
decrease in thickness of the syncytiotro
phoblast over the closely adjacent fetal 
vessels (Kaufmann et al., 1985) (Figures 4.86 
and 4.87). 

This reaches an extreme in the so-called 
'vasculosyncytial' membrane in the terminal 
villi where the distance from the maternal to 
fetal blood is reduced to less than 3 f.Lm over 
40% of the total area of the terminal villus 
whose volume consists largely of blood ves
sels (Figure 4.86) (P. Kaufmann, 1985; 
Mayhew et al., 1986) (Figures 4.86, 4.87 and 
4.88). 

Local variations in proliferations of the 
basal syncytiotrophoblast membrane are also 
found (Figure 4.87). In man and baboon 
endogenous C-type retrovirus particles have 
been observed budding exclusively from 
the basal syncytiotrophoblast plasmalemma 
(Kalter et al., 1973). From an early stage the 
cytotrophoblast layer becomes discontinuous 
and ever more exiguous. The placenta is 
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therefore considered haemomonochorial 
with only the syncytiotrophoblast forming a 
significant boundary layer (Figure 4.98b). For 
a recent review of human placental ultra
structure see Jones and Fox (1991). 

The increase in area of the interhaemal 
membrane depends on cytotrophoblast div
ision and fusion to form syncytiotrophoblast. 
Intermediate stages of this process have been 
reported (Kurman et aI., 1984). The inter
haemal membrane has been shown to grow 
continuously throughout pregnancy so the 
cytotrophoblast certainly must survive until 
term. Placental weight and DNA content in
crease right up to parturition (Sands and 
Dobbing, 1985) and division of cytotropho
blast has been demonstrated in tissue cul
tures of term placenta (Kliman et aI., 1986). 
Simpson et al. (1992) have also recently 
shown morphometrically that the ratio of 
cytotrophoblast nuclei to syncytiotrophoblast 
nuclei is constant throughout gestation with 
no decrease near term. 

The definitive placenta consists of groups 
(or lobules) of 3-5 stem villi bounded by septa 
(Figures 4.85c, 4.88, 4.89 and 4.90). 

Latex injection studies suggest that there is 
a loose or hollow centre to each lobule and 
that a maternal spiral arterial channel sup
plies this hollow centre from its base (Figures 
4.89 and 4.90) (Wigglesworth, 1969). 
Angiographic studies indicate that maternal 
blood spurts as a 'puff' into each hollow 
lobule from each spiral arterial channel (Fig
ure 4.89c) and drains by venous exits at the 
sides and bases of the septa (Figure 4.88) 
(Ramsey and Donner, 1980). Since the villi 
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are flaccid and clumped in any delivered pla
centa it is difficult to envisage the three
dimensional architecture during maternal 
blood flow. A possible analogy might be 
water flow through fish gills, with the gill 
filaments equivalent to the secondary and 
terminal placental villi. These would be 
separated to capillary dimensions by each 
'puff' of maternal blood, closing like a fish gill 
to prevent backflow. When the blood reaches 
the interlobular space it would flow out of the 
wide venous channels in the basal plate and 
the septa. There is some autoradiographic 
(Geier et al., 1975), ultrastructural (Critchley 
and Burton, 1987) and histochemical evi
dence (Schuhmann, 1982) for significant 
differences between the villous structure at 
the hollow centre of the lobule and the 
periphery, supporting the concept of ma
ternal blood streaming out from the centre. 
However, the disposition of fetal blood ves
sels in the terminal villi makes countercurrent 
flow between fetal and maternal blood chan
nels only one of many possible relationships. 
The overall result is probably mixed villous 
flow ('network current' flow, see Figure 4.8) 
(P. Kaufmann et al., 1985) (Figure 4.88). 

At implantation the conceptus does not 
embed itself very deeply into the endo
metrium and so the development of villi over 
the antimesometrial portion is considerably 
restricted because of the poor maternal blood 
supply to the thin decidua capsularis and the 
uterine epithelium boundary (Figures 4.84 
and 4.88). In this paraplacental area the orig
inal fetal vascularization of the antimesome
trial chorionic membrane is lost, as is the 

Figure 4.84 Haemochorial placenta in man. (a) The chorionic villi increase in length and degree of 
branching (asterisks) as pregnancy progresses. The villi insert into the cytotrophoblastic shell (arrows) 
above a zone of decidual cells (white arrowheads). The endometrial glands (bottom third of figure) are 
eroded and distorted by the growth of the placental disc but they still appear to be actively secreting 
material. C, chorionic plate, (b and c) Halved conceptuses (c still in utero) illustrate the reduction in 
trophectodermal villi from a uniform halo to a localized disc between 55 dpc and 80 dpc. Note the 
vestigial yolk sac (arrow) in (b). (a) 25 dpc, x 10. (b) 55 dpc, x 0.5. (c) 80 dpc, x 0.5. (From Boyd and 
Hamilton, 1970.) 
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Figure 4.85 Haemochorial placenta in man. Development of the definitive placental disc. (a) The initially 
broad villi (arrowheads) are arranged evenly around the conceptus at 32 dpc and the basal uterine 
glands (G) are still extensive. At 42 dpc, (b) the villi are thinner and more frequent in the placental disc 
area, and have virtually crowded out the uterine glands basally, but are regressing outside the placental 
disc (arrows). (c) By 140 dpc the villi are much more extensive and closely packed. (This micrograph is 
only one quarter of the magnification of a and b). Septa (arrows) are now obvious. They are continuous 
with the thin decidual layer (arrowheads) which lies above the myometrium (M). The septa divide the 
placental disc into lobules or 'cotyledons' (see Figures 4.63 and 4.64). Open arrow, fetal blood vessel in 
chorionic plate. (a) 32 dpc, x 6. (b) 42 dpc, x 6. (c) 140 dpc, x 1.5. (From Boyd and Hamilton, 1970.) 
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syncytiotrophoblast layer, leaving a multi
layered cellular chorion with an avascular 
mesodermal connective tissue layer inside. 
As it enlarges the amnion joins with this to 
form an amniochorionic membrane. By the 
fifth month the growth of the fetus has 
stretched and obliterated the decidua capsu
laris and its overlying uterine epithelium. 
The uterine epithelium over the decidua par
ietalis is also lost at this time so that the 
chorion is now apposed directly to the deci
dua parietalis (see Figure 4.88). This complex 
membrane (or 'chorion laeve') persists 
throughout pregnancy though considerably 
thinned by growth of the fetus. There is some 
immunohistochemical evidence for prolactin 
production by the capsularis decidual cells so 
the membrane is not physiologically inert 
(Meuris et al., 1980). However, no areolar 
structures develop since there is no signifi
cant glandular presence in the paraplacental 
region (Boyd and Hamilton, 1970). There are 
gland remnants embedded in the basal deci
dua which are synthetically active at term 
(Nelson et al., 1986). 

Since the fetal trophoblast is bathed in ma
ternal blood from the earliest stage of pla
cental development there is no need for any 
specialized haemophagous zone and iron is 
probably transported from the maternal 
blood using the transferrin binding protein. 
A specialized plasmalemmal site for iron 
binding has been suggested (Ockleford and 
Menon, 1977). There is no evidence for any 
significant phagocytosis of red blood cells by 
the fetal syncytiotrophoblast. Human chori
onic gonadotropin (hCG) and placentallacto
gen hormones are synthesized and stored in 
different granules in the syncytium (Figure 
4.91) Oohnson and Wooding, 1988; Morrish et 
al., 1988; Billingsley and Wooding, 1990), 
which also contains immunoreactivity for a-, 
[3- and ,),-interferon (Bulmer et al., 1990), 
corticosteroid-releasing hormone (Riley et al., 
1991), EGF (Hofmann et al., 1991) and IGF-1 
and -2 and their binding proteins (Zhou and 
Bondy, 1992; D.J. Hill et al., 1993). 

Unlike most animals, there is no fall in 
progesterone levels prior to parturition in 
man, nor is there any change in relaxin 
levels, which anyway are much lower than 
they were during the first 3 months of preg
nancy (see Sherwood, 1988, for an excellent 
review). Labour in man is also unusual in 
that it evolves gradually over a period of 
many days without an abrupt onset as in 
most species studied. Oxytocin is said to play 
no significant role until the second (expul
sive) stage of labour when it ensures retrac
tion of the uterus and prevents excessive 
blood loss (Casey et al., 1983). The trigger for 
human parturition remains controversial but 
may involve oestrogen precursor production 
from the fetal adrenal and prostaglandin se
cretion by amnion and the parietal chorion 
(Liggins, 1981; Casey et al., 1983). 

Other anthropoids: 1. Apes and Old World 
monkeys 

As far as they have been investigated the 
development and definitive placentation of 
man and the great apes (chimpanzees, goril
las, orangutans) are virtually identical. The 
Old World monkeys (catarrhines) have a very 
different implantation and development, 
although the definitive structure of the pla
centa is almost indistinguishable at macro
scopic and ultrastructural levels (Amoroso, 
1952; Ramsey, 1982; B.F. King, 1986). 

The best-studied Old World monkey is the 
macaque or rhesus, Macacus rhesus. Details of 
the reproduction are identical to those for 
Homo (section 4.3.6d) save that the gestation 
is only 160 days, the placenta is bidiscoid, 
implantation is superficial and there is little 
stromal decidual development but a con
siderable proliferation of uterine epithelial 
plaque (Figures 4.92 and 4.93) (Wislocki and 
Streeter, 1938; Enders et al., 1985). 

Plaque only persists for the first month of 
pregnancy and may be one reason for the 
limited invasion of the endometrium. It can 
also be produced by scratch trauma as a prel-
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ude to deciduoma formation (Rossman, 
1940). The invasive syncytiotrophoblast of 
the adherent blastocyst needs only to pene
trate into the superficial, greatly hypertro
phied endometrial blood vessels to establish 
a good blood supply (Figure 4.93) (Enders, 
1989; Enders and King, 1991; Enders and 
Welsh, 1993). Once this is accomplished ex
tensive exclusively fetal villus growth can 
produce the definitive placenta (Figure 4.94) 
with a villus structure equivalent to man 
(compare Figures 4.84a and 4.94c). 

There is no need for any deeper invasion of 
the endometrium since the maternal blood 
supply is always at the base of the placenta, 
as in the human. Fetal cytotrophoblast does 
invade the spiral arteries replacing the endo
thelium as far back as the myometrium but 
there is less erosion of the arterial elastic 
sheath than in man. This is probably because 
the rhesus cytotrophoblastic shell, although 
it does synthesize connective tissue com
ponents (Blankenship et al., 1992), is not at all 
invasive so there are very few if any 
cytotrophoblast-derived cells in the endome
trial connective tissue to attack and erode the 
artery wall to the extent seen in man (Ramsey 
et al., 1976). There seems to be no simple 
relationship between epithelial plaque or 
decidua formation and the depth of implan
tation since the baboon has superficial im
plantation but no epithelial plaque and no 
obvious decidual development; the macaque 
has superficial implantation, extensive 
plaque and limited decidual development; 
and man has interstitial development, no epi
thelial plaque and massive decidualization 
(Ramsey et al., 1976). All primates are said to 

have 'extensive decidua' by mid-pregnancy 
(Enders, 1991). 

Rhesus and the African green monkey 
Cercopithecus (Owiti et al., 1989) are good 
models for studying the functions of the defi
nitive human placenta since the structures 
are closely similar. However, the Old World 
monkeys are poor models for events at im
plantation and in early pregnancy in humans 
because interstitial or superficial implantation 
with decidua or plaque development are such 
very different processes (Enders, 1989). 

Other anthropoids: 2. New World monkeys 

There are two families: Cebidae, including 
howler, squirrel and spider monkeys; and 
Callithricidae, the marmosets. There are only 
isolated studies of the cebids and all prior to 
the advent of the electron microscope (Wis
locki, 1929, 1930; J.P. Hill, 1932). Recently 
studies have concentrated on the marmoset 
(Callithrix jacchus) since it is relatively easy to 
maintain in breeding colonies (Moore et al., 
1985; Merker et al., 1987; C.A. Smith et al., 
1987). 

There is no overt menstruation in New 
World monkeys which correlates with an ab
sence of spiral arteries in the endometrium 
(Ramsey, 1982). Cyclic proliferation and de
generation of the spiral arteries is thought to 
be the basis of the menstruation characteristic 
of other anthropoids (Ramsey, 1982). 

Implantation is superficial, usually with 
considerable epithelial plaque formation a.p. 
Hill, 1932) although there is very little in mar
mosets (Moore et al., 1985). 

After attachment (11-12 dpc) the blastocyst 

Figure 4.86 Haemochorial placenta of man. (a) Scanning electron micrograph of a corrosion cast of the 
blood capillary meshwork in the terminal villi. Note the sinusoidal swellings at the ends of the villi 
(arrows). (b) Scanning electron micrograph of the surface of an intact perfused terminal villus emphasiz
ing that the villus consists almost entirely of blood capillary volume. (c) Scanning electron micrograph of 
a cross-fracture through a specimen similar to that in (b). Note the considerable size of the capillary (c) 
and the thin investment of syncytiotrophoblast (s). (a) Term placenta, x 200. (b) Term placenta, x 400. 
(c) Term placenta, x 1400. (From Burton, 1987.) 
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Figure 4.87 Haemochorial placenta of man. Transmission electron micrographs showing variation in 
local structure. (a) Over the fetal blood vessel (F) the syncytiotrophoblast layer (5) is extremely thin as is 
the basement membrane (arrowheads). (b) Away from the capillaries the fetal syncytium is thicker and 
the basal plasmalemma shows a complex elaboration (asterisks), increasing the membrane area equival
ent to the microvillar forms (arrow) of the apical membrane. The basement membrane is considerably 
thickened (arrowheads), M, maternal blood space. (a) Term placenta, x 9000. (b) Term placenta, x 7500. 



Development of embryonic membranes in the various vertebrate taxa 397 

Spiral arterial channel lined 
Myometrium with trophoblast ( ..... ) 

BLOOD FLOW IN LOBULE 
Concurrent 

VILLUS STRUCTURE, / 
BLOOD FLOW ~-" 

rr:;;;5 P 

~:Il.bb t. : 

-basaJlsb ~ 
- capsularis c Capsularies 
_ parietalis p ellm nated 

Chorioamniotlc membrane 
(chorion laeve) 

DECIDUAL DEVELOPMENT 

Figure 4.88 Blood flow in the definitive human placenta and development of the decidual tissues. 

cytotrophoblast produces syncytium which 
penetrates the uterine epithelium. Once the 
stroma is reached the cytotrophoblast pro
liferates to produce a thick pad of syncytio
trophoblast which surrounds but does not 
penetrate the superficial maternal capillaries 
(23 dpc) (C.A. Smith et al., 1987). By this time 
the epithelial plaque is regressing. The syncy
tiotrophoblast then develops lacunae within 
its bulk, but in the marmoset no maternal 
blood is observed within these spaces until 
80 dpc, halfway through pregnancy, when 
the syncytiotrophoblast finally erodes the 

maternal endothelium. At this stage the fetal 
mesoderm pushes into the trophoblast 
layers, forming vascularized trabeculae 
within the meshwork of syncytium (C.A. 
Smith and Moore, 1990). The syncytiotro
phoblast not only appears very similar ultra
structurally to that of other primates (C.A. 
Smith and Moore, 1990) but also has equival
ent C-type retrovirus particles budding from 
the syncytiotrophoblast basal plasmalemma 
opposite the cytotrophoblast cells. The cyto
trophoblast layer becomes discontinuous 
very early, and these fetal trabeculae are 
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bounded largely by syncytiotrophoblast. 
Further development of the placenta is by 
continual extension and subdivision of the 
trabeculae to form a complex meshwork 
bounded by syncytium. The trabeculae be
come more individual and more slender dur
ing later pregnancy (Figure 4.95) (Wislocki, 
1929; 1930; Amoroso, 1952; Smith and Moore, 
1990). 

In the spider monkey, Ateles, the thickness 
of the placental pad does not increase signifi-

cantly as the fetus grows from 50 to 180 mm 
(term) crown-rump length (Wislocki, 1930). 
The process is not villus elongation but one of 
the continual subdivision of a coarse trabecu
lar meshwork to a finer one with a consider
ably greater surface area for fetomaternal 
exchange. The New World monkeys thus 
achieve a structural basis for a significant 
blood circulation much more slowly than the 
Old World monkeys. Possibly in compen
sation for this, the New World monkeys 

Figure 4.89 Haemochorial placenta of man. Vascular relationships. (a) Injection of the fetal circulation of 
a term placenta viewed from the fetal side. This illustrates the supply to individual lobules or cotyle
dons. (b) Latex casts of the fetal circulation (white) and of the maternal spiral arteries (black) of a term 
placenta viewed from the maternal side. One maternal spiral artery (arrows) enters the centre of each 
lobule or cotyledon. (c) Section of a term placenta injected via the spiral arteries (S) with X radio-opaque 
medium. The injection fills a central area (I) in the two lobules or cotyledons (C) but is excluded from the 
zone immediately surrounding the injection by the densely packed villi. The presence of opaque 
medium in the intervillous space (V) shows that it was able to pass across the villi but not to leak back. 
(From Wigglesworth, 1969.) 
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Figure 4.90 Haemochorial placenta of man. Stem villus dissected after trypsin digestion from a term 
placenta. The chorionic plate insertion was at the open arrow. Two or three of such villi would form one 
lobule or cotyledon. The finest 'twigs' (arrows) correspond to the terminal villi shown on Figure 4.86. 
(From Ramsey and Donner, 1980.) 

show a massive uterine glandular activity 
throughout pregnancy (Wislocki, 1929), 
whereas the Old World monkeys, apes and 
man have very little. However, the gestation 
length and placental weight for equivalent
sized neonates is similar in the two groups; 
there is no evidence that one is more 
'efficient' than the other, although the size 
and degree of fusion of the trabeculae or villi 
vary considerably (Figure 4.95). 

The efficiency of the fetomaternal exchange 
in New World monkeys may also be 
influenced by the persistence, uniquely in 
anthropoids, of one or two wide maternal 
arterial channels per lobule which run right 
through the entire thickness of the placental 
disC and terminate just under the chorionic 
plate (Figure 4.72). These conduits have 
occasional openings distributed apparently 
randomly along their walls and at their tips. 
The walls of the channels consist of a con
tinuous sheet of cuboidal epithelial cells 
which are assumed to be of maternal origin. 
These cells secrete a thick basement mem
brane like material around the vessels, which 

persist to term (Wislocki, 1930; J.P. Hill, 1932; 
Gruenwald, 1973; Merker et al., 1987; C.A. 
Smith and Moore, 1990). 

These peculiar perforated maternal blood 
channels may indicate one possible route 
from the rodent-style narrow-meshed labyr
inthine haemochorial placenta with a few 
massive maternal arterial channels supplying 
a subchorial lake directly to the widely 
spaced villous haemochorial placenta of man 
and the Old World monkeys with maternal 
blood supplied only from the basal plate (Fig
ure 4.72). 

Yet again, as many times before in this 
review, the variety of structures evolved by 
the different groups far outstrips our 
ingenuity in justifying them in terms of pla
cental function. 

Haemochorial placentation: number and form of 
interhaemallayers 

All placentas so far examined seem to possess 
at least one persistent continuous trophecto
dermal layer as well as fetal endothelium to 
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Figure 4.91 Haemochorial placenta of man. Micrographs of syncytiotrophoblast showing localization of 
hormone storage with immunogold techniques. (a) hCG is found in large irregular-shaped membrane
bound granules. (b) hPL in smaller more uniform-sized granules. Material fixed in glutaraldehyde and 
osmium and araldite embedded. m, mitochondria; arrowheads, rough endoplasmic reticulum. (a) First 
trimester placenta, x 28000. (b) Term placenta, x 39000. 
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Figure 4.92 Haemochorial placental development in rhesus monkeys. Figures 4.92,4.93 and 4.94 are at 
the same magnification. The major differences with human are the superficial implantation (arrow, 
conceptus) and development of epithelial plaque (asterisks in b and Figure 4.93a) by local proliferation of 
the uterine epithelium. The superficial endometrial blood sinusoids connect to the spaces within the 
syncytiotrophoblast (at the open arrows). Once the fetal cytotrophoblast and mesoderm have formed 
the initial broad villi (b and Figure 4.94a), their subsequent growth is by lengthening and subdivision 
(Figure 4.94a,b and c). There is little evidence for any significant further invasion of the uterine 
epithelium. At an equivalent stage of villus development the human (Figure 4.84a) and monkey (Figure 
4.94a) placental structure is very similar, but there is no significant decidual development in the monkey 
endometrium (E). The cytotrophoblastic shell (X) which proliferates from the tips of the villi is particu
larly well demonstrated. C, chorionic plate; G, endometrial gland. (a) 9 dpc, x 50. (b) 12 dpc, x 50. 
(From Wislocki and Streeter, 1938.) 

separate fetal and maternal circulations. The 
most efficient arrangement for maternofetal 
transport is for the maternal blood to circulate 
against the thinnest trophectodermal barrier 
compatible with immunological and other 
constraints. The most complete barrier is a 
syncytial sheet since there are no paracellu
lar, non-selective routes possible: all mol
ecules reaching the fetus can be screened for 
suitability by the trophectoderm. A haemo
monosyncytiochorial structure of this sort is 
found in many different orders (section 
4.3.6d), but despite its apparent advantages 
there exist also a remarkable variety of hae
mochorial trophectodermal organizations 
with one, two or three layers, each of which 
may be syncytial or cellular. 

There is no evidence that nuclei in any 
vertebrate syncytium can divide. Recent evi
dence from human (Simpson et al., 1992) in
dicates that the ratio of cytotrophoblast to 

syncytiotrophoblast is constant throughout 
gestation. Cytotrophoblast division followed 
by fusion into the trophoblast syncytium is 
the normal means of increasing its bulk and 
therefore its potential area. Since a syncytium 
has considerable plasticity the cytotrophob
last inputs can be scattered, and no continu
ous cellular layer is necessary. However, 
some such input is essential if the fetomater
nal exchange surface is to enlarge continu
ously to the enormous extent reported (Baur, 
1977) to support the fetal weight increase. In 
man the syncytiotrophoblast is produced in
itially from a continuous cytotrophoblast 
layer. This soon becomes discontinuous and 
the syncytium can differentiate locally to 
form the very thin vasculosyncytial mem
brane over fetal capillaries for example. 
Individual cytotrophoblast cells persist and 
are still capable of cell division even after the 
placenta is shed at term. 
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Figure 4.93 Haemochorial placental development in rhesus monkeys. For details see legend to Figure 
4.92. (a) 14 dpc, x 50. (b) 17 dpc, x 50. (From Wislocki and Streeter, 1938.) 



The characteristic mono-, di-, or trihaemo
chorial structure is established soon after im
plantation and, although the layers become 
thinner and the fetal capillaries indent the 
layers more deeply as pregnancy proceeds, 
there is no evidence for any structural simpli
fication (tri- to di- to monochorial or the re
verse) during development of any definitive 
placenta. At present little is known about the 
reasons for the many different patterns of 
layering found in haemochorial placentas. 
The more layers there are the more complete 
the spatial separation of functions can be. In a 
haemomonochorial placenta like that of man, 
numerous different proteins including hor
mones are synthesized and secreted indepen
dently (see Figure 4.91) but all use the same 
subcellular machinery (Patillo et aI., 1983; 
Morrish et aI., 1987). This must require a very 
complex hierarchy of controls which could be 
considerably simplified if several different 
types of cells are available, and there is good 
evidence for very different ultrastructure in 
the different layers of the same placenta (B.F. 
King and Hastings, 1977). Three layers obvi
ously form a more complete barrier to in
vasion by maternal cells than one, and it is 
notable that haemomonochorial placentas 
always have a substantial fetal endothelial 
cell layer, whereas haemotrichorial placentas 
frequently show fenestrated fetal capillaries. 
The reason for the variety of haemochorial 
structures seems likely to lie in the multi
plicity of functions served by the trophecto
derm. With our present limited information 
we can only record the range and wonder. 

HaemomonochoriaI 

Cellular trophoblast: JacuIus 

Myomorph rodents JacuIus (desert jerboa) and 
Zapus (jumping mouse) At implantation the 
germinative cytotrophoblast (layer III) pro
duces a layer of syncytiotrophoblast (layer II), 
but both are very soon overgrown and dis
rupted by giant cells (layer I). These giant 
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cells form the channels of the labyrinth in 
which the maternal blood circulates (Figures 
4.76,4.96 and 4.97). 

They are derived from cytotrophoblast cells 
at the edge of the placental disc (B.F. King 
and Mossman, 1974; Mossman, 1987). 

Hyracoidea, Procavia (rock hyrax) This order is 
thought to be related to the elephants on 
skeletal evidence, but the placental structures 
are very different since the Elephantidae are 
endotheliochorial (section 4.3.6c). The hyrax 
cytotrophoblast produces a thick layer of cells 
replacing the upper layers of the endo
metrium in the implantation chamber (Stur
gess, 1948). By the time the fetus has reached 
a crown-rump (CR) length of 12 mm (mid
gestation; Wislocki and Westhuysen, 1940) 
this cellular layer is almost as thick as is the 
definitive placenta near term (50 mm CR). 
The cellular layer transforms into a trabecular 
meshwork forming channels with cellular 
walls (Oduor-Okelo et aI., 1983) through 
which the maternal blood drains back to the 
uterine veins (Figure 4.96). 

The blood is delivered to the fetal side of 
the placenta by persistent maternal arterial 
channels which pass right through the fetal 
cell layer . The fetal allantoic arterioles invade 
the cytotrophoblastic trabeculae as they de
velop, delivering fetal blood to the maternal 
side of the placenta, from whence it drains 
back through a capillary meshwork establish
ing a grossly countercurrent system of fetal 
and maternal blood flows. This developmen
tal pattern is very similar to that described 
(section 4.3.6d) for the New World monkeys 
but they are haemomonosyncytiochorial. 

Bats, Vespertilionidae and Moloss
idae These orders have genera (Miniopteris, 
Kimura and Uchida, 1984; Tadarida, 
Stephens, 1962, 1969) which produce chor
ioallantoic definitive placentas based solely 
on cytotrophoblastic proliferations which 
engulf the maternal vascular channels. This 
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produces a labyrinth lined only with cellular 
cytotrophoblast (Figure 4.11b). Both genera 
also have transient accessory endotheliodi
chorial placentas (cytotrophoblast plus syn
cytiotrophoblast (Stephens and Cabral, 1971, 
1972). 

Syncytiotrophoblast A wide variety of 
orders have members with haemomonosyn
cytiochorial membranes in their definitive 
placentas: all anthropoids (Figures 4.87, 
4.98); one carnivore, hyena (Figure 4.1Oa) 
(Oduor-Okelo and Neaves, 1982); two insec
tivores, cane rat and elephant shrew (Oduor
Okelo, 1984a,b); several rodents such as 
Marmots (Figure 4.10b), chipmunk, squirrels 
(Mossman, 1987), guinea pig (Figures 4.6 and 
4.7) (Kaufmann, 1981b) and chinchilla (B.F. 
King and Tibbits, 1976); armadillos (Dasypo
didae; Enders, 1982) and anteaters (Myrme
cophagidae; Becher, 1931; Walls, 1938); and 
several bats (section 4.3.6c). 

Although nominally haemomonochorial, 
in practice there are probably always cytotro
phoblast cells scattered over the fetal side of 
the syncytiotrophoblast (Figure 4.98). These 
are necessary to support the vast increase in 
area by continual division and fusion into the 
syncytium, because there is no evidence that 
nuclei in vertebrate syncytia can divide. 

Haemodichorial 

There are two types: 
1. The cytotrophoblast which generates 

the syncytiotrophoblast persists as a continu
ous layer. The circulations are separated by 
fetal endothelium, cytotrophoblast and syn
cytiotrophoblast. 

This is characteristic of several orders of 
bats for example, Thyropteridae (Wimsatt 

and Enders, 1980) (Figure 4.99), Vesper
tilionidae (Enders, 1982) and Desmodontidae 
(Bjorkman and Wimsatt, 1968). 

All the bats show a characteristic intra
syncytial lamina close to the apex (Figure 
4.99). 

The rabbit has a similar dichorial arrange
ment but the cellular layer is very different in 
structure from the rather uniform columnar 
cellularity of the bats. (Figures 4.81 and 4.98; 
Enders, 1965; Samuel et al., 1975). It may be 
that both rabbit layers are independently 
generated by cellular inserts on the haemotri
chorial pattern (section 4.2.7a). 

2. The generative cytotrophoblast is dis
continuous but there is an additional cellular 
layer between the syncytiotrophoblast it gen
erates and the maternal blood. This pattern 
has been described only in two rodents, the 
beaver (Fischer, 1971) and the springhaas 
Pedetes (Fischer and Mossman, 1969). There 
is a considerable initial cytotrophoblast 
proliferation at the placental site. The 
syncytiotrophoblast-bound fetal villi grow 
into this layer, producing a definitive pla
centa with a cellular outer layer bathed in 
maternal blood underlain by a syncytial 
layer. The details of the development of the 
two layers are not clear. 

Haemotrichorial 

This is found only in myomorph rodents with 
just a single pattern of layering in the crice
tids (Figures 4.100 and 4.101) (gerbil) and 
murids (rats, mice, hamsters) (Enders, 1965; 
B.F. King and Hastings, 1977). 

The circulations are separated by fetal 
endothelium, two syncytial layers and an 
outer fenestrated cellular layer (section 
4.3.6d). 

Figure 4.94 Haemochorial placental development in rhesus monkeys. For details see legend to Figure 
4.92. (a) 20 dpc, x 50. (b) 29 dpc, x 50. (c) 35 dpc, x 50. (From Wislocki and Streeter, 1938.) 



Figure 4.95 Haemochorial placentation. Comparison of the size of the fetal trabeculae or villi in 'mature 
placentae at approximately equivalent stages'. Description and plate from Wislocki (1929). (a) 
Cynocephalus (Galaeopithecus), the flying lemur, a dermopteran probably most closely related to the 
insectivores. The placenta consists of narrow interconnected trabeculae very similar to that of the New 
World monkey Ateies, shown in (b) at identical magnification. V, major fetal villi carrying blood directly 
to the maternal side. (c-f) All at the same magnification to show the range of placental architecture. (c) 
The New World monkey Alouatta has a narrow trabeculate placenta. (d) The Old World Colobus monkey 
shows a mixture of villi and narrow trabeculae. (e) The Old World gibbon has larger villi with frequent 
syncytial connections. (f) The anthropoid gorilla shows a completely free villous structure, as in Homo. 
(a) Cyncocephalus, 84 mm crown-rump length, X 14. (b) Ateies, 187 mm CR, x 14. (c) Alouatta, 130 mm 
CR, x 42. (d) Colobus, 143 mm CR, x 42. (e) Hylobates, 102 mm CR, x 42. (f) Gorilla, 89 mm CR, x 42. 
(From Wislocki, 1929.) 
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Figure 4.96 Haemochorial placentation. Monochorial cellular trophectoderm in hyrax. The interhaemal 
membrane is clearly cellular in hyrax with apical tight junctions (arrows) obvious in this mid-term 
placenta. FC, fetal capillary; MBS, maternal blood space; T, trophectoderm. Mid-pregnancy, X 6000. 

4.4 PLACENTAL ENDOCRINE FUNCTION 

4.4.1 PLACENTAL HORMONES 

The endocrinology of pregnancy is dealt with 
in detail in Chapter 11, this volume; how
ever, a description of placentation would be 
incomplete without some consideration of 
the general principles of placental endocrine 
function, and the discussion that follows is 
limited to these aspects. 

As indicated above, endocrine mechanisms 
have been utilized by a wide range of species 
to solve many of the problems associated 
with intrauterine gestation (Fisher, 1986). 
Hormones secreted by the placenta have 
been shown in different species to block 
further ovarian follicular development and 

ovulation (progesterone and possibly inhi
bin), thereby preventing superfetation; to 
block the contractile response of the uterus to 
a foreign body (such as an embryo) placed in 
it (progesterone, relaxin); to ensure the con
tinued secretion of nutrients by the maternal 
endometrial glands (progesterone); to mobil
ize metabolic reserves such as fats within the 
maternal organism and to cause mammary 
growth and development (placental lacto
gens) so that milk secretion ensues post par
tum. In some species at the end of 
pregnancy, the placenta is involved in signal
ling (through changes in secretion of pro
gesterone and oestrogens) to the mother that 
the fetus has developed sufficiently for birth 
to occur and to cause the mother to demon
strate characteristic maternal behaviour 
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patterns such as nest building. It is perhaps 
not surprising that endocrine mechanisms 
should be so important in communication 
between the fetus and mother, since there is 
no nervous connection between the two 
organisms. 

(a) Steroids 

Progesterone 

Progesterone has been shown to be produced 
by every placenta in which it has been exam
ined in detail. The most frequently applied 
method for detecting placental progesterone 
secretion is measurement in peripheral 
plasma by radioimmunoassay or competitive 

protein binding; examples of data obtained in 
this way are illustrated in Figure 4.102. 

This method clearly fails to distinguish be
tween progesterone secreted by the placenta 
and that secreted by other organs, most not
ably the corpus luteum. Since progesterone is 
required for the maintenance of gestation in 
most species, the production of progesterone 
by the placenta can be detected by eliminat
ing other sources, by ovariectomizing or 
lutectomizing animals at various stages of 
gestation, and determining whether preg
nancy is maintained. By this means it can be 
shown, for example, that the sheep's pla
centa produces sufficient progesterone to 
maintain gestation in the absence of the 
ovaries after day 50 post coitum (Casida and 

Figure 4.97 Haemochorial placentation. In the monochorial cellular trophectoderm of the rodent Zapus 
it is not possible to distinguish the cellular boundaries at this magnification, the trophectoderm cells are 
very extensive and very attenuated. Fe, fetal capillary; MBS, maternal blood space; T, trophectoderm. 
Late pregnancy, x 8000. (From King and Mossman, 1974.) 



Figure 4.98 Haemochorial placentation. (a) Interhaemal membranes in the haemodichorial rabbit pla
cental labyrinth. The trophoblast layer in contact with maternal blood (MBS) shows numerous coated 
pits (arrow), abundant rough endoplasmic reticulum (E) and a Golgi body (G). The inner trophoblast 
layer shows no membrane specializations. Fe, fetal capillary. (a) Late pregnancy, X 28500. (From 
Enders, 1965.) (b) The human, nominally haemomonochorial, syncytiotrophoblast (5) contains cytotro
phoblast cells (C) capable of division and differentiation into syncytium right up to the time of 
parturition. Term placenta, x 4400. 
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Figure 4.99 Haemodichorial bat placentae. The intrasyncytiallamella (IL in a, ISS in b) in the apical 
syncytiotrophoblast (T) is much more uniform in thickness, texture and separation from the maternal 
blood (mb in a, MBS in b) than those shown in Figures 4.10 and 4.11. Compare the structure with that of 
the endotheliochorial placenta (cat) in Figure 4.68, which is said to be characteristic of many other genera 
of bats. C, cytotrophoblast; FC, fetal capillary; N, nucleus; M, mesoderm cell. (a) Thyroptera near-term 
placenta, x 17500. (From Wimsatt and Enders, 1980.) (b) Myotis near term placenta, x 22000. (From 
Enders, 1982.) 
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Figure 4.100 Haemotrichorial placentation in myomorph rodents. The triple layering is remarkably 
consistent in Muridae (rats, mice) and these examples of Cricetidae. Bounding the maternal blood space 
(MBS) layer T1 is usually cellular but very irregular with thin, discontinuous areas (h, arrows) next to 
regions containing the nucleus and abundant cytoplasm (a) with a lot of rough endoplasmic reticulum 
and Golgi bodies (a, Go). Layer T2 is syncytial, connected to T1 via the occasional desmosome (a, arrow), 
and is usually the widest, frequently showing considerable elaboration of the apical plasmelemma. (a 
and c) T3 is thinnest and most uniform, linked to T2 via desmosomes and gap junctions and occasionally 
having proliferations of the basal plasmalemma (a) adjacent to the fenestrated (a and b; upward arrows) 
fetal capillaries (FC). M, mitochondrion. Arrow in (c), cell boundary junction in Tl. (a) Peromyscus, 
near-term placenta, x 17500. (b) Lemmus, near-term placenta, x 22600. (From B.F. King and 
Hastings, 1977.) 
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Warwick, 1945; Denamur and Martinet, 
1955). The stage of gestation at which the 
placenta first produces sufficient progester
one to maintain pregnancy in the absence of 
the corpus luteum has been termed the stage 
of the 'luteoplacental shift' (see Csapo, 1977). 
However, there are animals in which the pla
centa produces progesterone, but in quan
tities which are insufficient to maintain 
gestation following ovariectomy. The goat 
and the pig are examples of such species; in 
both cases, ovariectomy at any stage of ges
tation leads to pregnancy loss (Drummond
Robinson and Asdell, 1926; Meites, et al., 
1951; Du Mesnil Du Buisson and Dauzier, 
1957; Cowie et al., 1963; First and Staigmiller, 
1973). In these animals, as well as in sheep, 
placental progesterone secretion can be 
detected by replacing the luteal progesterone 
in ovariectomized individuals with a syn
thetic progestagen that does not interfere in 
the progesterone assay, and measuring pro
gesterone in the maternal peripheral, uterine 
venous or fetal vasculature. This procedure 

shows that in goats the placenta secretes 
increased quantities of progesterone between 
days 120 and 140 (Sheldrick, Ricketts and 
Flint, 1980; Figure 4.103), and in pigs it has 
been used to demonstrate placental pro
gesterone secretion after day 103 (V.A. Craig 
and A.P.F. Flint, unpublished observations; 
Figure 4.104). 

In sheep, Ricketts and Flint (1980) demon
strated that placental progesterone secretion 
began at between 50 and 70 dpc, thereby con
firming the information obtained after ovari
ectomy without replacement therapy. This 
information also confirms the conclusion 
reached by Thorburn and Mattner (1971) 
from measurements of progesterone in the 
sheep subcutaneous mammary vein, which 
had been anastomosed to a utero-ovarian 
vein in order to facilitate collection of uterine 
venous blood by percutaneous venepunc
ture. 

In animals in which the placenta secretes 
little progesterone it may produce a related 
but biologically inactive steroid. The goat's 

Figure 4.101 Haemotrichorial placentation in myomorph rodents. Cleithryonomys, near-term placenta, x 
21300. For details see legend to Figure 4.100. (From B.F. King and Hastings, 1977.) 
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Figure 4.102 Concentrations of progesterone in peripheral circulation in sheep during pregnancy. Note 
that the corpora lutea are unnecessary for pregnancy maintenance after day 50, and that progesterone 
concentrations fall before parturition (P) at term. (After Bassett et al., 1969, redrawn.) 
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Figure 4.103 Concentrations of progesterone in peripheral maternal plasma during the last third of 
gestation in four ovariectomized or lutectomized goats. The number of samples assayed is given at each 
point. All samples were obtained before parturition. Pregnancy was maintained following removal of 
the corpora lutea by administration of medroxyprogesterone acetate. All kids were born alive. (After 
Sheldrick et al., 1980, redrawn.) 



414 Placentation 

900 

800 

700 

600 
~ 
Cl 500 .e, 
(]) 
() 
c: 400 
~ 
(]) 
;!: 300 ""C 

4= > 200 

100 

-100 Length of gestation (days) 

Figure 4.104 Venoarterial concentration differences for progesterone across the uterus in ovariecto
mized pregnant gilts treated with medroxyprogesterone. Values represent carotid arterial concen
trations subtracted from uterine venous concentrations (four animals); mean venous concentration 
between days 103 and 112 was approximately 1000 pg/ml. Ovariectomy was performed between days 93 
and 102; survival of the piglets was normal. (After V.A. Craig and A.P.F. Flint, unpublished.) 

placenta synthesizes progesterone in large 
quantities, but reduces it to 5[3-pregnane-3u, 
20u-diol before secreting it (Flint et al., 1978); 
radioimmunoassay of this latter steroid in 
peripheral plasma during gestation shows 
that levels change in a manner similar to 
those of progesterone in sheep (Figure 4.105; 
Sheldrick, et al., 1981). 

One possible advantage resulting from this 
characteristic is that the supply of precursors 
for oestrogen synthesis is reduced; oestro
gens are luteolytic in the goat and therefore 
cause pregnancy loss. In those species in 
which the placenta produces large quantities 
of progesterone (e.g. the sheep and man) the 
corpus luteum regresses, presumably due to 
reduced circulating levels of luteinizing hor
mone caused by high circulating progester
one levels (see Sheldrick et al.'i1980). 

Oestrogens 

As is the case with progesterone, oestrogen 
secretion is a common placental endocrine 

function. However, there are marked differ
ences between species in the metabolic path
ways leading to placental oestrogen 
synthesis. Some animals, notably ruminants, 
produce oestrogens by synthesis from C21 

steroid precursors (pregnenolone and pro
gesterone); others (e.g. man), lacking the pla
cental 17u-hydroxylase and C-17,20-lyase 
necessary for this pathway, produce oestro
gens by aromatization of androgens secreted 
by the fetal adrenal glands, primarily dehyd
roepiandrosterone sulphate. These latter are 
said to possess a 'fetoplacental unit', because 
both compartments are required to complete 
the steroidogenic pathway to oestrogens. The 
only species so far thought to possess a fetop
lacental unit are man, the equids and, poss
ibly, seals. Examples of patterns of oestrogen 
synthesis through pregnancy are illustrated 
in Figures 4.37 (horse) and 4.106 (man). 

Oestradiol-17[3, generally regarded as the 
most potent oestrogen on administration in 
bioassays, is not always the major circulating 
oestrogen from a quantitative point of view. 
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Figure 4.105 Circulating concentrations of 5[3-
pregnane-3n, 20n-diol in goats during pregnancy. 
Levels were measured in jugular venous plasma 
by specific radioimmunoassay from (a) eight 
untreated animals; (b) five animals treated with 
medroxyprogesterone acetate and (c) three lutec
tomized, medroxyprogesterone acetate-treated 
animals. All samples were taken before delivery of 
the kids. Lutectomy was performed between days 
71 and 75. All kids were born alive. (After 
Sheldrick et al., 1981, redrawn.) 
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Figure 4.106 Diagram representing changes in 
placental weight and peripheral plasma concen
trations of placental hormones during human 
pregnancy. Values are normalized to the highest 
level reached (= 100%). 

In man the oestrogen circulating in highest 
concentration is oestriol, and in goats 
oestradiol-17a.. In most species conjugated 
oestrogens (sulphates and glucuronides) cir
culate in higher concentrations than unconju
gated oestrogens, though this may reflect 
more complete hepatic clearance of the latter 
rather than greater placental secretion of the 
former. 

Control of placental steroid secretion 

Factors controlling placental steroid secretion 
are complex. In some instances the quantity 
of a steroid produced is proportional to the 
weight of the placenta; in others the rate of 
steroid production is limited by supply to the 
placenta of a substrate; and in yet others 
there are changes in the activities of placental 
enzymes at defined stages of gestation which 
playa major role in influencing the pattern of 
steroids produced. 

An example of the first of these mechan
isms is the way in which maternal circul
ating progesterone concentrations change 
throughout pregnancy in man (Figure 4.106); 
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the circulating level clearly follows closely the 
changing mass of the placenta for the greater 
part of pregnancy, and although the actual 
concentration of progesterone in plasma is 
determined largely by factors influencing its 
clearance rate (for example, proteins such as 
cortisol-binding globulin, which also avidly 
binds progesterone), the increase during ges
tation is principally due to increasing pla
cental weight. 

Increasing placental weight would appear 
also to contribute to the increasing concen
tration of oestrogen in the maternal circu
lation during human pregnancy (Figure 
4.106); however, circulating oestrogen levels 
are limited by the supply to the placenta of 
fetal adrenal androgens, and can be increased 
by administering such compounds (e.g. 
dehydroepiandrosterone sulphate) to the 
mother. The increase in oestrogen level with 
advancing pregnancy reflects increased fetal 
adrenal size. A similar mechanism is thought 
to operate to control placental production of 
the B-ring unsaturated oestrogen, equilin, in 
the horse and other equids; in these species 
equilin production occurs transiently in mid
gestation and is thought to result from the 
production of a precursor by the fetal gonad, 
which hypertrophies at this stage (Figure 
4.37) (Pashen et al., 1983). The identity of the 
precursor is not established, although it has 
been suggested that it arises via a novel ster
oid biosynthetic pathway (the sesquiterpene 
pathway; Bhavnani and Woolever, 1978; Tait 
et al., 1982). 

The third form of control of placental endo
crine function, through changes in placental 
enzyme activity, is neatly exemplified by the 
effect of raised fetal cortisol concentrations on 
progesterone and oestrogen secretion at term 
in ruminants. At term in the sheep the rapid 
rise in fetal circulating concentrations of corti
sol results in the activation of the placental 
enzyme 17a-hydroxylase/C-17,20 lyase. This 
converts progesterone into oestrogens, 
resulting in increased secretion of mostly oes
trone sulphate (A.B.M. Anderson et al., 1975; 

Steele et al., 1976; see also Flint, 1983). These 
changes in maternal steroid concentrations 
are thought to cause the onset of uterine 
contractions by inducing prostaglandin syn
thesis in the uterus (Mitchell and Flint, 1978b; 
Thorburn, 1991). The effect of cortisol on the 
placenta is exerted directly; cortisol induces 
17a-hydroxylase in isolated explants of 
sheep's placenta in vitro (Ricketts et al., 1980), 
and the presence of the glucocorticoid recep
tor in the placenta is also consistent with a 
direct action (Flint and Burton, 1984). Similar 
enzymic changes occur in the goat's placenta 
at term, in response to raised fetal circulating 
levels of cortisol (Flint et al., 1978), which are 
thought to account for the dramatic drop in 
maternal levels of 5~-pregnane-3a, 20a-diol 
before term as well as the rise in oestrogen 
(Sheldrick et al., 1981). 

(b) Polypeptide hormones 

Polypeptide and smaller peptide hormones 
secreted by the placenta or acting locally in an 
autocrine manner have been identified in a 
limited number of species, principally in pri
mates, rodents and the large domestic ani
mals. The polypeptide hormones studied in 
depth fall into two groups, the chorionic 
gonadotrophins and placental lactogens; the 
former are related structurally and evolutio
narily to the pituitary hormone LH and the 
latter to prolactin/growth hormone (for re
view see H.J. Stewart et al., 1988). 

Chorionic gonadotrophins 

The existence of chorionic gonadotrophins 
with FSH- and LH-like activities has been 
recognized since observations of the stimu
lation of gonadal function in rodents by ex
tracts of human placenta and urine over half 
a century ago (Aschheim and Zondek, 1927; 
for comprehensive recent reviews see Allen, 
1975; Talamantes and Ogren, 1988; Boime et 
al., 1989). It is however, only with the appli
cation of recombinant DNA techniques that 
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Figure 4.107 Structure of hCG and LH genes. (a) Organization of seven hCG-f3 and one LH-f3 subunit 
gene on three genomic fragments; arrows indicate direction of transcription. (b) Structure of human 
glycoprotein-a gene; figures above line indicate kilobases relative to an arbitrary point, and exons are 
thickened. ATG and TAA indicate translation start and stop sites respectively. (c) Evolution of hCG-f3 
from LH-f3; exons are thickened, scale is in kilobases and expanded regions illustrate deletions and 
insertions in the LH sequence giving rise to hCG, as well as the amino acids. Figures above and below 
exons indicate the number of amino acids coded for by each exon. (From H.J. Stewart et ai., 1988, 
redrawn.) 

we are now beginning to understand the 
origin of these hormones. The chorionic 
gonadotrophins are glycosylated proteins of 
molecular weight 38 kDa which have been 
investigated most fully in primates and 
equids. They consist of two subunits, a and 
13. In man, the a-subunit is identical to the a
subunits of the pituitary glycoproteins, LH-a, 
TSH-a, FSH-a, there being only one gene for 
this protein which is expressed in the pla
centa as in the pituitary. In contrast the 13-
subunit of chorionic gonadotrophin differs 
from that of LH. It is closely homologous to, 
but is longer than, LH-f3; it has evolved from 
LH-f3 through a frame shift mutation, leading 
to loss of the translation termination codon, 
with subsequent readthrough into the nor
mally untranslated region of the LH-f3 gene 
(Figure 4.107). 

As a result a further 24 amino acids are 
present at the C-terminal end of the hCG-f3 
subunit that are absent from the LH-f3 chain. 
The termination codon (UAA) utilized by 
hCG-f3 is part of the polyadenylation se
quence (AAUAA). There are six hCG-f3 (but 
only one LH-f3) genes, all arranged in a 58-
kbp region on chromosome 19; it is thought 
however that only two or possibly three are 
actively transcribed, the remainder rep
resenting pseudo-genes. The FSH-f3, TSH-f3 
and common a-subunit genes are mapped to 
chromosomes 11, 1 and 6 respectively; there
fore it appears that the duplication of the 
ancestral f3-subunit gene and separation of 
the resulting genes preceded evolution of 
hCG-f3. Since many species (e.g. mice, 
Dracopoli et al., 1986) lack a chorionic gon
adotrophin, the evolution of the hCG-f3 gene 
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must post-date the evolutionary divergence 
of mice and the primates. A similar arrange
ment of CG-13 genes occurs in the baboon 
(Crawford et aI., 1986); there are, however, 
considerable nucleotide sequence differences 
between hCG-13 and the baboon hormone. 

Chorionic gonadotrophins have not been 
studied in such detail in other primate 
species, and most of the evidence for their 
existence in primates is based on radio
immunoassays and bioassays. Using these 
procedures, chorionic gonadotrophins have 
been identified in the placentas of apes and of 
Old and New World monkeys (Hobson and 
Wide, 1972; Hodgen et al., 1974). A chorionic 
gonadotrophin has been isolated from the 
guinea pig placenta (Bambra et al., 1984), but 
the evidence for similar molecules in rat 
mouse or hamster placentas is at present only 
circumstantial (Talamantes and Ogren, 1988). 

The phenomenon of gonadotrophin pro
duction by the equine conceptus has been 
studied in considerable depth; the ready 
availability of this highly gonadotrophic 
material (previously known as 'pregnant 
mare serum gonadotrophin', PMSG; more re
cently equine chorionic gonadotrophin, eCG) 
has produced an industry of considerable im
portance as a result of its use in stimulation of 
gonadal function, with applications in the 
treatment of infertility (including human 
infertility) and in the production of oocytes 
for embryo transfer. It was long considered 
that eCG differed from LH in a manner simi
lar to that in which hCG differed from hLH; 
this appeared particularly likely in view of 
the fact that eCG, like hCG has a C-terminal 
extension relative to most LHs. However, it 
has now been shown that eCG and eLH have 
identical amino acid sequences; the only 
difference between them is in the way in 
which they are glycosylated (see H.J. Stewart 
et aI., 1988). 

The observation that hCG is produced by 
trophoblast neoplasms in very large quan
tities provides a ready diagnostic method for 
following the growth and regression of chor-

iocarcinomas and molar pregnancies (see 
Patillo et aI., 1983). The finding that either (X

subunit or hCG itself is produced by a range 
of other non-trophoblastic neoplasms, in
cluding adenocarcinomas of the stomach, in 
which serum hCG can reach levels similar to 
those found in the first trimester of preg
nancy, stimulated speculation that hCG may 
be responsible for conferring immunity to tis
sue rejection not only upon carcinomas but 
upon the developing embryo itself (Amoroso 
and Perry, 1975). However, experiments with 
purified preparations of hCG have produced 
no consistent support for this hypothesis. 

Placental lactogens 

These prolactin-like hormones have been de
finitively identified in primates, ruminants 
and rodents but are thought to be absent in 
lagomorphs, carnivores, Equidae and Suidae 
(Forsyth, 1986, 1991; Ogren and Talamantes, 
1988; Talamantes and Ogren, 1988; Byatt et 
aI., 1992). As with the chorionic gonado
trophins, our understanding of the origin 
and structure of placentallactogens (or chori
onic somatomammotrophins) has benefited 
from the recent application of the techniques 
of molecular genetics; the human placenta is 
so rich a source of placental lactogen mRNA 
sequences that human placental lactogen was 
the first human gene to be cloned o. Shine et 
aI., 1977}. Following its cloning and se
quencing, the structure of the placentallacto
gen gene was shown to be closely related to 
that of growth hormone, and five hPL genes 
and two hGH genes have now been ident
ified in genomic fragments (see Miller and 
Eberhardt, 1983). Clearly these (and the pro
lactin) genes have evolved by duplication of a 
common ancestral precursor gene; sequence 
analysis and application of rules for gauging 
mutation rates suggests that prolactin 
diverged from placentallactogenlgrowth hor
mone some 400 million years ago, and that 
placental lactogen and growth hormone 
diverged about 65 million years ago. Since 



the palaeontological records suggest that am
phibia evolved about 400 million years ago, 
and that mammalian radiation commenced 
some 85-100 million years ago, these events 
may have coincided. The chromosomal distri
bution of these genes also indicates that 
divergence of prolactin from the ancestral 
placental lactogen/growth hormone precur
sor preceded separation of the last two hor
mones, since the human growth hormone 
and placental lactogen genes are on chromo
some 17, the single prolactin gene being on 
chromosome 6. The human growth hormone 
and placental lactogen genes are more than 
90% identical in nucleotide sequences (in
cluding the introns); the homology between 
the coding regions of prolactin and growth 
hormone genes is approximately 40%. Rat 
and mouse placentallactogens have recently 
been shown to have two forms, which are 
secreted consecutively, to give rise to a bi
phasic secretion pattern during pregnancy 
(Blank et al., 1977; Soares et al., 1983; Colosi et 
al., 1987; Kishi et al., 1988; Ogren et al., 1989; 
Faria et al., 1990; Soares et al., 1991). The 
molecules have been sequenced and cloned 
(see Colosi et al., 1989, for references). Their 
synthesis and secretion by the trophoblast 
giant cells have been studied in vivo and with 
in vitro tissue culture techniques (for refer
ences see Soares, 1987; Soares et al., 1991; 
Yamaguchi et al., 1992). 

The other principal group of animals in 
which placental lactogens have been studied 
in depth are the ruminants (reviews: Forsyth, 
1991; Handwerger, 1991; Byatt et al., 1992); 
however, less is known of the evolution of 
these hormones than of hPL, although the 
ovine, bovine and caprine proteins have been 
purified (Beckers et al., 1982; Murthy et al., 
1982; Arima and Bremel, 1983; Byatt et al., 
1986; Currie et aI., 1990, McNeilly et al., this 
volume) and the molecules sequenced and 
cloned (Colosi et al., 1989). Studies have been 
made of their secretion (Martal and Djiane, 
1977; Taylor et al., 1983; Wallace et al., 1985; 
Battista et al., 1990) and their interactions 
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with target tissue receptors (Emane et al., 
1986; Freemark et al., 1987). 

(c) Placental peptide hormones 

A number of peptide hormones have been 
identified in human placental tissue, includ
ing LHRH, ACTH, MSH, TSH, oxytocin and 
vasopressin (see Diczfalusy and Tren, 1961; 
Brody, 1969; Allen, 1975; Fisher, 1986). Of 
these, the best characterized is LHRH, which 
has been identified by immunocytochem
istry, radioimmunoassay and bioassay (Siler
Khodr and Khodr, 1978; Tan and Rousseau, 
1983). The presence of LHRH in placental 
tissue has been confirmed by the use made of 
placental mRNA extracts in the isolation of 
cDNA clones for the LHRH prohormone 
(Seeburg and Adelman, 1984). Because of the 
availability of large quantities of human pla
cental mRNA, and the scarcity of human 
hypothalamic mRNA, placental mRNA was 
used to prepare a cDNA library which was 
screened for LHRH sequences using syn
thetic oligonucleotides predicted from the 
LHRH amino acid sequence. It has been 
shown that the LHRH prohormone in the 
placenta is processed to produce not only 
LHRH, as in the hypothalamus, but also GAP 
(gonadotrophin releasing factor-associated 
peptide) (Adelman et al., 1986). The role of 
this product in the placenta is uncertain; 
although it has been suggested to playa role 
in the control of hCG secretion, this is not 
fully established. 

(d) Placental secretion of non-hormonal 
polypeptides 

Application of immunological techniques has 
led during the past two decades to the recog
nition in man of some 30 pregnancy
associated polypeptides in the circulation 
during gestation, which have no established 
endocrine action. Some of these substances 
are of clinical value in pregnancy diagnosis 
because of their dependence upon normal 
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placental or fetal function and some have 
been used as tumour markers. In addition, a 
number of proteins have been identified 
which are not secreted, but which are con
stituents of the placenta. Although princi
pally identified in man, some have been 
shown to be present in other species. For 
reviews see Bohn et al. (1983), Klopper and 
Ahmed (1985), Rosen (1986). 

A number of the better characterized 
placenta-specific proteins are listed in Table 
4.4. 

Of these, SP1 (Schwangerschaft protein 1), 
a glycoprotein (containing 29% carbohydrate) 
of molecular weight 43 000 daltons and iso
electric point pH 4.1, has been used most as 
an aid to diagnosis of normal pregnancy and 
determination of gestational age (see Bennett 
et al., 1978; Klopper and Ahmed, 1985). This 
protein is identical with the pregnancy
associated plasma protein (P APP) C of Lin et 
al. (1974), with pregnancy-specific Pr 
glycoprotein (Towler et al., 1976) and with 
trophoblast-specific Prglobulin (Tatarinov 
and Sokolov, 1977). Among the functions 
suggested for the proteins of Table 4.4 are: 
SPlI as an immunosuppressive, steroid bind
ing protein; P APP-A, a role in the inhibition 
of the caseinolytic activity of plasmin and in 
control of the coagulation and complement 
cascades; and for PPs, inhibition of the activi
ties of plasmin and trypsin (and therefore a 
possible role in the control of trophoblast 
invasiveness). 

In addition to these proteins, a number of 
enzymes circulating in raised concentrations 
during pregnancy in man have been sugges
ted to be products of secretion or cell lysis by 
or in the placenta. These include a heat-stable 
alkaline phosphatase (see Contractor, 1983), 
oxytocinase and a histaminase. 

4.4.2 CELLULAR ORIGINS OF PLACENTAL 
HORMONES 

A variety of methods have been utilized to 
identify the tissues responsible for secretion 

of placental polypeptide hormones, includ
ing immunocytochemistry and in situ hybrid
ization, particularly in human placental 
preparations. Using these techniques, a 
number of independent investigations of the 
synthesis and storage of human placental lac
togen (hPL) have localized this hormone to 
the syncytiotrophoblast (Hoshina et al., 1982; 
and see Allen, 1975; Patillo et al., 1983, and 
references therein). Recently, using electron 
microscope techniques hPL has been local
ized to membrane-bound syncytiotropho
blast granules (Fujimoto et al., 1986; Morrish 
et al., 1988; Billingsley and Wooding, 1990) 
and ruminant PLs exclusively to granules de
rived from trophectodermal binucleate cells 
(section 4.3.6b) (Wooding, 1981; C.S. Lee et 
al., 1986b-d; Wooding and Beckers, 1987; 
Wooding et al., 1992). In rodents PLs have 
been demonstrated in trophectodermal giant 
cells by light microscope immunocytochem
istry (Hall and Talamantes, 1984; Campbell et 
al., 1989; Nieder and Jenne, 1990) and in situ 
hybridization (Duckworth et al., 1990). The 
electron microscopic localization of hCG to 
granules (which are morphologically distinct 
from hPL-containing granules) exclusively in 
the syncytium has recently established this 
tissue as the most likely major site of syn
thesis (Morrish et al., 1987; Billingsley and 
Wooding, 1990). However, hCG mRNA has 
been demonstrated in both cytotrophoblast 
and syncytiotrophoblast by in situ hybridiz
ation techniques and cells of cytotrophoblast 
morphology can produce hCG in culture 
(Boime et al., 1989). This is perhaps not sur
prising since cytotrophoblast forms syncytio
trophoblast and hCG production is thus 
merely a precocious expression of a major 
function. 

Methods for the localization of steroids in 
cell layers have recently been reported using 
antibodies directed against these small mol
ecules coupled to haptens (G.J. King and 
Ackerley, 1985). At the light microscope level 
progesterone and oestrogens were localized 
exclusively in the syncytiotrophoblast in 
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human placenta (Dobashi et al., 1985). How
ever, one would expect that most free steroid 
will be lost from the tissue during immuno
cytochemical processing so that a more pro
mising approach is to localize the enzymes 
unique to steroid synthesis. It should be 
possible to achieve this with antibodies 
against them, or by using cDNA probes for 
their mRNAs. Ultrastructural 'evidence' for 
steroid synthesis - the presence in a cell of 
smooth endoplasmic reticulum and lipid 
droplets - is very unsatisfactory because 
the correlation is so weak, a reservation 
which also applies to histochemical methods 
claiming to localize enzymes such as 313-
hydroxysteroid dehydrogenase. Nonethe
less, all the above rather unsatisfactory 
evidence points to the syncytiotrophoblast as 
a major site of steroid synthesis in human 
(Pattillo et al., 1983) and sheep placentas 
(Ferguson and Christie, 1967) and in trophec
todermal giant cells in rodents (Sherman, 
1983). 

4.4.3 FUNCTIONS OF PLACENTAL 
HORMONES 

The five primary physiological effects of pla
cental hormones listed at the beginning of 
this section can be provided for by the four 
main classes of hormone discussed above. 
However, not all these hormones are se
creted by placentas of all species, whereas all 
five processes are prerequisites for successful 
intrauterine gestation, so that in some cases 
they must be provided for by alternative 
mechanisms. 

Broadly speaking, the functions of the pla
cental hormones are as follows, listed here in 
the order in which they are generally thought 
to act. In human pregnancy, chorionic gon
adotrophin, which is produced immediately 
following implantation on day 8 or 9 after 
ovulation (shortly after the 58-cell stage), acts 
on the corpus luteum to prevent its re
gression (luteolysis), thereby ensuring a 
continued supply of progesterone. The 

requirement for progesterone is met by the 
placenta after about the sixth or seventh 
week of gestation (the time of the luteo
placental shift; Csapo, 1977). Progesterone 
secreted by either the corpus luteum or the 
conceptus is thought to have several actions 
necessary for the establishment of preg
nancy, including blockade of myometrial 
prostaglandin production, thereby reducing 
uterine contractility, stimulation of endome
trial gland secretion and inhibition of ovu
lation, through a negative feedback action on 
the hypothalamus to prevent FSH secretion. 

It should be noted that the luteotrophic 
role of chorionic gonadotrophin is recognized 
only in primates; in other species, in particu
lar those with a uterine luteolysin, mainten
ance of luteal function early in gestation is 
ensured by inhibition of the secretion of 
luteolysin by the uterus - an antiluteolytic 
action. In the sheep, in which this process 
has been studied in detail, the uterine luteo
lysin is prostaglandin F2ctl and its release to 
the circulation is prevented by secretion by 
the conceptus of an antiluteolytic protein, 
termed trophoblastin (Martal et al., 1979; 
Guillomot et al., 1990) or ovine trophoblast 
protein 1 (Godkin et al., 1984a; Roberts et al., 
1985, 1990; Farin et al., 1989, 1990). The ovine 
protein, which has recently been shown to be 
an interferon (Imakawa et al., 1987, 1989; H.]. 
Stewart et al., 1987), is a relatively low mol
ecular weight compound (16500 daltons) 
which is known to interact with endometrial 
cell membrane receptors (Godkin et al., 
1984a,b; H.]. Stewart et al., 1987). A similar 
protein, bovine trophoblast protein I, has 
also been demonstrated in cows (Lifsey et al., 
1989). 

The principal actions of the other placental 
steroids, the oestrogens, are thought to be 
exerted on the myometrium, to cause growth 
of smooth muscle cells, to accommodate the 
growing conceptus and to prepare for the 
onset of parturition (Csapo and Corner, 1952; 
Michael and Schofield, 1968). In addition, 
oestrogens have well-defined roles in cellular 



Interspecific embryo transfer and hybrid pregnancies 423 

proliferation in the endometrium (see Finn 
and Porter, 1975). Maintenance of high circu
lating oestrogen concentrations might also be 
expected to lead to enhanced sensitivity of 
progesterone-responsive tissues to progester
one, by increasing target tissue progesterone 
receptor concentrations. 

Placental lactogens have been reported to 
act in a number of ways. Although they are 
usually considered primarily responsible for 
mammary development during pregnancy, 
they most probably act in concert with other 
hormones to have this effect (Forsyth, 1986), 
and not all mammals have placental lacto
gens. Other actions of these hormones 
include the stimulation of growth factor syn
thesis (Gluckman et al., 1987; Strain et al., 
1987) and effects on maternal metabolism to 
increase circulating concentrations of metab
olites for fetal utilization (Munro, 1980; Chan 
et al., 1986). 

4.5 INTERSPECIFIC EMBRYO TRANSFER 
AND HYBRID PREGNANCIES: ROLE OF THE 
PLACENTA 

There has recently been increased interest in 
cross-species hybridization because of the 
development of embryo transfer techniques 
and their application to the conservation of 
endangered species by propagation of rare 
animals using more readily available surro
gate hosts (see G.B. Anderson, 1988). Among 
notable examples of the application of this 
procedure are the transfer of the embryos of 
donkeys (Equus asinus), Przewalski horses 
(E. przewalskii) and zebra (E. burchelli) to 
thoroughbred mares (E. caballus) (Allen et al., 
1986; Summers et al., 1987); Bos taurus to Bos 
indicus, B. gaurus to B. taurus and Ovis musi
mon to O. aries (Durrant and Benirschke, 
1981); and bongo antelope (Tragelaptius eury
ceros) to African eland (T. oryk); (Dresser et al., 
1985). Successful application of the technique 
has been limited to closely related species. 

Among the factors limiting interspecific 
transfers is some form of incompatibility of 

placentation. In many cases this is likely to 
include immunological incompatibility. 
There are two approaches by which this diffi
culty may be assessed and overcome. Firstly, 
a consideration of the ability of two species to 
hybridize may provide an indication of poss
ible success of embryo transfer (Gray, 1971), 
and there is extensive literature on successful 
and attempted hybridization experiments. A 
second approach is in the transfer of inner 
cell mass cells (of the rare species) within the 
trophectoderm cells of the host; this tech
nique, which was pioneered as means of 
identification and manipulation of cell lines 
in the developing embryo (Gardner, 1975), 
has been exploited most successfully in 
crosses of M. musculus x M. caroIi (Rossant 
and Frels, 1980; Croy et al., 1982; Crepeau et 
al., 1989). 

Because of the large amount of work done 
with them, sheep x goat crosses are of par
ticular interest in relation to interspecies 
hybridization. While most authors agree that 
these hybrid embryos die between the fourth 
and fifth week of gestation, there have been 
reports of the birth of live offspring: Bunch et 
al. (1976) described the fertile twin offspring 
of a female 'Spanish' goat (2n = 60) and a 
Barbados sheep ram (2n = 54). The hybrids 
had an intermediate phenotype and chromo
some number (2n = 57), and the female 
progeny was bred back to a Barbados ram, 
with the resulting twins having 2n = 55. It 
has been suggested on the basis of morpho
logical examination of the site of placental 
attachment (and on other grounds) that preg
nancy failure in cases of unsuccessful hybrid
ization is caused by immunological rejection 
(McGovern, 1973; Benirschke, 1983); this is 
consistent with observations of Croy et al. 
(1982) and Crepeau et al. (1989) on rejection of 
M. caroli embryos in M. musculus, and with 
the fact that prior immunization of goats 
against sheep tissue reduces the length of 
fetal survival in crosses of these species 
(McGovern, 1973). Endocrine factors are 
unlikely to account for interspecies incom-
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patibility in sheep x goat hybrids; simul
taneous homospecific embryo transfer does 
not improve the outcome of sheep x goat 
hybridization, so failure to maintain the cor
pus luteum is unlikely to be involved. 
Furthermore, crosses between O. aries (2n = 

54) and Ammotragus lervia (Barbary sheep, 2n 
= 58) are generally unsuccessful, although 
the latter species, unlike the goat but like the 
sheep, has a progesterone-secreting placenta 
(Flint et al., 1983). Successful goat x sheep 
chimaeras have been produced by heter
ologous inner cell mass transfer with homo
logous trophectoderm (Fehilly et al., 1984; 
Meinecke-Tillmann, 1984), but there is no in
formation on placental endocrinology in 
these pregnancies. Transfer of Dall's sheep 
embryos to the uteri of domestic ewes has 
generally been unsuccessful (Buckrell et al., 
1990). Clearly an exciting prospect in this 
field is the possibility of storing gametes or 
even somatic DNA from endangered species; 
indeed it may one day be possible to revive 
extinct species using DNA recovered from 
their carcasses - DNA sequences from extinct 
animals have already been published. 

4.6 VIVIPARITY 

4.6.1 FUNCTIONAL REQUIREMENTS 

The adoption of viviparity has involved the 
acquisition by the embryonic membranes of a 
number of functions not associated with 
them in the oviparous condition. However, 
there are functions, such as gaseous 
exchange, that are evidently necessary in 
oviparity and viviparity, quite regardless of 
the length of time for which the embryo is 
retained in the uterus. The placental func
tions associated with viviparity, which in
clude endocrine functions (Amoroso et al., 
1979) and those involved in the absorption of 
uterine secretions not found in the egg, 
should therefore be seen as being super
imposed upon those that are more primitive. 
Unfortunately, too little is known about 

the intrauterine environment and maternal 
physiology, in too few species, to permit a 
synthesis of laws accounting for the various 
morphological and functional characteristics 
of fetal membranes in vertebrates in general. 
Species differences further complicate the 
issue. Nonetheless, some generalizations can 
be made. 

The need to provide large amounts of yolk 
in utero, for the development of the embryo 
as occurred during the evolution of elasmo
branchs, required the yolk sac enveloping the 
yolk to become well vascularized, larger and 
longer lasting. This membrane, being derived 
from the fetal gut, is well adapted to convey 
extraembryonic material in the yolk into the 
fetal circulation by pinocytosis. It serves as an 
intrauterine organ of exchange in viviparous 
species in this order. Following colonization 
of the land, it was necessary for these early 
vertebrates either to become viviparous or to 
develop eggs capable of surviving out of 
water. The adaptations resulting from these 
pressures are the amnion and the allantois, 
the former presumably coming into being as 
a means of providing the embryo with its 
own private sea, the latter initially as a 
repository for excretory products and an 
organ of gaseous exchange. The develop
ment of these membranes provided a means 
for carrying out functions not undertaken by 
the yolk sac, perhaps because it was too 
highly specialized for absorption of nutrient 
of a particular type. The yolk sac is capable of 
carrying out sufficient gaseous exchange to 
support early embryonic development in the 
avian egg; but later in development, when 
the fetal needs increase, the allantois takes 
over this role. The allantois is also involved in 
uptake of nutrients; in the chick, the allantoic 
capillaries deeply indent the chorionic ecto
derm, with which the embryo is surrounded. 
This not only increases the capacity for 
gaseous exchange, but also provides a means 
for the absorption, by the chorioallantois, of 
large quantities of calcium from the egg shell. 
Thus in the highly developed avian egg there 



is a vascularized yolk sac membrane capable 
of sustaining gaseous exchange early in 
development, but mainly adapted for pinocy
totic absorption of yolk and a chorioallantoic 
membrane subsequently developed for 
gaseous exchange and absorption of mineral. 

4.6.2 THE EVOLUTION OF VIVIPARITY 

Placentation is associated with viviparity. It is 
relevant therefore to a discussion of placen
tation to enquire as to the nature of vivipar
ity. It should be noted from the outset that 
the terminology - oviparity, ovoviviparity, 
viviparity - is restrictive, in that each of these 
categories of parity includes a wide range of 
forms; for instance the term oviparity covers 
oviposition of both fertilized and unfertilized 
eggs, and viviparous organisms include 
those with both external and internal fertiliz
ation (see Guillette, 1991). Furthermore, 
there are other, equally revealing, character
istics that need to be considered when seek
ing to categorize forms of reproduction (for 
example see Crews, 1992). Forms of vivipar
ity and ovoviviparity have been considered in 
more detail by Mossman (1987) and Clutton
Brock (1991). 

The European olm (Proteus anguinis), a 
blind, colourless salamander of the Italian 
Alps, can be either Oviparous or viviparous. 
When the ambient temperature rises above 
about 12°C, all of the eggs ovulated by 
this amphibian (approximately 60) are laid, 
though not all develop; at lower tempera
tures a single egg develops in each oviduct, 
and live young are born. This change in 
reproductive pattern occurs under artificial 
conditions, as well as in nature, and has been 
studied in the laboratory. There are also rep
tiles which are believed to be both viviparous 
and oviparous but in different geographic 
locations: examples are the Mexican lizard, 
Sceloporus aeneus (viviparous in some sites in 
southern Mexico, oviparous in others); the 
skink, Mabuya quinquetaeniata (viviparous in 
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South America, oviparous elsewhere); the 
iguana, Sceloporus variabilis (viviparous at 
high altitudes in Veracruz, Mexico); and the 
vipers Echis carinata and Aspis vipera (ovi
parous in some locations, viviparous in 
others; see Hogarth, 1976; Guillette, 1981). 

The existence of animals which can be both 
oviparous and vivparous or in which closely 
related species have both characteristics em
phasizes one of the most striking character
istics of viviparity: that it is a readily adopted 
condition. This is further underlined by the 
wide range of viviparous invertebrates and 
vertebrates, the large number of times the 
condition has evolved in different phyla 
and the variety of methods used (see Shine 
and Guillette, 1988). That viviparous species 
evolved from oviparous species is shown by 
the existence of egg-teeth in embryos of vivi
parous reptiles. 

Viviparity occurs in all classes of amniote 
vertebrates except birds and takes a number 
of forms; the organ most frequently utilized 
for embryonic development is the oviduct or 
uterus, but there are examples of embryonic 
development occurring in the ovary (notably 
in the teleost fishes, in which gestation may 
occur either in the ovarian follicles as in the 
family Poeciliidae or in a chamber within the 
ovary, following ovulation, as in the blenny, 
Zoarces viviparus). Gestation may also occur in 
the mouth (as in the catfish, Galeichthys); in 
the stomach (as in the Australian anuran 
amphibian, Rheobatrachus silus); and in skin 
pouches (as in the Surinam toad, Pipa surina
mensis). In these cases the embryos develop 
specialized organs for nutrient exchange, in
cluding vascular tails and outgrowths from 
the gills and pericardium; the embryonic 
membranes of the amniote egg are not util
ized for this purpose. These forms of ges
tation are dealt with in detail in sections 4.31, 
4.32 and 4.34 above. 

It is difficult to generalize about the forms 
of viviparity adopted by invertebrates be
cause, as with lower vertebrates, a wide 
range of organs is utilized. But there are 
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examples of structures specialized for nutri
ent exchange in invertebrates, which fulfil 
the criteria for placentas, as for example in 
the marine tunicate, Salpa (Bone et al., 1985). 

The principal advantages conferred by vivi
parous reproduction appear to lie in the pro
tection the condition provides for the 
developing embryo against fluctuations in 
environmental conditions. This is particularly 
important for terrestrial species, which must 
if oviparous either return to water to breed or 
lay an egg protected against desiccation. The 
main environmental advantages are usually 
seen as those relating to temperature, avail
ability of water, provision of food for emerg
ing young, selection of a site for birth and 
protection against predation. The compli
cated behaviour patterns evolved by birds to 
ensure incubation of the eggs demonstrate 
the lengths to which oviparous species must 
go to provide some degree of homeostasis for 
their developing offspring. It is not necess
arily true that the birth of live young leads to 
a greater degree of post-partum maternal 
care: the existence of the monotremes, ovi
parous mammals, emphasizes the fact that 
lactation and viviparity are not inseparable 
conditions. Lactation and endothermy 
evolved before viviparity in mammals. 
Nonetheless, it does appear that viviparity 
may be utilized by species colonizing envir
onmentally extreme locations, for example at 
high latitudes and altitudes. 

Although internal fertilization does not in
variably lead to viviparity, one prerequisite 
for viviparity in amniote vertebrates is a 
means of transferring spermatozoa with con
comitant internal fertilization, and structures 
for providing and absorbing maternal nutri
ents at the site at which development occurs. 
Internal fertilization confers advantages of its 
own, in as much as it reduces the risks of loss 
of spermatozoa and interspecies fertilization. 
It does not, however, invariably involve an 
intromittent organ; in the salamanders and 
newts the spermatozoa are frequently de
posited in a protective capsule (spermato-

phore) which the female picks up with the 
lips of the cloaca. 

While organs evolved for internal fertiliz
ation show little variability, embryonic ab
sorptive organs, in contrast, take many 
forms, particularly in amphibia, in which 
they include specially adapted gills (as in 
Gastrotheca, in which development occurs in 
maternal skin pouches), and vascularized 
tails (as in the tadpole of the toad Pipa surina
mensis, also incubated in a skin pouch). The 
chorioallantoic placenta provides an amniote 
example of organs specialized for this role. 

With the development of maternal struc
tures specialized for embryonic nutrition the 
nature of the material secreted (uterine milk) 
becomes more complex, the metabolic cost to 
the mother becomes more severe and the 
weight gain by the conceptus more dramatic 
(Table 4.2). Furthermore, the dependence of 
the uterus on endocrine stimulation by 
ovarian or embryonic hormones also be
comes more important, and in both ovipar
ous elasmobranchs and viviparous species 
with a simple serous type of uterine milk the 
uterus responds to administered oestrogen 
with increased vascularization and growth of 
the oviduct or uterus. 

One of the reasons for the relative ease 
with which viviparity is adopted, particularly 
among amniote vertebrates, is the nature of 
the embryonic membranes of the egg, which 
are the evolutionary precursors of the embry
onic membranes of the mammalian placenta 
(Figure 4.1). These membranes, which are 
adapted in the egg for gaseous exchange and 
the absorption of nutrients in the form of 
yolk, retain these functions in viviparity and 
take on others. In the mother, in addition, 
similar structures exist in oviparous and vivi
parous species for the provision of nutrients 
to the developing embryo, in the form of 
either yolk (in oviparity) or histotroph (in 
viviparity). Thus, limited anatomical alter
ations are required for the adoption of vivi
parity, once internal fertilization is achieved. 
In general, the degree to which the embry-



onic membranes have evolved is related to 
the dependence of the developing embryo on 
nutrients derived from the mother. Where 
there is no nutrient exchange, as in ovovivi
parous species, there is no development of 
egg membranes and, in fact, no loss of the 
shell membrane. The evolution of placen
tation in vertebrates and the concomitant de
cline in the quantity of yolk in the egg 
parallels the ability to absorb maternal nutri
ents. The eggs of all viviparous reptiles are 
yolk rich. Development of placental endo
crine function provides a means by which the 
conceptus is able to affect maternal metab
olism in order to ensure mobilization of a 
sufficient supply of nutrient (for instance 
through secretion of a placental lactogen). 

What then are the most important adap
tations associated with viviparous repro
duction? A potentially important change 
involves the corpus luteum and its secretions; 
as Amoroso (1981) commented: 'although the 
exact steps through which the corpus luteum 
was incorporated as an endocrine gland may 
remain obscure, there can be little doubt that 
this adaptation was the most important con
tributing factor in the evolution of viviparity 
in mammals'. It seems most probable that the 
existence of progesterone, secreted by a cor
pus luteum in oviparous species, was 
exploited in the evolution of viviparity for the 
purposes of continuing the provision of em
bryonic nutrition: an example of Medawar's 
proposition (Medawar, 1953) that 'it is not 
hormones which have evolved but the uses 
to which they are put'. Comparison of circu
lating progesterone levels during the repro
ductive season in the oviparous turtle, 
Chrysemys pieta with that in the viviparous 
snake, Natrix faseiata, emphasizes the import
ance of post-ovulatory progesterone in the 
viviparous condition (Porter et al., 1982). 

Guillette and his colleagues (Guillette, 
1982, 1991; Shine and Guillette, 1988) have 
suggested that the evolution of viviparity in
volves selection pressures acting on pheno
typic variability in egg retention, with 
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animals in extreme environments retaining 
oviductal eggs for progressively longer 
periods. A concomitant thinning of the shell, 
to allow gaseous exhange, accompanied 
by increasing maternal nutrient secretion, 
eventually leads from oviparity, via inter
mediate ovoviviparous stages, to viviparity. 
They propose that progesterone, possibly 
secreted by the adrenal glands, as well as the 
corpora lutea, causes prolonged retention in 
relatively stressful conditions, and the effects 
of progesterone on the mammalian uterus 
(increased nutrient secretion, decreased 
mobility and reduced prostaglandin se
cretion) are consistent with this hypothesis. 

Among squamates (lizards and snakes), in 
which this hypothesis has been most fully 
developed, oviparous species retain their 
eggs in utero for up to half the period of 
embryonic development, and post-ovulatory 
corpora lutea occur in all vertebrate groups 
(though they are transitory in cyclostomes 
and birds), and are steroidogenic in all 
species of reptile. Reptilian corpora lutea are 
susceptible to regression by prostaglandin 
F2n (Guillette et al., 1984), and prostaglandin 
F2n is synthesized by the oviduct in at least 
one viviparous lizard (Guillette et al., 1988). 

All three effects of progesterone facilitate 
prolonged egg retention and continued luteal 
function (by delaying luteolysis), and this 
may explain the apparent ease with which 
prolonged egg retention has resulted in vivi
parity in many different species. 

However, not all aspects of this hypothesis 
are supported by experimental data, and 
although attractive in many taxa (especially 
the lizards), there is contradictory evidence. 
Experimental evidence is not available to 
directly link prolonged uterine egg retention 
with high levels of endogenous progester
one, or to confirm that raised progesterone 
secretion can be a direct response to adverse 
environmental conditions (see Shine and 
Guillette, 1988), although these questions are 
amenable to investigation. The possible con
tribution of relaxin, also secreted by the cor-
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pora lutea, and a potent inhibitor of uterine 
contractility in several species of mammal, 
should also be considered in this context (see 
Porter et al., 1982). 

The adoption of viviparity, and the estab
lishment of close contact between the devel
oping embryo and the mother, provides an 
opportunity for the conceptus to influence 
maternal physiology through endocrine 
mechanisms. This occurs early in pregnancy 
in many species, when the conceptus se
cretes substances which ensure the pro
longation of corpus luteum function beyond 
the period of the oestrous cycle; the time at 
which this occurs is known as the time of the 
maternal recognition of pregnancy and it is a 
well-characterized process, particularly in 
those species (e.g. artiodactyls) in which it 
occurs before the attachment of the blastocyst 
to the uterine endometrium. A number of 
substances of embryonic origin are respon
sible for this process, including an interferon 
(the antiluteolysin which controls uterine 
production of prostaglandin F2a in rumi
nants), chorionic gonadotrophins (in pri
mates) and perhaps oestrogens (in pigs). 
Another substance capable of controlling cor
pus luteum function is prolactin, which is 
produced in the decidua, and has been 
suggested to affect fluid transport across the 
embryonic membranes (see Porter et al., 
1982). Clearly the coexistence in the mono
tremes of oviparity and lactation rules out the 
possibility that mammary development and 
lactation depend exclusively on hormones se
creted by the placenta; in fact in some euther
ian mammals (e.g. pigs) no mammogenic 
hormone has been identified in the placenta, 
although many species, particularly rodents, 
artiodactyls and primates, produce placental 
lactogens. 

The parallels between oviposition and par
turition, particularly as regards similarities in 
their endocrine control, have been drawn 
previously (e.g. Toth et al., 1983), and it is 
tempting to view parturition as oviposition 
delayed, not least because the same hor-

mones are involved in both processes (see 
RE. Jones and Guillette, 1982). The frequent 
occurrence of a post-partum (as in rodents) or 
prepartum (as in hares) oestrus and ovulation 
further emphasizes the similarity: proges
terone, oestrogens, prostaglandins and the 
neurohypophysial peptides, oxytocin or 
vasotocin, clearly are involved in both cases. 
However, the trigger to parturition, which in 
many species arises in the fetus (e.g. fetal 
glucocorticoid; see section 4.4.1a) differs from 
that causing oviposition, which resides in the 
hypothalamus; in fact it may be more appro
priate from a fetal point of view to consider 
parturition as akin to hatching. 

In summary, the prerequisites for ver
tebrate viviparity presumably include the fol
lowing: (a) acquisition of internal fertilization; 
(b) development of a corpus luteum which 
controls endometrial glandular secretion of 
egg nutrients; (c) either luteal production of a 
compound such as relaxin, which blocks ovi
ductal smooth muscle, or the acquisition, by 
oviductal smooth muscle, of the block to con
tractility induced by progesterone; (d) thin
ning of the tertiary layers surrounding the 
egg, and loss of the egg shell, accompanied 
by a reduction in the number of uterine 
glands; (e) embryonic absorption of maternal 
nutrients; (f) a block to immunological rejec
tion of the conceptus; (g) a mechanism for 
ensuring parturition. The principal disadvan
tage with this form of reproduction is that the 
size of the fetal brain at birth, which may 
have consequences for the intelligence of the 
offspring, is limited by the size of the 
mother's pelvic girdle, and it may be no co
incidence that relaxin, which reduces uterine 
contractility, and thereby prolongs uterine 
retention of the conceptus, also leads to sep
aration of the pelvic symphyses. This is par
ticularly marked in species such as the guinea 
pig, with large and precocious young. 
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5.1 INTRODUCTION 

The pre-eminent function of the human 
placenta is transfer of nutrients, gases and 
waste products between the mother and the 
fetus. At the same time, it is also extraordi
narily active in the synthesis of a wide range of 
proteins and other molecules. Some of these 
are the structural proteins, enzymes, etc., 
which are part of the normal functional equip
ment of cells throughout the body and thus 
are in no sense specific to this particular 
organ. The respiratory enzymes are one 
example. Another example, though slightly 
more limited in overall distribution, is the 
group of enzymes responsible for steroid syn
thesis and interconversion; these do not differ 
from their counterparts in other steroid
producing tissues. In addition, the placenta 
contains low concentrations of ACTH-related 
peptides and hypothalamic releasing hor
mones, none of which differs significantly 
from their hypothalamic-pituitary counter
parts O.N. Lee et al., 1981, 1982). 

More important, and the theme of the 
present chapter, are the two most familiar 
members of the group of proteins which 
the placenta undoubtedly synthesizes and 
secretes, and which in the past have fre
quently been described as 'specific' to this 
organ: human chorionic gonadotrophin 
(hCG) and human placental lactogen (hPL). 
However, it is now apparent that there is no 
material which is qualitatively specific in the 
sense of occurring uniquely in the placenta 
and not in any other site. Thus, most (poss
ibly all) of the classical products of the human 
placenta, including hCG and hPL, can be 
found in seminal fluid and ovarian follicular 
fluid and small amounts of hCG have been 
recognized in the pituitary gland and many 
normal tissues (sections 5.3.1 and 5.4.1). This 
chapter is concerned with the two classical 
protein hormones of group 1, hCG and hPL. 

Human chorionic gonadotrophin 463 

5.2 HUMAN CHORIONIC 
GONADOTROPHIN 

5.2.1 HISTORICAL SURVEY 

The hormones of the placenta have only been 
studied in detail in the last 60 years, but 
certain properties of placental tissue were 
noted much earlier. Medvei (1982) described 
the use of dried placentas to improve the 
fertility of Chinese and Javanese women. In 
parts of Hungary it was the custom for 
women wishing to limit their families to bum 
their placentas and mix the ashes in the drink 
of their husbands. Furthermore, it has long 
been observed that some female animals eat 
their placentas and that chimpanzees in 
labour drink their own urine. 

The human placenta was first shown to 
produce a gonadotrophin by Hirose in 1919 
(quoted by Hussa, 1987). Human placental 
tissue was implanted under the skin of 
rabbits and morphological changes associ
ated with ovulation and fertilization were 
observed in the ovaries, uterus and vagina. 
Similar changes were noted by Aschheim 
and Zondek (1927a), when they implanted 
'hypophyseal' (anterior pituitary) tissue 
under the skin of immature mice. This 
resulted in the rapid onset of oestrus as a 
result of ovarian maturation (quoted by 
Aschheim, 1930). Aschheim and Zondek 
(1927b) subsequently discovered that early 
pregnancy sera and urine contained 
extremely high levels of this gonadotrophic 
substance, which they referred to as 
'Hypophysenvorderlappenhormons' (hypo
physeal hormone). However, the hormone 
was found at high levels in, and was there
fore probably produced by, the placenta and 
decidua. They concluded that the uterine 
changes were a result of ovarian follicular 
maturation and thus indirect effects of the 
hormone. The morphological changes in the 
ovaries (multiple follicular growth, rupture 
and corpus luteum formation) formed the 
basis for the Aschheim-Zondek bioassay 
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Ala· Pro· Asp· Val· Gin· Asp· Cys· Pro· Glu· Cys· Thr· Leu· Gin· Glu· Asp· Pro· Phe· Phe· Ser· Gin· Pro· Gly· Ala· Pro· 
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Figure 5.1 Amino acid sequence of the glycoprotein hormone a-subunit. CHO indicates positions of 
glycosylation. (Adapted from Hussa, 1987.) 

for the early diagnosis of pregnancy using a 
specimen of urine (Aschheim and Zondek, 
1927a). 

5.3 CHORIONIC GONADOTROPHIN AND 
THE GLYCOPROTEIN HORMONES 

Chorionic gonadotrophin (CG) is a member 
of a group of four structurally homologous 
proteins commonly referred to as the glyco
protein hormones. As the name implies, 
the hormone protein chains are glycosylated; 
hCG contains approximately 30% carbo
hydrate by weight. The other members are 
luteinizing hormone (LH), follicle-stimulat
ing hormone (FSH) and thyroid-stimulating 
hormone (TSH). CG differs from the other 
glycoprotein hormones in that it is produced 
by the placenta whilst LH, FSH and TSH are 
pituitary products. CG, LH and FSH are gon
adotrophins, stimulating ovarian and testicu
lar functions via regulation of gametogenesis 
and gonadal steroid hormone synthesis. TSH 
acts on the thyroid gland, resulting in syn
thesis and secretion of thyroid hormones. All 
share a common subunit structure of a- and 
l3-peptide chains which are non-covalently 
joined. The a-subunit (Figure 5.1) is common 
to all members of the this family whilst 
the l3-subunits differ and confer hormonal 
specificity. 

The subunits are biologically inactive in the 
free form; only the a-13 heterodimer is able to 
bind to and stimulate the hormone receptors 
(reviewed by Pierce and Parsons, 1981). The 
peptide chains show close homology, the 
greatest being between the l3-subunits of LH 
and CG (81 %) (Figure 5.2). 

hCG and LH bind to the same gonadal 
receptor, stimulating steroid synthesis and 
luteinization. The l3-subunits are believed to 
have evolved from the common a-subunit 
gene (Fiddes and Talmadge, 1984). LH, FSH 
and TSH have been found in all mammals 
studied, and hormones with similar proper
ties have been found in lower vertebrates, 
including teleost fish (reviewed by Pierce and 
Parsons, 1981). However, placenta-derived 
CG-like material is only found in two genera 
of mammals, primates and equids, having 
evolved separately within these two (Leigh 
and Stewart, 1990). 

5.3.1 BIOSYNTHESIS 

(a) Sources 

Chorionic gonadotrophin is secreted by the 
syncytiotrophoblast cells of the placenta and 
is present in the blood and urine of pregnant 
women. First-trimester placental extracts 
have been shown to contain a- and 13-
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subunits of hCG, immature forms of these 
subunits and hCG itself (Torninaga et al., 
1989). There are other production sites which 
include trophoblastic or ectopic neoplasms. 
With the introduction of highly sensitive 
immunoassays, hCG or hCG-like material 
has also been detected in very small amounts 
in previously unsuspected conditions and tis
sues. Hartree et al. (1983) extracted material 
similar to hCG from the urine of some normal 
men and women and from the pituitary. 
They found quantities ranging from 0.5 to 
1.1 J.Lg per gland, which is some 25- to 50-fold 
less than the content of LH, FSH or TSH. The 
concentration in acetone-dried pituitaries 
ranges from 0.4 to 26 ng/mg which is close to 
that reported for full-term placental powder. 
The most active fraction was about 5% as 
potent as hCG itself; this was detected using 
antisera to the C-terrninal residues 123-145 

10 

40 

and 116-145, which react to hCG but not to 
LH. Minute amounts of hCG or the j3-subunit 
have also been found in many normal tissues 
(Braunstein et al., 1979; Yoshimoto et al., 
1979), in pituitaries (Matsuura et al., 1980), 
especially of post-menopausal females (Arm
strong et al., 1984; Huang et al., 1984), and in 
the urine of non-pregnant subjects (H.C. 
Chen et al., 1978; D.M. Robertson et al., 1978). 

Yoshimoto et al. (1979) demonstrated the 
presence of hCG-like material in all human 
tissues they tested by a radioreceptor and a 
j3-hCG radioimmunoassay. However, this 
material did not bind to concanavalin A as 
did placental hCG, and it was concluded that 
the material had the protein core of hCG but 
not the carbohydrate components. It would 
therefore have little or no biological activity in 
vivo. It seems that the trophoblastic cell is not 
unique in its ability to synthesize hCG sub-
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Figure 5.2 Amino add sequence of the ~-subunit of human chorionic gonadotrophin with ~-subunit of 
luteinizing hormone residue differences shown below. CHO indicates positions of glycosylation. 
(Adapted from Hussa, 1987.) 
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units but is able to glycosylate and combine 
these cellular proteins into intact hCG. There 
is ample evidence for the presence of hCG 
(and hPL) in seminal plasma (Asch et al., 
1977; Ranta et al., 1981; Bischof et al., 1983; 
J.N. Lee et al., 1983; Salem et al., 1984a) but 
the levels do not relate to sperm numbers 
a.N. Leeetal., 1983). Chanetal. (1986) found 
detectable amounts of l3-hCG in almost half 
the samples of seminal plasma studied. The 
concentrations were similar in samples from 
subjects with normal sperm counts and in 
those with oligospermia and with azo
ospermia. There were also no differences re
lated to motility, morphology or fertilizing 
capacity and the physiological role of this 13-
hCG is at present uncertain. Placental pro
teins have also been found in ovarian follicu
lar fluid (Westergaard et al., 1985c). 

(b) Synthesis of heG 

The common a-subunit is encoded by a 
single-copy gene on chromosome 6, and the 
l3-subunits of FSH and TSH are encoded by 
single-copy genes on chromosomes 11 and 1 
respectively. The l3-subunit genes for LH and 
hCG are unique in that they form a cluster of 
seven genes/pseudogenes on the long arm of 
chromosome 19 (Boorstein et al., 1982; Naylor 
et al., 1983; Graham et al., 1987). Owing to the 
close structural and sequence homology of 
these genes, all are believed to have evolved 
from a common ancestral a-subunit-like se
quence (Fiddes and Goodman, 1980; Fiddes 
and Talmadge, 1984). This was thought to 
have been followed by further alterations in 
the upstream and downstream regulatory 
elements allowing for the selective ex
pression of these individual peptides. The 
mechanism of increased gene transcription in 
pituitary and placental tissues, which specifi
cally express these hormones, is mediated via 
the cAMP secondary messenger pathway. 
Though specific releasing hormones have 
been identified for the pituitary hormones, 
no known releasing factor has been identified 

for hCG. However, gonadotrophin-releasing 
hormone-like material has been identified in 
placental tissue a.N. Lee et al., 1981; Kim et 
al., 1987), but it is not clear whether this is 
part of a specific control mechanism in vivo. 

(c) The l3-hCG-LH gene cluster 

The common a-subunit gene was cloned 
from a placental mRNA library by Fiddes and 
Goodman (1979). Shortly afterwards they iso
lated the cDNA for the l3-subunit of hCG 
(Fiddes and Goodman, 1980). Probing of gen
omic DNA with the cDNA clones soon estab
lished that only one a-subunit gene coded for 
the common a-subunit peptide of the glyco
protein hormones (Fiddes and Goodman, 
1979; Boothby et al., 1981). Analysis of human 
genomic libraries by Boorstein et al. (1982) 
and Policastro et al. (1983) revealed that mul
tiple copy genes hybridized with the l3-hCG 
cDNA. Boorstein et al. (1982) estimated that 
eight copies of l3-hCG sequences were pres
ent in the human genome. The clone which 
was identified as 'gene 4' was subsequently 
shown to be I3-LH. I3-LH flanked the remain
ing genes which were arranged in tandem 
and inverted pairs on chromosome 19 aulier 
et al., 1984). This cluster had arisen from 
I3-LH by base substitution in the TAA termin
ation codon, leading to readthrough into the 
3' untranslated region, giving rise to the 
unique 30 amino acid carboxy-terminal exten
sion (Fiddes and Goodman, 1980; Fiddes and 
Talmadge, 1984). Independent restriction 
and recombinant clone analysis by Policastro 
et al. (1986) identified only six l3-hCG genes. 
The structural arrangements of the cluster 
and position mapping of the six l3-hCG genes 
and I3-LH were established by Graham et al. 
in 1987. This was subsequently confirmed by 
Jameson and Lindell (1988) (Figure 5.3). 

The structural and functional organization 
of the l3-hCG-LH gene cluster is of great 
interest because the presumed gene dupli
cation from which it arose appears to have 
been followed by functionally significant 
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divergences within the coding and regulatory 
sequences (Talmadge et al., 1984a). 

(d) Equivalent materials in other species 

High levels of chorionic gonadotrophin
like hormones have only been identified in 
pregnant primates and the pregnant horse. 
Placental expression of similar gonado
trophins has not been shown for other mam
mals (Pierce and Parsons, 1981). Using the 
known nucleic acid homology, ~-LH probes 
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have been used in an attempt to identify an 
equivalent ~-CG gene in rats and cattle. Only 
a single ~-LH gene could be detected in these 
species (Tepper and Roberts, 1984; Virgin et 
al., 1985). Evidence for placental hormones in 
primates has been reviewed by Spies and 
Chappel (1984). There appear to be simi
larities in the structure of the CG from goril
las and chimpanzees to that from humans, 
but macaque CG seems to have different anti
genic determinants. Tullner and Hertz (1966) 
recognized CG-like activity in the rhesus 
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Figure 5.3 Composite structure of the l3-subunit of the human chorionic gonadotrophin (l3-hCG) gene 
and the l3-hCG-hLH gene cluster. (Adapted from Boorstein et al., 1982, and Graham et al., 1987.) (A) The 
l3-hCG gene/pseudogene structure: stippled areas represent exons and cross-hatched areas 5' and 3' 
untranslated regions. Introns A and B are marked, as are the cap site (Cap), initiation codon (ATG), 
termination codon (TAA) and polyadenylation site [Poly(A)]. The location of a single HindIII restriction 
site is also shown. Numbers refer to amino acids, negative numbers being signal peptides. (B) The 13-
hCG-hLH gene cluster: solid areas represent genes and pseudogenes. The position of the I3-LH gene is 
marked. Numbers refer to l3-hCG gene/pseudogenes which are labelled in the order of their isolation 
and initial sequence mapping (eight related sequences; Boorstein et al., 1982). l3-hCG gene 6 is an artefact 
of gene library construction and is therefore not mapped (gene 4 being I3-LH Graham et al., 1987). 
Arrows represent gene direction 5'-3'. The positions of EeoR! (R!) and BamHI (BH) restriction sites are 
marked. 
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monkey from about the 35th day of preg
nancy. Hobson and Wide (1972) extracted 
hCG from human placentas and monkey CG 
(mCG) from placentae of rhesus monkeys 
(Macaca mulatta) and marmosets (Callithrix 
jacchus). The mouse uterine weight test was 
used to measure the biological activities of 
hCG and mCG and both were neutralized by 
the addition of antisera raised to the hCG. 
There was no divergence from parallelism in 
the bioassays of the two preparations, but the 
radioimmunoassay to bioassay potency ratio 
was much higher than that of mCG. 

Pregnancy gonadotrophins in equids have 
been intensively studied (Allen, 1979; 
Christakos and Bahl, 1979; Moore and Ward, 
1980; Combarnous, 1981; Bousfield et al., 
1985). Pregnant mare serum gonadotrophin 
(PMSG) was first recognized in the 1930s 
(H.H. Cole and Hart, 1930; Zondek, 1930). It 
is produced in large quantities between the 
40th and 150th days of gestation from the 
structures known as 'endometrial cups'. It is 
a glycoprotein with (X- and l3-subunits and, 
like hCG, has a C-terminal extension, but it 
differs from hCG by having FSH-like activity 
as well as LH. 

A CG from the donkey was purified and 
partially characterized from serum (Aggarwal 
et al., 1980). This proved to be a glycoprotein 
with a similar molecular size to the mare 
gonadotrophin but with slightly less (31% 
compared with 45%) carbohydrate. In bio
assays it was shown to be predominantly 
LH-like. 

The additional carboxy-terminal peptides 
of the horse and donkey I3-CG have very little 
(if any) amino acid homology with those of 
the human and the baboon. The frame shift 
that gave rise to the human and baboon CG 
carboxy-terminal extension was the result of 
a single nucleotide deletion at codon 114 of 
the I3-LH gene. In the absence of a published 
sequence for an equid I3-LH gene, the horse 
and donkey I3-CG sequences have been com
pared with the I3-LH sequence of the cow. 
This has shown that the frame shift respon-

sible for the carboxy-terminal extension is 
due to a nine nucleotide deletion from codon 
112. In addition, there is a loss of amino 
sequence homology for horse and donkey 13-
CGs from codon 127. This is due to the inser
tion of nine additional nucleotides at this 
point in the donkey I3-CG sequence, sugges
ting independent evolution of I3-CG se
quences for primates and equids, and 
indications that further mutations have 
occurred since the evolutionary divergence of 
the horse and donkey (Leigh and Stewart, 
1990). However, the amino acid sequence of 
horse I3-LH is identical to that of horse pla
centally derived I3-CG (Bousfield et al., 1987). 
This suggested that in equids the stop codon 
frame shift which gave rise to the carboxy
terminal extension occurred in the horse 13-
LH gene. This has now been confirmed by F. 
Stewart and Maher (1991) and Sherman et al. 
(1992), who have shown that the horse has 
only a single copy of the I3-LHlCG gene. 
Initial studies also suggest that the same pro
moter and enhancer elements are responsible 
for placental and pituitary expression of this 
equine gonadotropic gene; this is not the case 
for human expression of CG and LH (Knoll, 
1992; Sherman et al., 1992). The variable fra
me shift and gene duplication events giving 
rise to l3-hCG and lengthened equine I3-LHI 
CG sequences suggest a degree of genetic 
instability in the ancestral I3-LH gene. It 
would therefore be of great interest to map 
the evolution of the human I3-CG-LH gene 
cluster through primates of the New and Old 
Worlds. 

(e) l3-hCG gene expression 

Using transfection into simian virus 40 
(SV 40)-transformed Chinese hamster ovary 
(CHO) cells and sequence analysis, Talmadge 
et al. (1984b) found that only l3-hCG genes 3, 
5 and possibly 1 were transcribed in in vitro 
studies. However, the influence of the pro
moter sequence SV 40 virus could not be 
excluded. Transfection into non-transformed 
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mouse Y1 cells (Otani et al., 1988) showed 
that genes 3, 5 and 8 were transcriptionally 
active. Assuming that all the genes are 
regulated by similar promoter and enhancer 
sequences 5' of the initiation codon, only 
genes 3, 5 and 8 are functional. Analysis of 
mRNA extracted from placental and chorio
carcinoma cells by Jameson et al. (1987) 
demonstrated that transcription of [3-hCG 
gene 5 is much the most active (20:1 relative 
to gene 3). This is in agreement with Otani et 
al. (1988), who found that gene 5 was the 
most actively expressed, followed by gene 3, 
then gene 8. A recent study has addressed 
which of the gene/pseudogenes are silent in 
vivo. Bo and Boime (1992) examined [3-hCG 
mRNA from placenta and from the chorio
carcinoma cell line JAR. Though message was 
detectable from genes 5, 3 and 8 in the 
expected order of magnitude, message was 
also detectable from genes 7 and 1 or 2. 
Furthermore, the message arising from either 
gene 1 or 2 was shorter than those from the 
others because of alternative splicing. This 
indicates that at least five of the six genes are 
transcriptionally active but that one may 
undergo alternative splicing. Multiple pro
moter and enhancer regions are present 
within 200 bp 5' of gene 5 of the [3-hCG gene 
cluster (Fenstermaker et al., 1989). However, 
no known promoter sequences such as the 
CAAT and TATAA boxes can be found 
upstream of the cap site of these genes. 
Expression of [3-hCG and a-subunit mRNA 
by trophoblast and choriocarcinoma cells 
is responsive to adenylate cyclase/cAMP. 
Alpha-subunit mRNA expression is 10 times 
faster than that of [3-hCG. This suggests that 
the activation pathways of regulatory DNA
binding nuclear proteins acting on the cAMP 
response elements (CREs) adjacent to the 
a-subunit are not the same as those of the 
[3-hCG genes (Milstead et aL, 1987; Anderson 
et al., 1988; Fenstermaker et al., 1989). All of 
the glycoprotein hormone genes contain 5' 
CRE enhancers which act in conjunction with 
specific pituitary or placental promoters 

(Chin, 1988; Jameson and Lindell, 1988; 
Fenstermaker et al., 1989; Balfour et al., 1990). 
Expression of the common a-subunit must 
depend on multiple promoter regions re
sponsive to specific DNA-binding factors 
occurring in pituitary gonadotrophs and 
thyrotrophs and in the placental trophoblast 
(Balfour et al., 1990). Placental expression of 
the a-subunit only occurs in primates and 
horses. Unlike the a-subunit genes of the rat 
(Burnside et al., 1988) and the mouse (D.F. 
Gordon et al., 1988), which have only one 
CRE, multiple copies of CRE sequences can 
be found 5' of the cap site of the a-subunit 
gene of primates and horses (Chin and 
Gharib, 1986). This suggests that a newly 
evolved promoter element specific to the tro
phoblast interacts with copies of the CRE 
enhancer distinct from those involved in 
pituitary expression of this gene (Knoll, 
1992). Down-regulation of the a-subunit in 
the pituitary is achieved by oestrogen and/ or 
thyroid hormone acting via nuclear recep
tors, such as c-ErbA, and specific regulatory 
elements. For example, down-regulating 
sequences such as the thyroid response 
element, which regulates the expression of 
[3-TSH, are also present in the a-subunit gene 
(Chin, 1988). No such negative-feedback con
trol mechanism has been identified for the 
[3-hCG genes. 

(f) Biosynthesis, glycosylation and 
combination of hCG subunits 

Synthesis of intact hCG, like all the glyco
protein hormones, requires the simultaneous 
activation of both the a- and [3-genes. The 
rate-limiting component of the production of 
intact hCG and the other glycoprotein hor
mones is thought to be the rate of the syn
thesis of the [3-subunit. This is supported by 
evidence that the a~subunit is produced in 
excess by most glycoprotein hormone
secreting cells. The studies of Milstead et al. 
(1987), which showed much faster transcrip
tion of the a-subunit gene in response to 
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cAMP, would also support this assumption. 
In pregnancy, maternal serum contains an 
excess of free ~-hCG in the first 3 or 4 weeks 
post implantation; this is rapidly superseded 
by large quantities of intact hCG, with very 
little free ~-subunit but a steady increase of 
free a-subunit (L.A. Cole et al., 1984a; 
Norman et al., 1985a; Alfthan et al., 1988; L.A. 
Cole et al., 1990). Kaetzel and Nilson (1988) 
have suggested that ~-LH transcription is not 
the rate-limiting step in intact LH synthesis. 
When a-subunit and ~-LH genes were co
transfected into CHO cells, selective amplifi
cation of the a-subunit gene led to an 
increase in expression of intact LH. 
Nevertheless, the pulse-chase experiments of 
Ruddon et al. (1987, 1988) have indicated that 
the newly synthesized ~-LH and ~-hCG 
require time to achieve a conformation 
appropriate for combination with the a
subunit, thus suggesting that ~-subunit syn
thesis is the rate-limiting determinant. 
Furthermore, direct comparison between the 
rates of synthesis of LH and hCG is not poss
ible. 

The transfection studies of Corless et al. 
(1987) have shown that free ~-hCG, once syn
thesized, is rapidly secreted. ~-LH, by con
trast, requires association with the a-subunit 
before it can be secreted. Until this is 
achieved, 90% of newly synthesized free ~
LH is stored in the cell. a-~ association for 
LH was found to be slow and of poor 
efficiency. The transfected ~-hCG gene prod
uct rapidly associated with free a-subunit 
with high efficiency. In agreement with these 
studies, Handwerger et al. (1987) found that 
intact hCG and free ~-hCG are not stored in 
trophoblastic secretory granules. By contrast, 
the free a-subunit can easily be detected in 
pituitary gonadotroph and placental tropho
blast cells. The pulse-chase studies on the 
JAR choriocarcinoma cell line indicate that 
precursors of a- and ~-subunits undergo 
changes which allow subunit association 
(Ruddon et al., 1988). Glycosylation occurs 
after these crucial conformational changes 

(Ruddon et al., 1987, 1988). This order of 
events is supported by the isolation of an 
incompletely glycosylated form of intact hCG 
from human placental tissue (H. Wang et al., 
1988). No O-linked sugars could be detected, 
only shortened N-linked moieties. It is there
fore possible that N-linked glycosylation be
gins at the same time as the synthesis of 
precursors, while O-linked sugars are added 
at the time of subunit association. It should 
be noted that in these studies only 50% of the 
~-hCG synthesized by the JAR cell line com
bined with the a-subunit despite an excess of 
free a-subunit. This may reflect defects in the 
processing pathway of this and other hCG
producing carcinomas. 

5.3.2 METABOLISM 

Only 22% of serum hCG is excreted intact 
into the urine (Wehmann and Nisula, 
1981). Surprisingly, dissociated free a- and ~
subunits of hCG are not found in the urine of 
subjects infused with purified intact hCG. 
This is not true of pregnancy urine, in which 
these free subunits are readily identified 
(Nisula et al., 1989). Clearly the majority of 
intact hCG is processed by mechanisms other 
than direct urinary clearance (Sowers et al., 
1979). The free subunits of hCG have much 
faster clearance rates than intact hCG: the 
mean clearance rate (MCR) of intact hCG is 
1. 9 mI!min m2; free a-subunit 50 mI!min m2; 

free ~-subunit 19 mUmin m2 (Sowers et al., 
1979; Wehmann and Nisula, 1980a; 
Wehmann et al., 1989). Less than 1 % of these 
free subunits are excreted unaltered into the 
urine (Wehmann and Nisula, 1980a). 

Animal studies have shown that hCG is 
taken up by the liver, kidney and ovaries. 
The kidneys are the most important, account
ing for 70-80% (Markkanen et al., 1979; K.L. 
Campbell et al., 1981; Nisula et al., 1989). 
Hepatic absorption is predominantly via the 
Kupffer cells of the liver sinusoids and 
ovarian by the thecalluteal cells. Renal ab
sorption is by cells of the proximal tubules 
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(Markkanen et al., 1979; KL. Campbell et al., 
1981). Unlike the liver and ovary, virtually no 
intact hormone can be recovered from kidney 
tissue homogenates. Kidney homogenate 
studies have also shown that a-subunit is 
processed much more rapidly than the 13-
subunit, which is also retained for longer 
(Nisula et al., 1989). Whilst desialylation in
creases hCG MCR by up to 200 times, the 
quantity of desialylated intact hCG excreted 
directly into the urine falls to less than 2.5% 
of that infused (Rosa et al., 1984; Nisula et al., 
1989). However, desialylation, and hence ex
posure of terminal galactose sugars, does not 
affect liver uptake, nor does blockade of hep
atic galactose receptors (Nisula et al., 1989). 

A major immunoreactive form of l3-hCG 
found in pregnancy urine is a low molecular 
weight species clearly distinguishable on 
Sephadex G-100 exclusion chromatography 
from intact and free l3-subunit of hCG (Kato 
and Braunstein, 1988). Originally reported in 
pregnancy urine by Franchimont et al. (1972), 
similar material was also found in the urine of 
patients with hCG-expressing tumours (Vai
tukaitis, 1973). This degradation product of 
the l3-subunit of hCG has been given various 
names; the commonest designation, 'l3-core 
fragment', is so named because it retains im
munological determinants common to the 
'core' structure of hCG but not those of the 
carboxy-terminal peptide (Akar et al., 1988; 
Wehmann et al., 1987). The l3-core fragment 
has only recently been fully characterized. It 
consists of two polypeptide chains resulting 
from tryptic degradation of the l3-subunit of 
hCG. Amino acid residues 6-40 and 55-92 of 
this subunit, joined by disulphide bridges, 
constitute the l3-core fragment (Birken et al., 
1988). It therefore lacks the unique carboxy
terminal peptide and LHlhCG receptor
binding regions. Because it retains confor
mational immunological determinants com
mon to intact and free l3-hCG, it is recognized 
by many polyclonal antisera raised against 
(13)-hCG (lIes et al., 1990). l3-core is essentially 
undetectable « 0.2 ng/ml) in the sera of 

pregnant women or volunteers and animals 
infused with exogenous intact hCG and 13-
hCG. Though detectable in the urine, its 
appearance in experimental animals and 
volunteers is delayed for up to 24 h, despite 
detection of urinary intact hCG very shortly 
after administration. Furthermore, analysis 
of rat tissue homogenates following absorp
tion of exogenous hCG reveals immuno
reactive l3-hCG-like material of the same 
molecular size as l3-core on Sephadex G-100 
chromatography (Nisula et al., 1989). Purified 
l3-core infused into volunteers is cleared 100 
times faster than intact hCG (MCR 192.0 ml/ 
min m2). However, further degradation is 
likely since only 9% of infused material is 
recovered in the urine (Wehmann et al., 
1989). The measurable urinary clearance rate 
of intact hCG, subunits and core is much 
lower than the circulatory clearance rates. It 
is therefore evident that uptake and process
ing of hCG by body organs, most probably by 
cells of the renal proximal tubules, is the 
principal route for hCG metabolism. l3-core is 
therefore likely to be one of these metabolic 
products and the predominant form of 13-
hCG immunoreactivity in urine (Wehmann 
and Nisula, 1980b; Nisula et al., 1989; 
Wehmann et al., 1989, 1990). 

Despite its apparent absence in sera, sev
eral workers have suggested that [3-core is a 
distinct product of the placenta and neo
plasms (L.A. Cole and Birken, 1988; Kardana 
et al., 1988). Recently, it has been suggested 
that the urinary l3-core fragment of human 
chorionic gonadotrophin (hCG) may be a 
marker in women with non-trophoblastic 
gynaecological malignancy (L.A. Cole et al., 
1988; Y. Wang et al., 1988; Nam et al., 1989; 
c.L. Lee et al., 1991). This is largely based on 
the observation that l3-core can often be the 
sole measurable hCG-related tumour marker 
in some cancer patients (Papapetrou and 
Nicopoulou, 1986). 

More recent studies have shown that im
munoreactive [3-core-like material is present 
in urine of pre- and post-menopausal women 
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with no malignant disease. The levels are 
five times higher in the post- than the pre
menopausal woman (C.L. Lee et al., 1991). 
Immunochemical characterization of this 
post-menopausal material revealed that it 
was of the same molecular size as the [3-core 
of hCG but considerably more immuno
reactive in LH assays than authentic [3-core of 
pregnancy. Significant quantities of intact 
hCG .are not found in the blood or urine 
of post-menopausal women; however, LH 
levels are elevated. Theoretically, a break
down product similar to hCG [3-core should 
result from the metabolism of LH in the kid
ney. The amino acid sequence of a putative 
LH [3-core would be virtually identical to that 
of hCG-[3-core (Iles et al., 1992). 

The process by which intact hCG is metab
olized would appear to begin in the blood 
with the cleavage ('nicking') of internal bonds 
at residues 43-49 of the l3-subunit whilst it is 
still associated with the ex-subunit (L.A. Cole 
et al., 1993). This is the centre of a major 
binding loop (residues 38-57) common to 
both LH and hCG (Ryan et al., 1987). This 
region is also missing in the [3-core molecule 
of hCG. Identical 'nicking' was described in 
preparations of LH 20 years earlier (Shome 
and Parlow, 1973). Thus, both nicked intact 
hCG and nicked LH have been identified, 
suggesting a common degradation pathway. 
The existence of a [3-LH core implies the exist
ence of [3-TSH core and [3-FSH core molecules 
(Iles et al., 1992). 

5.3.3 CHEMISTRY 

(a) Methods of extraction 

The earliest methods depended on precipi
tation from urine with acetone or ethanol, but 
adsorption to benzoic acid is more economi
cal (Katzman and Doisy, 1934). The benzoic 
acid precipitate can be dissolved in acetone or 
ethanol, which simultaneously precipitates 
the adsorbed protein. Adsorption of the hor
mone from acidified urine to Permutit (Katz-

man et al., 1943) or to kaolin with subsequent 
elution in alkali and precipitation from etha
nol has also been widely used. Methods are 
also available for extracting the hormone 
from placental tissue, trophoblastic tumours 
or from male choriocarcinomas (Bates et al., 
1968; Ashitaka et al., 1972; Pala et al., 1973). 

(b) Methods of purification 

In early work on hCG, the studies of Got and 
Bourrillon (1960) are notable because of the 
thoroughness and care with which they were 
carried out. Benzoic acid extracts were frac
tionated on Permutit using a mixture of am
monium acetate and ethanol (60:40, v/v). A 
potency of 13 000 IV/mg was obtained and 
some of the chemical characteristics were 
listed, including the fact that the product was 
a glycoprotein with approximately 30% by 
weight of carbohydrate. 

Purification procedures reported by later 
workers have been complicated by the con
siderable heterogeneity found in the hCG 
molecule, primarily because of variations in 
carbohydrate structure. van Hell et al. (1968) 
and Bell et al. (1969) used CM-Sephadex or 
cellulose, gel filtration on G-lOO and isoelec
tric focusing. In the pH range 3-5, several 
species of molecule were recognized with 
biological activities ranging from 1700 i.u. to 
18 000 iu/mg. The potencies correlated well 
with the sialic acid contents which varied 
from 2.9 to 10.7%. Goverde et al. (1968) found 
that a loss of 0.3% sialic acid lowered the 
biological activity from 18 000 to 12 000. The 
protein portions of these molecules had rela
tively constant amino acid composition and 
were immunologically identical. 

Preparations of hCG purified from 
commercial-grade material by Bell et al. (1969) 
and Canfield et al. (1971) have been widely 
used. Conventional techniques including 
chromatography on ion exchange and gel fil
tration yielded material with biological 
activity consistently between 13 000 and 
15 000 iu/mg. 
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Clearly the definition of purity is not 
straightforward because of variations in the 
sialic acid content. Canfield et al. (1971) 
suggested that one criterion for purity should 
be an analysis of the protein content of the 
hormone, with 12 proline residues per 100 
residues, as was obtained in their own puri
fied material. 

(c) Properties 

The molecular weight of hCG (38 000) is 
higher than that of the other glycoprotein 
hormones because of the extension at the 
C-terminus of the l3-subunit (F.J. Morgan et 
al., 1975). The isoelectric point, 2.9-3.5, is 
lower than that of the pituitary gonado
trophins on account of the high sialic acid 
content, which has been estimated to be 
about 8.5% (Bahl, 1969; Mori, 1970). The 
Stokes' radius is 30 A and the hydrodynamic 
radius about 25 A. 

(d) Structure in relation to function 

The a- and l3-subunits of hCG can be revers
ibly dissociated, as can those of the other 
glycoprotein hormones (Gray, 1988). The 
amino acid sequence of the a-subunit (Ryan 
et al., 1987) is identical to that of the a

subunits of the glycoprotein hormones of the 
pituitary, but in almost all studies so far some 
heterogeneity has been reported at the N
terminus. Keutmann et al. (1978) found that 
the full 92 residues (Figure 5.2) made up 60% 
of the a-subunit, while 30% lacked the last 
three residues and 10% the last two residues 
at the N-terminus. However, these forms all 
recombine with l3-subunits to give biologi
cally active molecules so that heterogeneity is 
apparently of no consequence for subunit 
interactions or for biological activity. 

The first 115 amino acids of l3-hCG share 
82% homology with l3-hLH. Furthermore, 
there is more than 40% amino acid homology 
among all the l3-subunits of this family. The 
most conserved regions are around the 12 

cysteine residues (Pierce and Parsons, 1981). 
This suggests similarity in the folding pat
terns of the l3-subunits, a concept which is 
further supported by the fact that the com
mon a-subunit associates with alll3-subunits. 
In addition, structural domains exposed by 
common disulphide bonds may be involved 
in subunit-receptor as well as subunit
subunit interactions; there is significant 
binding activity of hCG with the LH and the 
TSH receptors (Ryan et al., 1987). Thus, there 
are many common secondary and tertiary 
domains which are probably accounted for by 
the disulphide linkages. 

Disulphide bridges 

Full analysis is available for the disulphide 
bonds of the l3-subunits of ovine LH (D. 
Chang et al., 1975; Tsunasawara et al., 1977), 
bovine LH and TSH (Reeve et al., 1975), 
human CG (Mise and Bahl, 1981) and human 
FSH (Fujiki et al., 1980) (see Table 5.1a). 

Despite the conserved position of the half 
cysteines there is only agreement on the pair
ing of three of the six bridges: Cys-23-Cys-72, 
Cys-26-Cys 110 and Cys-9-Cys-100. Detailed 
analysis is difficult because the disulphide 
bonds are clustered in regions where few 
intervening peptide bonds are readily sus
ceptible to hydrolysis. Based on partial re
duction and S-14C-carboxy-methylation, Mise 
and Bahl (1981) assigned the remaining three 
pairs as Cys-9-Cys-90, Cys-34-Cys-88 and 
Cys-38-Cys-57. Willey and Leidenberger 
(1989) constructed a three dimensional mol
ecular model based on published findings, 
agonist receptor binding, epitope mapping 
and computer modelling by hydrophobic 
region/comparative sequence analysis. This 
assigned the remaining hCG disulphide 
bridges as Cys-23-Cys88, Cys-34-Cys-57 and 
Cys-38-Cys-72. Mise and Bahl (1981) postu
lated that a large receptor-binding loop was 
stabilized by cysteine residues 38 and 57. 
Synthesis of this region yielded an agonist 
with moderate binding activity in a competi-
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Table 5.1 Assignment of disulphide bond partners for ovine (0) and bovine (b) LH 
and human chorionic gonadotrophin (hCG) subunits 

a-subunit 

oLH oLH bLH hCG hCG 

Chang et al. Tsunasawara et al. Reeve et al. Mise and Bahl Willey and 
Leidenberger 

(1975) (1977) (1975) (1981) (1989) 

9-38 9-90 9-90 9-90 
23-72 23-72 23-72 23-88 
26-110 26-110 26-110 26-110 
34-90 34-88 34--88 34-57 
57-88 38-57 38-57 38-72 
93-100 93-100 93-100 93-100 93-100 

B-subunit 

oLH bLH hCG hCG 

Chang et al. Cornell and Pierce Mise and Bahl Willey and 
Leidenberger 

(1973) (1974) (1980) (1989) 

11-64 11-35 11-35 11-35 
14-36 14-36 14-36 14--88 
32-88 32-64 32-64 32-64 
35-63 63-91 63-91 63-91 
36-91 86-88 96-88 86-36 

tive hCGILH receptor assay (Keutmann et al., 
1987; Ryan et al., 1988). 

The pairing of Cys-38 with Cys-72 by 
Willey and Leidenberger (1989) is largely 
based on a comparison of the sequence and 
tertiary structure of the intact hCG a-13 com
bined receptor-binding domain with those of 
the substrate-binding cleft of bovine chymo
trypsin. Antigenic mapping studies have 
shown that some epitopes present in the free 
l3-subunit, particularly those specific for the 13 
Cys-38-Cys-57 loop, are lost upon association 
with the l3-subunit. These epitopes are not 
masked by the l3-subunit; instead, association 
of the subunits leads to a conformational 
change, and new epitopes specific for this 
region arise (R.K. Campbell et al., 1988). 
Furthermore, intracellular forms of l3-hCG 
have been detected which cannot associate 

with the free a-subunit. This is possibly due 
to aberration in the intramolecular disulphide 
bridges (Ruddon et al., 1988). 

The importance of the remaining disul
phide bonds in subunit-subunit, secretion 
and receptor interactions has not been fully 
established (Ryan et al., 1988). The disulphide 
pair I3-Cys-93-Cys-lOO is most accessible to 
reduction. Since it is part of a receptor
binding region, reduction is associated with 
loss of biological activity (Pierce and Parsons, 
1981; Ryan et al., 1988; Willey and 
Leidenberger, 1989). Based on the disulphide 
pairing of Mise and Bahl (1981), a series of 
site-directed mutagenic constructs replacing 
the specific cysteine codons for serine or ala
nine in the l3-hCG gene were transfected into 
CHO cells by Suganuma et al. (1989). The 
normal a-subunit gene was co-transfected 
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and the proposed disulphide bridge partners 
of the l3-subunit were disrupted by mutating 
one or both cysteines. The effects of such 
changes on assembly and secretion of intact 
hCG were studied by comparing in vitro 
secretion of hCG by CHO cells containing 
transfected wild-type genes with those 
containing the mutants. Surprisingly, the 
findings were inconsistent for individual and 
paired cysteine mutations. The secretion of 
intact hCG was greatly reduced with single 
mutations at Cys-26, -110, -72 and -90, but 
was reduced too a much lesser extent if the 
proposed partner was jointly mutated. All 
other mutations resulted in non-formation of 
the heterodimer of intact hCG. The free 13-
subunit of hCG is rapidly secreted once 
formed. Comparison of the secretion rates of 
mutant and wild-type genes showed that if 
intact hCG was not formed the rate of l3-hCG 
secretion was increased. Thus, alteration of 
cysteine residues impedes and, in most 
cases, prevents a-13 subunit association. 
However, the stability of the free l3-subunit is 
unaffected. 

The pairing of the five disulphide bonds of 
the a-subunit is also disputed (see Table 5.1b) 
(Ryan et al., 1987). For example, Willey and 
Leidenberger (1989) have inverted two of the 
pairings assigned by the widely accepted 
reduction/alkylation studies of Cornell and 
Pierce (1974) and Mise and Bahl (1980) (i.e. 
Cys-14-Cys-88, Cys-36-Cys-86 instead of 
Cys-14-Cys-36, Cys-86-Cys-88). In addition, 
a form of a-subunit which does not combine 
with the l3-subunit has been identified (Beebe 
et al., 1989). Finally, some of the antigenic 
conformational changes that occur when the 
a- and l3-subunits combine may be a conse
quence of intradisulphide bridge partner 
exchange on both molecules. 

Helices and l3-pleated sheets 

No successful X-ray crystallographic examin
ation of hCG has been achieved. However, 
estimates of the relative proportions of sec-

ondary structural components have been ob
tained from optical dichroism studies 
(reviewed by Pierce and Parsons, 1981). 
For the glycoprotein hormones as a whole, 
a-helix content is low (5-8%) and the content 
of l3-pleated structures is relatively high 
(25-40%). Computer modelling based on pri
mary sequence data shows that alll3-subunits 
exhibit homologous regions of extended 13-
pleated sheeting. For l3-hCG the estimates 
are: 1 % a-helices, 71 % l3-pleated sheeting 
with 27% l3-turns, and 11 % random coils. 
With the two subunits combined the pro
portion of l3-pleated sheeting is reduced to 
61 % (Pierce and Parsons, 1981). The numer
ous disulphide bridges indicate a high degree 
of l3-pleated sheeting and the close sequence 
pairing of cysteine partners is consistent with 
the high content of l3-turns (Le. a-Cys-86-
Cys-88, I3-Cys-93-Cys-100). 

Glycosylation - heterogeneity and function 

The glycoprotein hormones are characterized 
by large sugar moieties linked to the aspara
gine (Asn) residues of both the a- and 13-
chains. The common a-subunit has two 
N-glycosidic-linked complex branched dode
casaccharide moieties on Asn-52 and Asn-78. 
All the l3-subunits have two similar N
glycosidic moieties on Asn-13 and Asn-30. In 
addition, l3-hCG has four serine O-glycosidic
linked, tetrasaccharide, mucin-type moieties 
on residues 121, 127, 132 and 138 of the 
unique carboxy-terminal extension. The com
position and biantennae structural arrange
ment of the sugar moieties, N- (Figure 5.4) 
and 0- (Figure 5.5) glycosidic, elucidated for 
pregnancy hCG by Kessler et al., (1979a,b) is 
still widely accepted. 

Microheterogeneity has frequently been 
found in the structure of these carbohydrate 
moieties (Endo et al., 1979; Kennedy and 
Chaplin, 1976; Mizuochi and Kobata, 1980; 
Bahl and Wagh, 1986; Kobata 1988). hCG oli
gosaccharides contain N-acetylneuraminic 
acid (NANA, sialic acid) attached exclusively 
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Figure 5.4 Carbohydrate structure of N-glycosidic moieties in a- and J3-subunits of hCG (Bahl and 
Wagh, 1986; Ryan et aI., 1987). Some chains have been reported to terminate at the points indicated by 
the arrows. The fucose residue is present only in the J3-subunit. NANA: N-acetylneuraminic acid (sialic 
acid); Gal: galactose; Man: mannose; Fuc: fucose; GlcNAc: N-acetylglucosamine. 

by 2,3 linkage to galactose residues rather 
than the 2,6 linkage more commonly found in 
serum glycoproteins such as transferrin and 
immunoglobulins. The functional signifi
cance of this is unknown. Heterogeneity has 
been reported in the fucose residues attached 
in some chains to the inner N-acetyl
glucosamine (GlcNAc) residue. The aspara
gine complex on the a-subunit is not 
fucosylated. A monoantenna form of this 
asparagine complex has also been identified 
in normal pregnancy hCG. The Kessler clas
sic form and the two variant forms described 
are distributed on the a- and l3-subunits of 
pregnancy hCG in a set ratio (Kobata, 1988). 
Small amounts of triantennary forms have 
been described on the l3-subunit of preg
nancy hCG (Damm et ai., 1988). Similar 
heterogeneity has been described for the ser
ine O-linked carbohydrates moieties by L.A. 
Cole (1987) who identified hexasaccharide, 
trisaccharide and disaccharide forms in addi
tion to the tetrasaccharide. 

Differences in the composition of the oligo-

u2,3 ~1,3 
NANA __ Gal - GalNAc __ Ser __ Prot 

r u2,6 

NANA 

Figure 5.5 Carbohydrate structure of O-glycosidic 
moieties in J3-hCG (Kessler et aI., 1979b). GaINAc: 
N-acetylgalactosamine. 

saccharides in the a-subunit of hCG and 
the pituitary glycoprotein a-subunits have 
been recognized (Nilsson et ai., 1986), and 
although terminal sulphated carbohydrates 
exist in a-LH none have been found in a-hCG 
(Parsons and Pierce, 1980). This is explained 
by the different oligosaccharide-processing 
enzymes present in the tissues of origin: 
sulphation of LH in the pituitary is due 
to sulphotransferase activity not found in 
the placenta (Green et ai., 1986). Blithe and 
Nisula (1985) recognized differences between 
the oligosaccharide structures contained in 
the a-subunit of hCG obtained by dis
sociation of hCG itself and the forms of the 
free a-subunit which are recognized in urine 
of pregnant women. A major difference 
appeared to be in the higher sialic acid con
tent of the free forms. 

A hyperglycosylated variant of free 13-
subunit has been isolated from pregnancy 
serum and hCG-secreting trophoblast cul
tures; this contains an additional mucin-type 
sugar residue O-linked to Thr-39 (L.A. Cole et 
al., 1984b), First identified by Parsons et al. 
(1983) in bovine pituitary extracts, the addi
tional glycosylation prevented subunit 
association with bovine I3-LH (Parsons and 
Pierce, 1984). However, some studies have 
shown that the presence of this additional 
sugar moiety does not affect assembly of the 
a-13 heterodimer (Peters et ai., 1989). 

Heterogeneity has also been noted in 
the peripheral chains, some terminating in 
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NANA and others in galactose or mannose. 
Whether these differences are related to vari
ations in the post-translational operations 
which occur during biosynthesis or to degra
dation during purification is not known. 

In neoplastic expression of hCG, consider
able variability in the glycosylation has been 
found (Yoshimoto et al., 1979). The most 
striking cause of physicochemical heterogen
eity of hCG is the variation in the proportion 
of terminal sialic acid residues present on 
these sugar moieties. This is responsible for 
the numerous acidic isoforms of hCG. Yazaki 
et al. (1980) and many others have demon
strated multiple isoforms of pregnancy hCG 
with pI values between 3.9 and 6.0. The 
hCG produced by gestational trophoblastic 
tumours shows increased glycosylation with 
triantennary branches of the asparagine
sugar moieties. Urinary hCG from patients 
with choriocarcinoma has a reduced number 
of terminal sialic acid residues, despite an 
increase in antennae susceptible to sialation 
(Nishimura et al., 1981; Mizuochi et al., 1983; 
Kobata, 1988). This is in contrast to the shift 
towards acidic isoforms of hCG (predomi
nantly pI 3.5, 3.8 and 4.0) found in serum 
from choriocarcinoma patients (Yazaki et al., 
1980; Mann et al., 1986; Kobata, 1988; L.A. 
Cole et al., 1990). 

In normal pregnancy, isoforms of pI 3.9, 
4.0,4.2 and 4.4 are the most prevalent, with a 
shift towards the more basic forms as preg
nancy progresses (L.A. Cole et al., 1990). This 
pI isoform shift may be reflected in the ratio 
of biological assay potency to immunoassay 
estimation (BII); this ratio is greatest in early 
pregnancy (reviewed by Stockell Hartree, 
1989). Two factors may explain this changing 
ratio. First, the presence of sialic acid de
creases the rate of hCG clearance from the 
peripheral circulation because of reduced 
binding to hepatic lectins (Van Hall et al., 
1971). Second, though the affinity of hCG for 
the LH-hCG receptor is enhanced, the ability 
of the deglycosylated hCG molecules to trig
ger a cAMP response is diminished (H.C. 

Chen et al., 1982; Sairam and Bhargavi, 1985; 
Keene et al., 1989). These sugar-depleted 
molecules can act as an antagonist (H. C. 
Chen et al., 1982; Ranta et al., 1987). 

Similar variation in glycosylation is seen 
with other glycoprotein hormones. Changes 
in glycosylation may represent control mech
anisms for LH, FSH and hCG bioactivity. 
Changes in pI and BII ratio are seen during 
the menstrual cycle and at different repro
ductive stages such as puberty and the meno
pause (reviewed by c.A. Wilson et al., 1990). 

The carboxy-terminal extension of hCG 

J3-hCG possesses a 30 amino acid carboxy
terminal extension, which arose following 
evolution from J3-LH. It contains four sites of 
mucin-type glycosylation at serine residues 
121, 127, 132 and 138. Many highly specific 
assays have been developed using antibodies 
directed against this region. Indeed, syn
thetic peptides corresponding to this region 
constitute the WHO contraceptive vaccine 
(Stevens, 1986). The role of this unique re
gion in hCG function has only recently been 
established (Matzuk et al., 1990). Using site
directed mutagenesis, a termination codon 
(T AA) was introduced at codon 115 of the 
hCG gene to produce a truncated peptide 
similar to J3-LH. This construct was trans
fected together with the wild-type a-subunit 
gene into CHO cells. To address the role of 
the mucin-like sugar moieties of this region, 
wild-type a- and J3-hCG genes were also co
transfected into the a-linked glycosylation
defective murine cell line IdID. The ex
pressed mutant hormones were tested for 
receptor binding and gonadotrophic activity. 
In vitro, the truncated and O-linked glycosyl
ation mutant forms had the same receptor
binding characteristics and stimulatory 
effects as the wild-type hCG. This finding is 
consistent with immunological studies which 
show that the carboxy-terminal region is a 
surface structure which is still exposed when 



478 Hormones of the placenta 

hCG binds to the LH-hCG receptor. Thus, 
this region contributes little to tertiary struc
ture and receptor-binding function (Louvet et 
al., 1974; Bidart et al., 1987). The carboxy
terminal region has no effect on j3-hCG gene 
expression or a-j3 subunit assembly (EI-Deiry 
et al., 1989, Matzuk et al., 1990). The in vivo 
activities of the truncated form and glycosyl
ation mutants were 3-4 times less than that 
of the wild type (Matzuk et al., 1990). This 
finding is consistent with the glycosylation 
studies and suggests that the biological func
tion of the glycosylated carboxy-terminal 
extension is to prolong the circulating half
life of intact hCG. 

Theoretical tertiary and quaternary models 

Although the linear sequences of all the 
glycoprotein hormone subunits have been 
known for over 15 years, little progress has 
been made in determining the three
dimensional structures. Heterogeneity in the 
carbohydrate moieties prevents the forma
tion of crystal suitable for X-ray diffraction 
studies. Only two groups have described the 
formation of hCG crystals suitable for X-ray 
analysis after chemical or enzymatic re
duction of the carbohydrate moieties with 
hydrogen fluoride or neuraminidase (Harris 
et al., 1989; Lustbader et al., 1989). Neverthe
less, two tertiary models have been pro
posed: one by Moyle, Lustbar and Canfield 
(discussion section of Ryan et al., 1987) is 
based on the disulphide bond assignment of 
Mise and Bahl (1981). The second, by Willey 
and Leidenberger (1989), is based on their 
assignments of the disulphide bonds. The 
main differences between the models are in 
the assignment of three pairs of disulphide 
bonds on the j3-subunit and a further two on 
the a-subunit. Synthetic peptides have been 
made which emulate various segments of the 
a- and j3-subunits of LH and hCG. These 
have been used to determine which peptides 
bind to the LH-hCG receptor, stimulate 
testosterone production in the Leydig cell 

assays and block intact hCG or LH activity. 
Considerably more peptide (typically 109) 

was required to compete with or match intact 
hCG (Ryan et al., 1987). Inhibitory binding 
constants, defined as the concentration 
required to inhibit the binding of labelled 
hCG by 50%, were compared: a peptide con
sisting of a-subunit residues 26-46 was 
found to be the most effective inhibitor (bind
ing constants: a-26-46 10-4 M, a-subunit 
10-7 M, intact hCG 10-11 M). It was also 
found to block the activity of thyroid
stimulating antibodies. This suggests that the 
binding site for a-26-46 is close to the immu
nogenic site recognized by autoantibodies 
from patients with Graves' disease. A weaker 
inhibitor region was found at a-76-92 (bind
ing constant >10-3 M) (Ryan et al., 1988). 
The model proposed by Moyle et al. (1987) 
has these two regions internally stabilized by 
the disputed disulphide bridges. By contrast, 
the model of Willey and Leidenberger (1989) 
does not have these binding 'loops' internally 
stabilized. However, in this model the two 
binding loops are linked by a disulphide 
bridge a-Cys-36-Cys-88. 

The specific [3-subunits of the intact hor
mones bind directly to receptors. Two major 
receptor-binding regions have been ident
ified: [3-Cys-93-Cys-100 and [3-Cys-38-Cys-
57. The [3-Cys-93-Cys-l00 region is common 
to all the glycoprotein [3-subunits and has a 
binding constant of 10-4 M (free [3-hCG 
10-4 M, intact hCG 10-10 M). Peptide [3-Cys-
38-Cls-57 has a similar binding constant 
(10- M) but is only common to [3-hCG and 
[3-LH. There are three amino acid differences 
in the primary structure of LH in this region; 
this is reflected in the slightly greater binding 
constant for the LH-derived peptide 
(approximately 10-5 M). Thus, this region 
may represent the hCGILH-specific receptor
binding determinant (Ryan et al., 1987, 1988). 
Monoclonal antibodies raised against these 
receptor-binding regions inhibit the assembly 
of the intact hormone. Thus, the combined 
receptor-binding/stimulating region of intact 
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hCG appears to be at the interface between 
the a and j3-subunits (Bidart et al., 1988; R.K. 
Campbell et al., 1988; Canfield et al., 1988; 
Ryan et al., 1988). 

Quaternary CG structure and relationship to 
serine proteases 

In the sequence analysis and three
dimensional structural models of Willey and 
Leidenberger (1989), a- and j3-subunit shape 
was largely based on the similar core struc
ture of chymotrypsin. In chymotrypsin, and 
all serine proteases, enzymatic activity is a 
tertiary interaction of remote linear sequence 
amino acids, serine, histidine and aspartic 
acid. By homologous modelling, Willey and 
Leidenberger (1989) suggested that, for hCG, 
Ser-38 and His-83 on the a-subunit formed a 
similar active site with the j3-subunit Asp-99, 
the latter being the only conserved aspartic 
acid residue in all reported j3-subunit se
quences (Bousfield et al., 1987). Recently, 
Chen and Puett (1992) changed the hCG 13-
subunit Asp-99 to an arginine residue by site
directed mutagenesis. 

Co-transfection with a bovine a-subunit 
gene into CHO cells resulted in expression of 
an intact CG molecule which bound to the 
LH-CG receptor. However, it could not trig
ger cAMP production and thus biological 
activity was abolished. No other mutations 
were present and similar constructs using 
wild-type hCG j3-subunit gene were effective 
stimulators of cAMP production. The evi
dence is that a serine protease-like interaction 
of hCG a-Ser-38, a-His-83 and j3-Asp-99 acti
vating the LH-hCG receptor would imply 
that cleavage of peptide bonds causes an irre
versible change in the conformation of the 
triggered receptor. Furthermore, this inter
action would be common to all glycoprotein 
hormones when activating their respective 
receptors. Such a mechanism might have 
evolved by retaining tertiary/quaternary 
structures for core cleavage function (recep
tor activation), whilst the addition of new 

structures conferred specificity (i.e. receptor 
binding). 

5.3.4 CONTROL MECHANISMS 

Regulation of the secretion of hCG by the 
placenta is not well understood. LHRH-like 
material has been identified in placental 
secretions, and it is possible that there is 
control similar to that of pituitary hormones 
(Belisle et al., 1986; Elkind-Hirsch et al., 1989). 
In support of this, Siler-Khodr et al. (1983) 
showed that an antagonist to LHRH inhibited 
the release of hCG, a-subunit and progester
one from mid-term placentas in vitro. This 
effect occurred rapidly and could be partially 
restored by LHRH. Gibbons et al. (1975) 
demonstrated that trophoblastic cells syn
thesize LHRH in vitro. There is in vitro 
evidence that progesterone suppresses the 
release of hCG (E.A. Wilson et al., 1980, 
1984a) but there is little information on how 
progesterone or other factors modulate 
cellular levels of mRNAs in coding a- and 13-
hCG. Maruo et al. (1986) investigated the 
effect of progesterone on the production and 
secretion of hCG in normal placenta and 
choriocarcinoma. In normal early placentas, 
progesterone decreased cellular levels of a

and [3-hCG mRNAs and there was a fall in 
the hCG and a- and l3-hCG released. 
Progesterone did not affect hPL mRNA or 
hPL release. However, choriocarcinoma tis
sue did not respond to progesterone. 

Several other agents modulate hCG se
cretion. Epidermal growth factor (EGF) can 
increase DNA, RNA and protein synthesis in 
cells. Receptors for EGF have been identified 
in many tissues, including the placenta. EGF 
does not increase hCG production from nor
mal placentas but doubled the secretion from 
a choriocarcinoma cell line (Huot et al., 1981; 
E.A. Wilson et al., 1984b). The placenta is 
also rich in adrenergic receptors and [3-
adrenergic-stimulated adenylate cyclase. 
Shu-Rong et al. (1982) found that the adren-
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ergic ~-receptor agonist terbutaline increased 
placental hCG secretion but did not affect 
hPL. Corticosteroids have also been impli
cated. E.A. Wilson and Jawad (1982) 
observed that natural and synthetic corticos
teroids increased the secretion of hCG from 
placental tissue in vitro and the effect was 
decreased by progesterone: hPL secretion 
was not found to be affected by 
corticosteroids. 

Retinoic acid and synthetic analogues of 
retinoic acid control cell differentiation in 
many epithelial tissues, and these were 
found by Chou et al. (1983) to induce pla
cental hCG secretion in vitro while inhibiting 
u-hCG secretion. The ratio of u-hCG to intact 
hCG was also altered in choriocarcinoma 
cells. 

5.3.5 BIOLOGICAL PROPERTIES 

Strong circumstantial evidence has dictated 
the 'classical' function of hCG as the human 
fetal/placental signal for maternal recognition 
of pregnancy. In any animal in which the 
gestational period exceeds that of the oes
trous cycle, the conceptus must signal its 
presence at implantation, halt ovarian cycli
city and maintain the receptive endometrium 
by rescue of the corpus luteum. This process 
is essential in many placental mammals. CG 
is known to have gonadotrophic activity 
(Aschheim and Zondek, 1927b) and, by 
virtue of its close structural and genetic 
homology with LH, it binds and stimulates 
the LH receptor. Not surprisingly, in pri
mates and equids, CG is the suggested luteo
trophic mediator of this process. In early 
human pregnancy the corpus luteum is the 
major source of the progesterone, which 
maintains the thickened endometrium 
(Csapo and Pulkkinen, 1978). During a nor
mal human menstrual cycle, progesterone 
levels rise rapidly for the first 6-7 days 
following ovulation, plateau for 3-4 days 
then decrease until menses. In pregnancy, by 
contrast, the corpus luteum continues to pro-

duce progesterone for at least 4-6 weeks after 
ovulation (Tulsky and Koff, 1957). Thereafter 
it becomes relatively quiescent: at 6-8 weeks 
progesterone levels transiently decrease, fol
lowed by a secondary rise with the indepen
dent secretion of progesterone by the 
placenta (the 'luteal-placental shift') (Batzer, 
1980). 

There is much evidence to support the 
view that CG is responsible for the rescue of 
the corpus luteum. It is secreted very early in 
pregnancy, being detectable in culture media 
of preimplantation human embryos 7-8 days 
after in vitro fertilization, and in maternal 
serum 6-9 days after conception (Braunstein 
et al., 1976; Fishel et al., 1984; Lopata and 
Hay, 1988). The progesterone rise during the 
first 4 weeks following conception follows the 
rise in maternal serum hCG (Yoshimi et al., 
1969). Cultured luteal cells from different 
stages of development of the corpus luteum 
show peak hCGILH receptor concentrations 
at 20-24 days post menses (Bolton et al., 
1980). This coincides with the earliest time at 
which maternal serum hCG can be detected. 

In vitro, hCG stimulates luteal cell pro
duction of progesterone and oestradiol 
(Marsh and LeMaire, 1974; Richardson and 
Masson, 1981). In vivo, administration of hCG 
can increase the amount and duration of pro
gesterone secretion (Hanson et al., 1971). 
However, the menstrual cycle is rarely pro
longed for more than 2 weeks despite con
tinued administration of hCG (Bradbury et 
al., 1950). In addition, corpus luteum func
tion wanes and the luteal-placental shift 
occurs when maternal hCG reaches its peak, 
i.e. 8-12 weeks. Furthermore, it is somewhat 
surprising that such a fundamentally import
ant function is mediated in primates by a 
recently evolved gene only found in this ge
nus (Fiddes and Talmadge, 1984). It is now 
clear that in ruminants maternal recognition 
of pregnancy is mediated via a member of the 
alpha-interferon (IFN-u) family of proteins 
and is produced by the trophectoderm (Imak
awa et al., 1987; Flint et al., 1988). It has still to 
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be determined whether IFN-a-like proteins 
also mediate corpus luteal rescue in other 
non-primate mammals. Interestingly, IFN-a 
is also a product of the human conceptus and 
in vitro IFN-a increases ectopic expression of 
free J3-hCG by epithelial tumours (Chard et 
al., 1986; Iles and Chard, 1989a). 

Though other early pregnancy factors may 
playa role in the rescue of the corpus luteum 
of pregnancy, it appears that CG is essential 
in early primate and human pregnancy and 
directly implicated in corpus luteum func
tion. Passive immunization of pregnant mar
moset monkeys with anti J3-hCG serum 
results in spontaneous abortion in early preg
nancy (reviewed by Hearn, 1976; Chard, 
1991). This can be counteracted by the con
comitant administration of progesterone. 
Such experiments have led to the develop
ment of experimental contraceptive vaccines 
using synthetic peptides analogous to the 
specific carboxy-terminal sequence of hCG 
(Stevens and Crystle, 1973; Stevens, 1975, 
1986). 

HCG has also been implicated in the sup
pression of maternal immune rejection of the 
fetus. Generalized immunodeficiency is not a 
characteristic of pregnancy (reviewed by 
Redman, 1986). Specific immunosuppressive 
activity has been actively sought and many 
substances have been implicated, including 
hCG (reviewed by Hogarth, 1982; Chard and 
Grudzinskas, 1992). The literature contains 
many conflicting reports; in general, crude 
but not pure hCG has immunosuppressive 
activity on T-cell and B-cell activities in vitro. 
Indeed, molecules of low molecular weight, 
including preservative phenol, have been 
separated from crude commercial prep
arations of hCG and have been shown to be 
the cause of apparent immunosuppression 
(Morse et al., 1976; Pattillo et al., 1976; 
Muchmore and Blaese, 1977). In vivo, highly 
purified hCG suppresses delayed-type 
hypersensitivity. However, this could be 
entirely attributed to the gonadal steroids 
secreted in response to hCG, since castrated 

experimental animals showed no such immu
nosuppression (Nisula and Bartocci, 1984). 

5.3.6 RECEPTORS 

The LH-hCG receptor has been identified in 
many cells, including those of the corpus 
luteum, the interstitial tissue of developing 
follicles and in the granulosa as well as in 
Leydig cells in the testis. There are about 
20 000 sites per Leydig cell and only a minute 
fraction of the total number need be occupied 
to produce a full steroidogenic effect (Dufau 
et al., 1974). Only intact hCG and LH, but not 
the free subunits, can bind to and stimulate 
the LH-hCG receptor. The sugar residues of 
these glycoprotein hormones are essential if 
this receptor is to be successfully triggered 
(Keene et al., 1989). The immediate conse
quence of successful receptor stimulation by 
hCG is the activation of adenylate cyclase, 
resulting in the formation and increase in 
concentration of intracellular cAMP. This 
secondary signalling culminates in the 
stimulation of steroid production by the 
acceleration of the conversion of cholesterol 
to pregnenolone. The LH-hCG receptor has 
been cloned and found to be a member of the 
G protein-coupled receptor family (Loosfelt et 
al., 1989; McFarland et al., 1989). There are 
674 amino acids with a calculated molecular 
mass of 75 632 kDa, but the in vivo isolated 
protein has a mass of approximately 
93 000 kDa. This difference is probably due 
to glycosylation, for which there are six can
didate sites located on the transmembrane 
domain. The molecule is asymmetrical with 
classic extra-, trans- and intracellular 
domains. The structure and function have 
been reviewed by Dias (1992). 

5.3.7 DETECTION AND MEASUREMENT OF 
hCG 

From 1930 until 1960 the detection of hCG in 
biolOgical fluids depended on bioassay. 
Many methods were variations on the hyper-
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ovulatory response in animals shown by 
Aschheim and Zondek (1927b). Aschheim 
and Zondek (1928) used mice; Friedman 
and Lapham (1931) rabbits; Shapiro and 
Zwarenstein (1934) toads; Wiltberger and 
Miller (1948) frogs. Others relied on effects 
such as the stimulation of other organs by 
gonadal steroids, e.g. the rat ventral prostate 
weight assay (Diczfalusy et al., 1950). The 
same principle is used in current bioassays, 
in which direct measurement of testosterone 
release is determined for rat Leydig cells 
stimulated in vitro (Dufau et al., 1974). With 
the possible exception of the in vitro Leydig 
cell assay, bioassays are expensive, time
consuming (11 h to 7 days), relatively 
insensitive (250-5000 iu/ml) and non-specific 
with respect to hCG, LH and FSH. The 
development of immunoassays in the 1960s 
(complement fixation, haemagglutination in
hibition and latex agglutination procedures) 
improved assay times (2 min to 1 day) and 
reduced costs. Nevertheless, sensitivity was 
no better (500-24 000 iu/ml) (Wide and 
Gemzell, 1960, reviewed by Hussa, 1987). 
Competitive binding assays such as radio
immunoassay (RIA) and radioreceptor assays 
solved the sensitivity problem. However, be
cause of the close homology of hCG and LH 
there was still significant cross-reactivity with 
the latter (Catt et al., 1971). Dissociation of the 
hCG molecule into subunits and preparation 
of antisera to the free ~-subunit led to the 
development of the much more specific '~
subunit' RIA (Vaitukaitis et al., 1972). This 
allowed specific measurement of hCG in the 
presence of physiological levels of LH. These 
assays have been the mainstay of quantitative 
detection technology for hCG since the mid-
1970s. The problem of false-positive results 
with various kits is still reported from time to 
time and, therefore, there has been increas
ing use of more specific systems. Rzasa et al. 
(1984) found five false positives in 162 
samples investigated with one commercial kit 
designed to measure intact hCG or ~-hCG 
using a polyclonal antibody, but not with 

three other similar kits; no obvious reason for 
the discrepancies could be found. Filstein et 
al. (1983) found 0.6% false positives with two 
kits based on serum ~-hCG assays but not 
with a third. 

A further advance came with the appli
cation of monoclonal antibody technology to 
two-site immunometric assays (Bidart et al., 
1985; Schwarz et al., 1985; Valkirs and Barton, 
1985). Typically, these use an anti a-subunit 
monoclonal for capture and a labelled anti-~
subunit for detection; they detect intact hCG 
but not free subunits. These labelled anti
body assays are generally more sensitive and 
precise than labelled ligand assays. However, 
the inability of these assays to detect free ~
hCG is, as will be shown later, a major disad
vantage in clinical oncology. 

Ehrlich et al. (1982) used a mixture of two 
monoclonal antibodies to enhance the affinity 
for antigen. Armstrong et al. (1984) devel
oped this idea to obtain maximum sensitivity 
and specificity in a two-site immunoradio
metric (IRMA) system. hCG was extracted 
from urine by a Sepharose 4B-coupled mono
clonal antibody which had a moderate affin
ity (K=7 x 108 M-1) and 2% cross-reaction 
with LH. The hCG extracted was then deter
mined by use of a labelled rabbit antibody to 
the ~-hCG C-terminal peptide. The method 
was capable of measuring about 10 miu of 
hCG per 24 h with cross-reaction to LH of 
only 0.0005% and to FSH of 0.016%, possibly 
due to the presence of small amounts of hCG 
or ~-subunit in the pituitaries from which the 
hormones were extracted. Another IRMA 
using two selected monoclonal antibodies 
was specific for intact hCG and showed no 
reaction with ~-hCG, ~-LH, intact LH or the 
free a-subunit (Griffin and Odell, 1987). 

It is now very important to define exactly 
what is measured by 'hCG' immunoassays. 
Assays based on the use of an antiserum to 
the ~-subunit of hCG are commonly referred 
to as 'beta-subunit' assays. Vaitukaitis (1985) 
pointed out that this is misleading because it 
implies that only ~-hCG is measured when, 
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in fact, intact hCG, l3-hCG and l3-core may be 
detected. Intact hCG is the predominant form 
of the hormone in blood during pregnancy. 
However, for many cases of ectopic ex
pression free l3-subunit is the principal form 
produced (Iles and Chard, 1991) and in urine 
l3-core is the predominant metabolite. This 
limits the use of many highly specific assays. 
Thus, only those 'l3-subunit' assays 
measuring 'total l3-hCG' (intact hCG, free 13-
subunit and l3-core) should be used in onco
logy. This problem has been addressed by 
the Fourth Bergmeyer Conference on the 
Standardization of Assays to hCG. This 
recommended clear description of all hCG 
assays detailing the cross-reactivities of intact 
hCG, free subunits and l3-core (Stenman et 
al., 1993). 

(a) Reference standards 

The first international standard for hCG was 
established in 1938 and the second in 1964 
by the World Health Organization (WHO) 
(Bangham and Grab, 1964). The standard 
preparation is of medium potency prepared 
from urine by adsorption on to the ion 
exchanger Permutit (synthetic aluminium 
silicate), followed by elution in a mixture of 
ammonium acetate and ethanol. After 
precipitation from ethanol, pyrogens are 
removed by adsorption on to calcium phos
phate. Lactose is added and the preparation 
is freeze dried in ampoules; the agreed po
tency for each ampoule (approximately 
6.8 mg) is 5300 IU as determined by bioassay. 

The second international standard (2nd IS 
hCG) was used widely as a reference stan
dard for immunoassays as well as bioassays. 
However, it contains large quantities of the 
free subunits and other proteins, being only 
20% pure intact hCG on the basis of bioacti
vity (Bangham and Storring, 1982). 

In 1974, large quantities of highly purified 
preparations of intact hCG, free a-subunit 
and free l3-subunit hCG (batch no. CR1l9) 
were donated to the WHO by the Center for 

Population Research (Washington DC, USA) 
and the Reproductive Research Branch of the 
National Institute of Child Health and 
Human Development (Bethesda, MD, USA). 
These preparations became the international 
reference preparations (IRPs) of intact hCG 
and its free subunits, each ampoule contain
ing approximately 70 Il-g of the pure material 
(Storring et al., 1980). These IRPs were 
assayed with respect to the old 2nd IS hCG 
by bioassay and immunoassays. Bioassay 
and receptor-binding assays (which only 
detect intact hCG) gave similar results. 
However, immunoassay results varied 
widely depending on whether the assay 
measured only intact hCG or intact hCG and 
free l3-subunit. 

The immunoassays specific for intact hCG 
gave results similar to those obtained for 
bioassays. The Expert Committee on biologi
cal standardization assigned a value of 650 IU 
of IRP per ampoule (9.3 IU per Il-g) of intact 
hCG based on bioassay comparability with 
the earlier standards. The free subunits, hav
ing no bioactivity, were assigned IU values 
equivalent to the mass of purified protein 
(i.e. 1 IU = 1 Il-g). This situation has proved 
confusing since most present assays of hCG 
are immunoassays measuring mass of 
specific epitopes. Unfortunately, all such 
assays use the intact hCG IRP or 2nd IS as 
standards. In total l3-subunit assays preg
nancy serum hCG values measured against 
the 2nd IS are approximately half that of 
values measured against the IRP hCG. This is 
simply because the 2nd IS is contaminated 
with large amounts of the free l3-sub
unit, resulting in greater immunopotency. 
Samples containing the equivalent IU of 
intact hCG though very little free l3-subunit 
(i.e. the IRP) will have the same biopotency 
but less immunopotency. It is also increas
ingly apparent that there is a wide variation 
in the composition of intact and free subunits 
of hCG in clinical samples (Iles et al., 1989, 
1992). It has now been recommended that 
hCG standards should be calibrated in terms 
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of moles of intact hCG, free l3-hCG or l3-core 
(Stenman et al., 1993). 

5.3.8 CLINICAL APPLICATIONS - DIAGNOSIS 

(a) Matemallevels of hCG in normal 
pregnancy 

Chorionic gonadotrophin is detectable in ma
ternal blood within a few hours of implan
tation. The levels rise to reach a peak at 60-80 
days of pregnancy and then fall to relatively 
low levels with a small secondary rise 
towards term. In early pregnancy (up to 28 
days) the doubling time is 1.4-1.5 days, in
creasing to 2.7-2.9 days at 4-8 weeks' ges
tation (Pittaway et al., 1985a). At term, the 
levels of hCG in blood, amniotic fluid and 
placental extracts are substantially higher if 
the fetus is a female than if it is a male (Brody 
and Carlstrom, 1965; Crosignani et al., 1972; 
Wide and Hobson, 1974; Boroditsky et al., 
1975; Obiekwe and Chard, 1983a). Urine of 
pregnant women contains free a-subunit, 
free l3-subunit, hCG and the l3-subunit core 
fragment (Blithe et al., 1988). Not surpris
ingly, the ratio of the biological to immuno
logical activity of hCG varies at different 
stages of pregnancy (Kato and Braunstein, 
1988) with low ratios in the last two 
trimesters. 

(b) Measurement of heG as a pregnancy 
test 

Measurement of hCG in urine is widely used 
as a qualitative test of early pregnancy. 
Simple kits based on immunoenzymatic pro
cedures are available over the counter. Their 
sensitivity (typically 25 lUll) is sufficient to 
detect most pregnancies at or around the 
time of the missed period, and a substantial 
proportion at an earlier stage than this. 

The high sensitivity of current technology 
for hCG measurement leads to two problems. 
First, at levels below 5 lUll positive results 
may occur due to hCG from extrauterine 

sources (Armstrong et al., 1984); in clinical 
practice, a single estimate of hCG levels 
should only be considered positive if it is 
greater than 25 lUll or if a lower level is seen 
to increase twofold or more at an interval of 3 
days (Jones et al., 1983). Second, there is a 
highly significant possibility that a sensitive 
test may pick up an 'occult' pregnancy. This 
is a conception which is aborted after implan
tation but prior to the time of the expected 
period: there may be no clinical evidence for 
this situation but hCG can appear transiently 
in maternal blood and urine. The incidence of 
the phenomenon has been variously esti
mated at 15-60% of normal unprotected men
strual cycles (Seppala et al., 1978; Chartier et 
al., 1979; Miller et al., 1980; Edmonds et al., 
1982; RG. Edwards and Steptoe, 1983; Jones 
et al., 1983; Whittaker et al., 1983; Wilcox et 
al., 1985; Sharp et al., 1986; Chard, 1991). 
Transient appearance of hCG has also been 
shown in women using an intrauterine con
traceptive device (Beling et al., 1976; 
Landesman et al., 1976; Hodgen et al., 1978). 

Measurement of hCG for estimation of 
gestational age 

A single estimation of hPL, hCG or 
Schwangerschafts-protein 1 (SP1) can be 
used to estimate gestational age at 4-6 weeks 
of pregnancy (Whittaker et al., 1983; Lagrew 
et al., 1984; Westergaard et al., 1985b). In 
practice the error range is similar to that 
which can be obtained from an accurate men
strual history or an ultrasound scan. 

Threatened abortion 

The levels of all placental products, including 
hCG, are reduced in cases of threatened abor
tion which subsequently proceed to complete 
abortion (Nygren et al., 1973; Braunstein et 
al., 1978; Jovanovic et al., 1978; Jouppila et al., 
1979; Masson et al., 1983; Salem et al., 1984b; 
Yovich et al., 1986). As a clinical test this 
measurement has been largely superseded by 
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ultrasound; demonstration of the absence of 
a fetal heart beat gives the same information 
more simply and rapidly. However, serial 
measurements of hCG (i.e. showing failure of 
the normal rapid rise) may be of value in the 
period prior to the appearance of the fetal 
heart beat (Yovich et al., 1986). 

Ectopic pregnancy 

Circulating hCG is usually present in cases of 
ectopic pregnancy, and measurement of hCG 
in blood and/or urine has been proposed as a 
routine test in all cases of lower abdominal 
pain in women of reproductive age (Seppala 
et al., 1980; Braunstein and Asch, 1983; 
Norman et al., 1985b). A negative result (less 
than 25 lUll) virtually excludes the possibility 
of a pregnancy-related disorder (Romero et 
al., 1985a). Quantitative estimations of hCG 
may also be of value, especially in" combi
nation with ultrasound examination. A level 
of hCG greater than 6500 lUll, with no evi
dence of a live intrauterine embryo, is par
ticularly suggestive of ectopic gestation 
(Pittaway et al., 1985b; Romero et al., 1985b). 

Fetal congenital abnormality 

Trisomy 21, Down's syndrome, is the most 
common autosomal aneuploidy in which 
affected individuals survive beyond infancy. 
The risk of a Down's syndrome pregnancy 
increases with maternal age, and pregnant 
women over 35 are routinely offered amnio
centesis. This accounts for only 25-30% of all 
cases of Down's syndrome, representing 
only 5-7% of the total pregnancy population. 
During the second trimester, maternal serum 
a-fetoprotein (AFP) levels are lower in cases 
of Down's syndrome than normal affected 
pregnancies (Merkatz et al., 1984). In addition 
unconjugated oestriol (uE3) is also decreased 
(Canick et al., 1989) and human chorionic 
gonadotrophin (hCG) levels are about double 
those of normal pregnancies (Bogart et al., 
1987). Currently the best predictor of Down's 

syndrome during the second trimester of 
pregnancy is the combination of elevated 
hCG, low levels of AFP and low levels of uE3. 
This 'triple' test can detect about 60% of all 
fetal Down's syndrome with an amniocente
sis rate representing about 5% of the total 
pregnant population (Wald et al., 1988). 

Though this represents a great advance in 
prenatal diagnosis of Down's syndrome, 
definitive diagnosis is late. Other markers are 
being investigated in order to improve the 
detection rate and decrease the gestational 
age at which the test is effective. Levels of the 
free l3-subunit of hCG appear to be elevated 
in the maternal serum of Down's affected 
pregnancies during the first trimester 
(Spencer et al., 1992). Furthermore, the 
measurement of free l3-hCG appears to be a 
superior discriminant of Down's pregnancies 
than measurement of intact and totall3-hCG. 
Measurement of maternal free l3-hCG and 
AFP is replacing the triple test as the pre
ferred biochemical screening test for Down's 
syndrome. 

(c) Maternal levels of hCG in complications 
of late pregnancy 

By comparison with other placental products, 
such as hPL and oestriol, there is a very 
limited literature on hCG levels in compli
cations of late pregnancy. The current evi
dence indicates that serum hCG levels are 
higher in primigravidas and in women carry
ing female fetuses, and that they are also 
related to birthweight (Obiekwe and Chard, 
1982a, 1983a). The levels are elevated in pri
migravid patients with proteinuric pre
eclampsia (Said et al., 1984). Amniotic fluid 
and cord blood levels of hCG are elevated in 
diabetic mothers (Barbieri et al., 1985, 1986). 

(d) heG as a tumour marker 

The value of detecting in hCG in clinical 
samples from patients with trophoblastic dis
ease was recognized soon after its discovery 
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(Aschheim, 1930). The same bioassay sys
tems were used to detect and monitor the 
first reported cases of ectopic hCG pro
duction by non-trophoblastic tumours 
(MacFadzean, 1946; Chambers, 1949). Gesta
tional and male testicular germ cell tumours 
are the best-known categories in which 
ectopic hCG expression occurs. Monitoring 
this expression has proved invaluable in 
the diagnosis and treatment of these once 
lethal tumours. The third category, non
trophoblastic neoplasms, is the most contro
versial area of ectopic hCG expression. 

Gestational trophoblastic disease 

The most efficient marker of any cancer is 
hCG production by gestational choriocarci
noma and hydatidiform mole. hCG has pro
vided a reliable monitor of staging, course of 
disease and response to chemotherapy for 
over 40 years. High pretreatment levels cor
relate with poor prognosis, i.e. between 1000 
and 10 000 J..LIU/ml are associated with a 2.5% 
mortality rate, while values exceeding 1 
million are associated with a 60% mortality 
rate (Hussa, 1987). Following treatment, 
levels are determined every 1-2 weeks. As 
long as these decrease to within normal limits 
second line treatment is withheld. Remission 
is defined on the basis of serum hCG levels of 
< 5 J..LIU/ml for 3 consecutive weeks. The 
policy of the Charing Cross Reference Centre 
is to continue monitoring every 2 weeks up to 
6 months then monthly for 5 years (Bag
shawe, 1980, 1984; Hussa, 1987). 

Though chemotherapy regimens vary be
tween centres, the levels of hCG determine 
when and how the therapy is administered. 
High-level, high-risk, categories receive more 
neoadjuvant courses once remission is 
achieved than low-risk groups. In addition, 
in the absence of clinically apparent disease, 
persistently elevated serum hCG reflects the 
existence of tumours that if untreated will 
progress clinically (Hussa, 1987). In some 
cases, differential levels of hCG in clinical 

samples can pinpoint the site of metastases 
(e.g. a serum-CSF ratio of greater than 60:1 is 
indicative of spread to the brain) (Soma et al., 
1981; Bagshawe, 1984; Hammond et al., 
1984). 

The hCG found in serum from patients 
with gestational tumours is predominantly 
intact hCG. Elevated levels of free a-subunit 
are also found. Vaitukaitis and Ebersole 
(1976) suggested that elevated free a-subunit 
correlates with poor prognosis, in particular 
chemoresistance. Quigley et al. (1980a,b) also 
suggested that elevated serum a-subunit dur
ing remission may identify patients in whom 
recurrence occurs. Gaspard et al. (1980) found 
that free a-subunit levels were similar to 
those in pregnancy of similar gestational age. 
Analysis of the ratio of intact to free J3-hCG 
has shown that in choriocarcinoma there is a 
greater proportion of free J3-subunit than in 
hydatidiform moles or normal pregnancy 
(Gaspard et al., 1980; Khazaeli et al., 1989). 
Not surprisingly, high levels of J3-core are 
detected in the urine of patients with ges
tational disease. Choriocarcinoma hCG tends 
to be hyperglycosylated and the extent of this 
is believed to correlate with malignant behav
iour (Kobata, 1988). 

Testicular germ cell tumours 

More than 95% of all testicular tumours are of 
germ cell origin. There are two major types: 
seminomatous and non-seminomatous (or 
teratocarcinomas). The non-seminomatous 
tumours are of five histological subtypes: 
embryonal carcinoma, teratocarcinoma, tera
toma, choriocarcinoma and yolk sac carcin
oma. It is unusual to find a single histological 
type in a diseased testis. Even seminoma and 
non-seminomatous elements can be found 
Simultaneously and a single random biopsy 
can prove misleading (Caulfield et al., 1990). 
The frequency of hCG expression varies from 
8-9% for pure seminomas to 100% for pure 
choriocarcinomas. Non-seminomas are more 
likely to express hCG than seminomas. Non-
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seminomatous tumours are sometimes div
ided into mature or immature teratomas. The 
mature teratomas contain highly differen
tiated tissues such as cartilage and bone: 
whilst the immature forms contain predomi
nantly developmental tissues such as syncy
tiotrophoblast and yolk sac elements. The 
oncofetal antigen a-fetoprotein (APP) is also 
produced by some testicular germ cell 
tumours. Unlike hCG, AFP expression is 
diagnostic of non-seminomatous disease as it 
is a specific product of the yolk sac. This 
diagnostic distinction is critical since semino
mas are radiosensitive whilst non-seminomas 
only respond to chemotherapy. Furthermore, 
incorrect treatment of non-seminomatous 
tumours with radiotherapy invariably pre
cludes subsequent chemotherapy. As with 
gestational trophoblastic disease, hCG levels 
at presentation are prognostic. Patients with 
levels greater than 10 000 f.LIU/ml have a 
poorer 3-year survival rate (53%) than those 
with levels less than 1000 (85%) (MRC 
Working Party on Testicular Cancer Report, 
1985). Chemosensitivity is a predominant 
feature of hCG-expressing non-semi
nomatous tumours and the cure rate is high. 

The hCG present in patients with non
seminomatous testicular germ cell tumours is 
similar to that of choriocarcinoma: predomi
nantly intact with varying amounts of free 
l3-subunit (Norman et al., 1985c). hCG 
expression by seminomatous disease may 
also indicate the presence of trophoblastic 
elements. The overall survival rate for semi
nomatous disease is 80-97% (Schuette et al., 
1985; Thomas, 1985). However, for hCG
positive seminomas there is a 20% mortality 
rate at 2 years (non-expressors 4%) and a 
reported correlation with radioresistance 
(D.A. Morgan et al., 1982; Butcher et al., 
1985). Though testicular germ cell tumours 
predominantly express intact hCG, there are 
reports of cases in which only free l3-hCG is 
expressed (Light et al., 1983; Rzasa, 1984; 
Hussa, 1987). Hussa (1987) has estimated the 
incidence of pure l3-hCG-expressing testicu-

lar germ cell tumours as 2-4%. However, 
Saller et al. (1990) have reported that in semi
nomas the predominant species is free 13-
hCG. 

Ectopic expression by non-germ cell tumours 

Prior to the development of the l3-subunit 
RIA, studies of ectopic hCG production by 
non-trophoblast non-germ cell tumours was 
limited to sporadic case reports. The most 
frequent sites were lung, liver (hepatoma) 
and the adrenal cortex (reviewed by 
Braunstein, 1983). After the development of 
the 'l3-hCG' RIA, Braunstein et al. (1973) pub
lished the seminal study on expression of 
hCG-like material by non-trophoblastic can
cers. Eleven percent of 906 patients with vari
ous non-trophoblastic malignancies had 
immunoreactive hCG in their serum. Many 
subsequent reports have given a varying inci
dence for specific tumours. Baylin and 
Mendelsohn (1980), Heyderman et al. (1985) 
and Seppala et al. (1986) generally agree that 
the most common occurrence of immuno
reactive hCG expression is in pancreatic 
(50%), gastric (24%) and hepatic (17%) 
tumours. However, most studies are case re
ports. Braunstein (1983) and Hussa (1987) 
both reviewed the literature in detail. Their 
estimated prevalence of hCG for various 
tumours is shown in Table 5.2. 

Though there are some discrepancies be
tween tumour types, both authors agree that 
the overall prevalence is low (19-21 %), that 
the levels are usually between 5 and 25 f.LIU1 
ml, and that if the criteria for ectopic ex
pression were levels of 25 f.LIU/ml or greater 
the overall prevalence would be 1-5% 
(Braunstein, 1983; Hussa, 1987). 

There are technical problems with the 
assessment of low levels of hCG. The range 
5-25 f.LIU/ml is at the lower and least reliable 
end of most assays. Several studies have 
shown that protease activity in clinical 
samples may give false-positive results (Ade
juwon et al., 1980; Hussa et al., 1985). Variant 
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Table 5.2 Frequency of immunoreactive 'hCG' detection in sera of patients with non
trophoblastic neoplasms 

Neoplasm Review 

Braunstein (1983) Hussa (1987) 

Ovarian (epithelial) 
Gynaecological (non-ovarian) 
Breast 
Gastrointestinal 
Pancreas 
Head and neck 
Melanoma 
Lung 
Sarcomas 
Renal 

39% (101/260) 
27% (1821686) 
26% (336/1311) 
21 % (251/1211) 
21 % (31/150) 
21% (17/83) 
20% (38/194) 
16% (18711143) 
15% (11/76) 

45% (97/216) 
32% (248/766) 
25% (167/667) 
21 % (163/768) 
38% (23/50) 
79% (19/24) 
19% (40/120) 
15% (140/929) 
14% (7/51) 

6% (7/18) 5% (7/128) 
10% (7/74) Prostate 

Bladder 
7% (7/102) 

10% (5/48) 
Multiple myeloma 
Leukaemia-lymphoma 

8% (9/111) 7% (11/167) 
0.5% (23/545) 4% (29/814) 

Total 19% (1175/6109) 21 % (929/4455) 

forms of hCG and subunits have been de
scribed in neoplastic isolates, and these may 
only have limited activity in a given assay 
(Hussa et al., 1985). Immunoreactive hCG 
may be found in both tumour and normal 
tissues (Yoshimoto et al., 1979); these studies 
are particularly prone to protease inter
ference. Using assays of exceptional sensi
tivity and specificity Odell and Griffin (1987) 
have detected immunoreactive hCG at ex
tremely low levels (0.4-7.9 ~IU/ml) in post
menopausal serum. Subsequently, they de
scribed cyclical surges of hCG paralleling the 
LH surge during the menstrual cycle of non
pregnant women (Odell and Griffin, 1989). 

McManus et al. (1976) described immuno
histochemical detection of '13' -hCG on the 
surface of nearly all (89% ) of a group of malig
nancies. However, subsequent studies have 
not noted such a high frequency (Bellet et al., 
1980). Since [3-hCG and intact hCG are 
rapidly secreted once formed, the specificity 
of these immunoperoxidase studies is ques
tionable (Handwerger et al., 1987). Given that 

only a few cases of ectopic hCG expression by 
non-trophoblastic tumours are genuine, the 
clinical relevance is also doubtful. Measure
ment of hCG has no value as a screening test. 
With gynaecological cancers the levels may 
parallel disease course (Tormey et al., 1975; 
Broder et al., 1977), but this is not always the 
case (Kahn et al., 1977; Rutanen and Seppala, 
1978; Stanhope et al. 1979; Carenza et al. 
1980). 

Despite the conflicting clinical information, 
in vitro studies have demonstrated hCG se
cretion by various non-trophoblastic tumours 
(Ruddon et al., 1979a,b; Rosen et al., 1980a; 
TIes et al., 1990). Most only secreted one or 
other of the subunits; this contributed to the 
finding that the subunits of the glycoprotein 
hormones are coded by independent genes. 
It is now apparent that free [3-hCG is also 
produced by many tumours arising from 
mucosal epithelia and various epithelial 
gynaecological neoplasms, including ovarian 
carcinomas (Braunstein et al., 1973; Cole et al., 
1988; Cole and Nam, 1989; nes et al., 1990). 
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This expression is independent of the a
subunit (lIes and Chard, 1989a, lIes et al., 
1990). 

Analysis of the genomic DNA structure of 
choriocarcinoma cell lines by Whitfield and 
Kourides (1985) showed no rearrangement of 
the a-subunit gene or the l3-hCG-LH gene 
cluster which would result in aberrant ex
pression. Using similar techniques and re
striction enzymes, genomic DNA from 13-
hCG-expressing bladder tumour cell lines 
were similarly examined (lIes et al., 1989). No 
gene rearrangement or amplification was 
found; furthermore, karyotype analysis did 
not show any consistent copies or trans
locations of chromosome 19. It therefore 
seems likely that such expression is a result of 
alteration in gene regulation/repression. 
However, normal urothelia and oral mucosa 
in vitro also secrete free l3-hCG into their cul
ture media (lIes et al., 1990), and low levels of 
immunoreactive l3-hCG can be detected in 
serum and urine of normal non-pregnant 
subjects (Chen et al., 1976; Armstrong et al., 
1984; Huang et aI., 1984). It is therefore poss
ible that free l3-hCG is a normal product of 
mucosal epithelia with an as yet unknown 
function. Nevertheless, the detection of 
ectopic l3-hCG expression by epithelial can
cers correlates with a malignant phenotype of 
poor prognosis O.E. Martin et al., 1989; lIes 
and Chard, 1991; Marcillac et al., 1992). 

Which of the six l3-hCG genes/ 
pseudogenes is expressed by ectopic l3-hCG
producing cancers has yet to be determined. 
At least five might be transcriptionally active. 
One or more might code for an aberrant form 
which cannot combine with the a-subunit (Bo 
and Boime, 1992). 

5.3.9 CLINICAL APPLICATION
THERAPEUTIC 

(a) Birth control vaccines 

There has been much effort to produce a birth 
control vaccine which would act by neutral-

izing the action of hCG (WHO, 1985). Anti
bodies to hCG usually also recognize LH, and 
this would interfere with menstrual function. 
To achieve specificity, it is necessary to use 
the C-terminus of the l3-subunit of hCG as 
the immunogen; this is not present in LH. 

In earlier studies chemically altered forms 
of hCG or of hCG coupled to haptens were 
used as immunogens (Stevens and Crystle, 
1973). Although it was possible to raise 
antibodies, they cross-reacted with LH and 
subsequent experiments addressed the 13-
subunit or fragments of the subunit. Hearn et 
al. (1976) showed that both active and passive 
immunization with the l3-subunit could dis
rupt pregnancy. Active immunization also 
caused a marked reduction in the subsequent 
fertility of the animals. Other experiments 
with similar results were carried out with 13-
hCG coupled to tetanus toxoid in several 
species, including a limited number of 
women (Talwar et aI., 1976). 

The optimal immunogen is the amino acid 
sequence 109-145 of the C-terminal region of 
the l3-subunit of hCG with protein carrier and 
adjuvants acceptable to humans (Stevens, 
1986). Tsong et al. (1985) found that the best 
results were obtained by linking the peptide 
via carbodiimide with tetanus toxoid. 
Numerous adjuvants were tried, of which the 
muramyl dipeptide family were most effec
tive (Nash et al., 1985), and the highest titres 
were obtained by suspending in saline and 
emulsifying with Arlacel A in squalene (C.c. 
Chang et al., 1985). Preliminary clinical trials 
using this peptide have been carried out. 

Most experimental work has used the 
baboon as a model (Stevens, 1976; Thanavale 
et aI., 1978). Stevens et al. (1981) however, 
found that the cross-reactivity between anti
bodies to the peptide immunogen and 
baboon CG was only 3-15%. Even then active 
immunization was effective in inhibiting fer
tility in these animals without side-effects. 
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5.3.10 CONCLUSIONS 

Although a great deal has been learned in 
recent years about the structure and function 
of hCG, there remains much that is un
known. Study of the three-dimensional struc
ture of the hormone by X-ray crystallography 
would be a significant advance. Complete 
sequencing of the entire l3-hCG-LH gene 
cluster is required, as is elucidation of the 
transcriptional control mechanisms and the 
evolution of this gene cluster. The studies on 
structure-function relationship are still in
complete, and most conclusions are still 
hypotheses. 

5.4 HUMAN PLACENTAL LACTOGEN 

(a) Historical survey 

The presence in the human placenta of a 
substance having mammotrophic activity 
was first clearly shown by Ito and Higashi 
(1961, 1974) and Higashi (1962). Subse
quently, Josimovich and MacLaren (1962) 
demonstrated that the material was immuno
chemically similar to human pituitary growth 
hormone (hGH) and that it occurred in ma
ternal peripheral serum, retroplacental serum 
and placental extracts. 

(b) Nomenclature 

There is much confusion over the nomencla
ture of the protein, which is referred to in this 
chapter as human placental lactogen or hPL. 
Many other designations have been put for
ward, including human chorionic growth 
hormone-prolactin (hCGP) (H. Cohen et al., 
1964; Grumbach and Kaplan, 1964), purified 
placental protein (PPP) (FIorini et al., 1966), 
human chorionic somatomammotrophin 
(hCS) (Li et al., 1968) and choriomammotro
phin (IUPAC-IAB, 1975). The term hCS is 
widely used and has been advocated by 
Bewley and Li (1974) on the grounds that it 
provides a clear description of the relation-

ship of this protein to other hormones. 
Furthermore, the term 'chorionic' is more 
specific than 'placental' and is commonly 
used for other placental hormones such as 
chorionic gonadotrophin and chorionic corti
cotrophin. However, most workers consider 
the term chorionic somatomammotrophin to 
be cumbersome and inelegant and accord
ingly the original name of placental lactogen 
is now preferred. 

5.4.1 BIOSYNTHESIS 

(a) Source of hPL 

As with other 'specific' placental proteins, 
hPL is a product of the syncytiotrophoblast, 
though there is evidence that in the very 
early placenta (4-5 weeks) the cytotrophob
last is the main source of both hPL and hCG 
(Maruo et al., 1992). The experimental evi
dence for localization is based on immunohis
tochemistry (e.g. Ikonicoff and Cedard, 1973; 
Billingsley and Wooding, 1990; Maruo et al., 
1992) and studies with gene probes: using 
labelled complementary DNA ([3H]cDNA) it 
has been shown that the bulk of the mRNA 
for hPL is in the syncytiotrophoblast (McWil
liams and Boime, 1980; Sakbun et al., 1990). 
When isolated cytotrophoblast cells are 
cultured in vitro, fusion and formation of a 
syncytium is associated with an increase in 
cytoplasmic hPL (Kliman et al., 1986; Klassen 
et al., 1989). 

The localization of the protein-synthesizing 
machinery within the trophoblast has been 
studied by Burgos and Rodriguez (1966), who 
have shown a clear differentiation between 
thick areas of the trophoblast cytoplasm, 
which are rich in endoplasmic reticulum and 
microvilli and therefore appear to be special
ized for protein synthesis, and thin areas 
without microvilli, which lie in proximity to 
fetal capillaries and appear to be specialized 
for the transport of nutrients and waste prod
ucts. This differentiation is of potential clini
cal significance because it is possible that a 
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Figure 5.6 Amino add sequence of the 25-residue 'precursor piece' at the N-terminus of hPL. 

pathological process might damage the trans
fer area while leaving the synthetic areas in
tact. However, most trophoblast pathology is 
secondary to factors such as occlusion of fetal 
capillaries in the chorionic villus or maternal 
decidual arterioles, and it is likely in practice 
that all areas will be equally affected. 

The distribution of hPL in different areas of 
the placenta appears to be homogeneous, the 
amount being directly related to the amount 
of trophoblast in any area (Gau and Chard, 
1975). As already noted, production of hPL is 
not unique to the trophoblast: significant 
levels are found in seminal plasma a.N. Lee 
et al., 1983; Salem et al., 1984a). 

(b) Mechanism of biosynthesis of hPL 

The basic mechanism of synthesis of hPL in 
the trophoblast appears to be similar to that 
of proteins in other tissues. Friesen and co
workers (Suwa and Friesen, 1969a,b) exam
ined the incorporation of 3H-Iabelled amino 
acids by placental fragments in vitro, and 
showed that hPL accounts for a substantial 
proportion (up to 55% in some experiments) 
of the total labelled protein released into in
cubation medium. In the tissue itself the ratio 
of labelled hPL to labelled total protein was 
much lower (4%), and most of the hPL 
appeared to be in a high molecular weight 
form (more than 100000 daltons). The 
specific activity of labelled hPL was higher in 

the medium than the tissue, suggesting the 
existence of two pools in the latter site: one of 
rapid turnover and a second, more stable, 
variety. 

Polysomes and messenger RNA from the 
placenta can direct the synthesis of hPL in 
cell-free systems (Boime and Boguslawski, 
1974; Boime et al., 1976; Cox et al., 1976; 
Hubert et al., 1981). Synthesis by polysomes 
from term placenta is four times greater than 
that of the first-trimester polysomes, and at 
term hPL represents 10% of the total proteins 
synthesized (Boime and Boguslawski, 1974). 
As the efficiency of the first-trimester and 
term mRNA is similar in terms of amino acid 
incorporation, it would appear that the rela
tive levels of hPL mRNA are greater in the 
term placenta (Boime et al., 1976). When free 
polysomes are used in a cell-free system a 
'pre-lactogen' of molecular weight 25 000 is 
produced; the extra protein or 'precursor 
piece' is at the N-terminus of the molecule 
and contains an abundance of leucine resi
dues (Birken et al., 1977; Sherwood et al., 
1979). In the presence of membrane fractions 
from endoplasmic reticulum, the 'pre
lactogen' is converted to authentic hPL; this 
'precursor piece' (Figure 5.6) is a 25 amino 
acid sequence which may play a part in the 
formation of membrane-bound ribosomal 
complexes (Blobel and Dobberstein, 1975) 
(Figure 5.7). 

Thus, the primary gene product appears to 
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be pre-hPL with a molecular weight of 25 000 
and it is likely that the high molecular weight 
material detected by Suwa and Friesen 
(1969a,b) represented a complex of pre-hPL 
and membrane components or possibly a 
stable dimeric form of hPL (two hPL mol
ecules joined by disulphide exchange links) 
(Schneider et al., 1977). 

The genes for hPL and hGH synthesis are 
organized as a cluster at band q22-24 on the 
long arm of chromosome 17 and share a 92% 
sequence homology (George et al., 1981; 
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Selby et al., 1984). There are five genes organ
ized in the following manner: 5' -hGH-N, 
hCS-L, hCS-A, hGH-V, hCS-8-3' (Harper et 
al., 1982; Barsh et al., 1983; Barrera-Saldana et 
al., 1983). The mRNA products of these genes 
are heterogeneous, indicating multiple ori
gins of transcription (Selvanayagam et al., 
1984). A transcriptional enhancer has been 
identified 2.2 kb 3' of the hPL gene at the 
distal extreme of the hPL-hCG gene cluster 
(White et al., 1993; Walker et al., 1990). The 
inactive 'hCS-L' gene has a mutation at the 5' 
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Figure 5.7 A scheme for the synthesis and secretion of hPL by the trophoblast, based on the experi
mental findings described in the text and the 'signal hypothesis' of protein secretion. (a) Synthesis of 
hPL is started by an initiator codon (AUG) on mRNA, together with two ribosome units. A unique 
sequence of codons, immediately to the right of the initiator codon is translated into a unique sequence 
of amino acids on the N-terminus of the nascent hPL molecule. This is the so-called 'signal sequence' of 
'precursor piece', which contains a high proportion of the hydrophobic amino acid leucine. (b) The 
signal sequence binds to a receptor on the membrane of the endoplasmic membrane of the endoplasmic 
reticulum. This permits the nascent hPL chain to pass through the membrane into the cisterna. (c) The 
complete hPL chain enters the cisterna as it is translated by the ribosome (the ribosome remains bound 
to the membrane during this process). The signal piece is proteolytically cleaved from the nascent hPL 
chain. (d) The authentic hPL chain is completed and the ribosome dissociates form the membrane. This 
hypothesis explains why pre-hPL, Lv. with the signal sequence attached, is synthesized in cell-free 
systems containing only free polysomes, while authentic hPL is produced if a membrane fraction is 
included. 



splice site, suggesting that it is a pseudogene 
(Hirt et al., 1987). The hGH-V gene, pre
viously thought to be inactive, is expressed in 
the placenta (Frankenne et al., 1987). Varying 
numbers of gene deletions explain the rare 
cases of partial or total hPL deficiency (Parks 
et al., 1985; Simon et al., 1986). Some workers 
have suggested that the partial deficiency 
should be regarded as a reversion to the 
single-gene ancestral state rather than a gene 
deletion (Chakravarti et al., 1984). 

The cytological distribution of the mRNAs 
for hCG and hPL has been examined by in 
situ hybridization: hCG mRNAs are found 
partly in the syncytium and partly in the 
cytotrophoblast, while hPL mRNA is located 
exclusively in the syncytium (McWilliams 
and Boime, 1980; Hoshina et al., 1982; Sakbun 
et al., 1990). This association of hCG with 
differentiating elements and hPL with fully 
mature elements is compatible with the high 
levels of hCG and relatively low levels of hPL 
characteristic of trophoblast tumours (Gold
stein, 1971). 

(c) Distribution of hPL 

The concentration of hPL in fetal blood is 100-
fold less than that in the mother (Kaplan and 
Grumbach, 1965; Crosignani et al., 1972; 
Houghton et al., 1984). This differential is 
common to all specific proteins of the human 
placenta and is probably due to the fact that 
the trophoblast is in direct contact with the 
maternal circulation, whereas it is separated 
from the fetal circulation by a basement mem
brane and the fetal capillary endothelium. 
The concentration of hPL in the venous 
drainage of the uterus is similar or slightly 
higher than in the peripheral circulation 
(Klopper and Hughes, 1978; Grudzinskas et 
al., 1979; Gusdon and Sain, 1981; Metzger et 
al., 1985). The levels of hPL in amniotic fluid 
are lO-fold less than those in the mother (Cro
signani et al., 1972). Only small amounts of 
hPL are excreted in maternal urine (0.5 mg/ 
day against a production rate of 1 g/day), a 
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finding which is not surprising for a protein 
of this molecular weight. The concentration 
of hPL in mammary secretions during the last 
12 weeks of pregnancy is approximately one
tenth of that in blood (Kulski et al., 1982). 

(d) Metabolism of hPL 

The rate of synthesis of hPL has been esti
mated at 1-12 g/day (Beck et al., 1965; Kaplan 
et al., 1968). The half-life of hPL in the 
mother, as estimated by the rate of disap
pearance after delivery of the placenta, is 10-
20 min (Spellacy et al., 1966; Pavlou et al., 
1972). As with other biological molecules, the 
disappearance is biphasic with a rapid initial 
fall (yielding the half-life stated above) fol
lowed by a period of less rapid decrease. The 
differences in half-lives between individual 
subjects cannot be explained by observational 
error alone (Pavlou et al., 1972). Each subject 
has her own characteristic half-life, and this 
can be attributed to differences in the mode 
of delivery and the physiological state of the 
patient. 

There is no nyctohemeral rhythm in the 
maternal levels of hPL (Beck et al., 1965; 
Samaan et al., 1966; Ayala et al., 1984). The 
variation over a 24 h period, however, is 
greater than that which can be attributed to 
the assay itself (Pavlou et al., 1972); and this 
nyctohemeral variation is of the order of 6% 
(Houghton et al., 1982). Thus, a single sample 
taken from an individual will not be rep
resentative of all samples taken from the indi
vidual, and the diagnostic significance of hPL 
levels is increased if serial levels are exam
ined. The day-to-day variation of circulating 
hPL levels is similar to the nyctohemeral vari
ation at 6% (Masson et al., 1977). The factors 
responsible for the variation are unknown. 
Posture has no effect (Ylikorkala et al., 1973), 
nor does strenuous physical exercise (Lind
berg et al., 1973; Pavlou et al., 1973) or bedrest 
(Letchworth et al., 1974), or a period of heavy 
smoking (Pavlou et al., 1973). There is no 
change following the infusion of amino acids 
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or ingestion of a protein meal (Tyson et al., 
1969; Tatra et al., 1977). Claims of fluctuations 
in levels during normal labour (e.g. Cramer et 
al., 1971) have not been confirmed in other 
studies (Gillard et al., 1973). There is no 
change in hPL levels associated with the on
set of normal labour (Gillard et al., 1973) or 
premature labour (Westergaard et al., 
1985a,b). 

(e) Placental lactogenic hormones in other 
species 

Protein hormones with lactogenic activity 
have been found in many but not all mam
malian species (reviewed by Forsyth and 
Bloomfield 1986). Thus, it is found in the 
placenta of the goat (Buttle et al., 1972; Currie 
et al., 1977), the rhesus monkey (Walsh et al., 
1977), the sheep (Handwerger et al., 1977), 
rodents (A.M. Kelly et al., 1975), the hamster 
(Southard et al., 1986, 1987), and the cow 
(Bolander and Fellows, 1976; Bolander et al., 
1976; Buttle and Forsyth, 1976). The most 
notable exceptions amongst mammals appear 
to be the rabbit, the pig and the dog (Porter, 
1980). The placental lactogens of the chim
panzee, orang-outang and Old World mon
keys are immunologically identical or very 
similar to hPL; the lactogen of the New World 
squirrel monkey, by contrast, shows only a 
marginal cross-reaction (Lin and Halbert, 
1978). Similarly, there is virtually no im
munological cross-reaction between the pla
cental lactogens of the sheep, the goat, the 
cow and the deer, despite the close similarity 
of the prolactins and growth hormones in 
these species (Forsyth and Bloomfield, 1986). 

Bovine placental lactogen (bPL) 

The cow produces a 32-kDa protein with 
lactogen-like activity in radioreceptor assays 
(Eakle et al., 1982; Byatt et al., 1986, 1992). As 
with other ruminant hPLs, it is delivered to 
the maternal circulation by migration of bi
nucleate cells of the placenta (Duello et al., 

1986; Byatt et al., 1992). The serum levels of 
bPL remain low during the first two trimes
ters and thereafter rise rapidly to reach a 
plateau after 200 days (Bolander et al., 1976). 
Dairy cows have higher bPL levels than beef 
cattle; the levels are higher in twin pregnancy 
but do not correlate with fetal weight or sex 
(Bolander et al., 1976). Administration of 
recombinant bPL can increase milk yield and 
feed intake in the dairy cow (Byatt et al., 
1992). 

Monkey placental lactogen 

Placental lactogens are present in all groups 
of monkeys. In rhesus monkeys, PL is detect
able from day 42 of gestation onwards (Walsh 
et al., 1977). Maternal levels rise progressively 
and at term correlate with placental but not 
fetal weight (Novy et al., 1981). The levels are 
not affected by protein deprivation, fetal 
anencephaly, or ligation of the interplacental 
bridging vessels (Novy et al., 1981). 

Mouse placental lactogen 

The mouse placenta secretes two placental 
lactogens: mPL-I and mPL-II. Genes for both 
of these have been isolated and characterized 
(Jackson et al., 1986; Shida et al., 1992). Mouse 
placental lactogen (mPL) can be detected in 
maternal serum from day 9 of gestation 
onwards and its concentration increases 
throughout gestation (Soares et al., 1982). The 
circulating levels correlate with litter size 
(Markoff and Talamantes, 1981; Soares and 
Talamantes, 1983). An increase in mPL levels 
is found after ovariectomy, hypophysectomy 
and fasting (Soares and Talamantes, 1985; 
Day et al., 1986; Lopez et al., 1991). Ethanol 
administration has no effect on mPL levels 
(Fielder et al., 1989). In vitro, the release of 
mPL is principally a function of placental 
mass (Basch and Talamantes, 1986), though 
secretion of mPL-II can be inhibited by pro
gesterone (Yamaguchi et al., 1992). Some 
authors have concluded that mPL is an im-



portant lactogenic hormone in the second 
half of pregnancy in the mouse, when circu
lating mPRL levels are low (Thordarson et al., 
1986). It also appears to be lipolytic in this 
species (Fielder and Talamantes, 1987). 
Mouse placental lactogen I increases after day 
8 to reach a peak at days 9-11, then declines 
(Ogren et aI., 1989). 

Rat placental lactogen (rPL) 

Like the mouse, the rat placenta secretes a 
number of prolactin-like molecules (M. C 
Robertson et al., 1982; Deb et aI., 1991; Kishi et 
aI., 1992), the levels of which increase in ma
ternal serum during pregnancy. The source is 
trophoblast giant cells (Soares et al., 1982), 
and a cDNA has been cloned (Duckworth et 
al., 1986). 

Adrenalectomy and unilateral oophorec
tomy have no significant effect on maternal 
rPL levels; bilateral oophorectomy or hypo
physectomy leads to a substantial increase 
(M.C Robertson et aI., 1984). There is an 
inverse relationship between rPL and rat pro
lactin during pregnancy (Voogt et aI., 1982); 
rPL may be responsible for the elimination of 
twice-daily prolactin surges during preg
nancy in this species (Yogev et aI., 1983). 
Pregnant rats fed a low-protein diet have de
creased levels of rPL and somatomedins, and 
the latter can be restored to normal by admin
istration of hPL (Pilistine et al., 1984). 
Administration of hPL can inhibit skeletal 
growth in young female rats (Chiang and 
Nicoll, 1992). 

Sheep placental lactogen (oPL) 

The sheep placenta secretes a placentallacto
gen with a molecular weight of approxi
mately 23-kDa (Colosi et al., 1989; Warren et 
al., 1990; Byatt et al., 1992). As with hPL a 
slightly larger form is synthesized (25-kDa) 
and a signal peptide is released as part of the 
secretions process. Ovine PL can be found in 
granules in trophoderm binucleate cells (Rice 

Human placental lactogen 495 

and Thorburn, 1986; Wooding et al., 1992). 
Unlike the human, the hormone is present in 
substantial quantities in the fetal circulation 
as well as the maternal, though the levels in 
the fetus fall while maternal levels are still 
rising. The maternal levels are related to the 
number of fetuses present; the concentration 
reaches a peak at days 130-139 and thereafter 
falls to the time of delivery (Taylor et al., 
1980). Fetal plasma levels correlate with fetal 
weight (Schoknecht et al., 1991). 

In the sheep extensive metabolic studies 
have been possible. Intravenous adminis
tration of oPL to pregnant and non-pregnant 
sheep may result in a decrease in plasma 
free fatty acids, glucose, amino acids and 
insulin (Handwerger et al., 1976). However, 
Thordarson et ai. (1987) reported an increase 
in non-esterified fatty acids, glucose and urea 
during a continuous infusion of an ovine pla
cental extract. In vitro, oPL stimulates glyco
genesis by fetal hepatocytes (Freemark and 
Handwerger, 1986). 

Administration of arginine or ornithine is a 
potent stimulus to oPL secretion (Hand
werger et al., 1981), as is infusion of high 
density lipoproteins (Grandis et aI., 1989). 
Acute hyper- or hypoglycaemia has little or 
no effect on oPL levels in mother and fetus, 
but fasting leads to a rise in oPL in both the 
fetus (Oliver et aI., 1992) and possibly the 
mother. Fasting of pregnant ewes causes a 
reduction in PL receptors in both the mother 
and the fetus (Brinsmead et aI., 1981; 
Freemark et al., 1992). Infusion of arachidonic 
acid produces an increase in maternal but not 
fetal oPL levels (Huyler et aI., 1985). Adminis
tration of a 313-hydroxysteroid dehydrogen
ase inhibitor, which causes a sharp fall in 
progesterone levels, has no effect on oPL 
secretion (Taylor et aI., 1982). Similarly, 
infusion of corticosteroids or corticotrophin 
has no effect on circulating oPL levels (Taylor 
et aI., 1983a); agents such as chlorpromazine 
and thyrotropin-releasing hormone, which 
produce a significant increase in fetal pro
lactin levels, have no effect on fetal oPL (Tay-
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lor et al., 1983b). Neutralization of oPL by in 
vivo administration of antibody to oPL 
appears to have no effect on glucose, fatty 
acids, somatomedins or growth hormone, 
but causes a fall followed by a rise in insulin 
levels (Waters et al., 1985). In vitro, phospho
lipase C can stimulate oPL release (Rice and 
Thorburn, 1986). 

Ligation of a single umbilical artery, which 
produces severe fetal growth retardation, is 
followed by a decrease in maternal levels of 
oPL but an increase in fetal levels (Newnham 
et al., 1986a). Restriction of placental growth 
by removal of uterine caruncles is associated 
with low levels of oPL (Falconer et al., 1985). 
The increase of maternal oPL with arginine 
infusion is also blunted under these circum
stances (N ewnham et al., 1986b). There is an 
increase in maternal oPL following fetal 
nephrectomy (Brinsmead et al., 1980). Ovine 
PL binds with high affinity to the human GH 
receptor, despite the fact that the receptor 
binding site appears to differ strikingly from 
that of hGH (Colosi et al., 1989). 

Goat placental lactogen 

The goat placenta secretes a lactogen with 
properties very similar to that of the sheep 
(Currie et al., 1990; Byatt et al., 1992). 

(f) Extraction and purification 

In the 1960s it was demonstrated that hPL 
could be prepared from placentas by extrac
tion in aqueous media and purified by 
standard techniques involving fractional 
precipitation using salts, DEAE chromato
graphy, polyacrylamide gel electrophoresis 
and gel filtration. It became clear that high 
pH should not be used in order to avoid 
deamidation and aggregation with conse
quent effects on biological activity. In the 
method of Hunt et al. (1981) frozen placentas 
were extracted in ammonium bicarbonate at 
pH 7.8 and the hPL was then adsorbed to 
DEAE-cellulose from 0.1 M bicarbonate and 
eluted in 0.4 M bicarbonate. There followed 

precipitation from ammonium sulphate, gel 
filtration on Sephadex G-lOO and polyacryl
amide gel electrophoresis. Monoclinic crys
tals were produced from solution in 0.1 M 
phosphate, pH 7.8 and polyethylene glycol-
1000. 

(g) Chemical structure of hPL 

Human placental lactogen is a polypeptide of 
molecular weight 21 000 with a single chain 
of 191 amino acids and two intrachain disul
phide bonds (Niall et al., 1971, 1973). Studies 
with recombinant fragments generated by 
limited plasmin digestion and reduction of 
hPL and hGH have shown that most of the 
immunological and biological properties of 
these hormones are associated with the N
terminal 1-134 amino acids (Russell et al., 
1981a). Cleavage of the hPL molecule at resi
due 86 (tryptophan) completely destroys the 
immunological and biological activity (Rus
sell et al., 1981b). As in hGH, there is a single 
tryptophan residue buried within the hydro
phobic interior of the molecule. Although 
there is no evidence that this is hydrogen 
bonded in the native protein as in hGH, there 
is a transient bonding in the early stages of 
thermolysin digestion (Bewley and Li, 1984). 

(h) Relation of hPL to other hormones 

The amino acid composition of hPL is very 
similar to that of hGH, the main differences 
being in the number of methionine, histidine 
and proline residues. There is an 86% se
quence homology, and the disulphide bonds 
are located in homologous portions of each 
molecule. Most of the differences are near the 
N-terminus, and of the observed substi
tutions only one requires more than a single 
base change in the triplet codon. The amino 
acid sequences of hPL and hGH are also 
similar to that of prolactin (23% sequence 
homology with hPL, 16% with hGH), though 
prolactin has 198 amino acids and three intra
chain disulphide bonds (Shome and Parlow, 
1977). 



It appears likely that hPL, hGH and pro
lactin originated from a shorter primordial 
peptide of 25-30 amino acids. At an early 
stage a structural divergence produced two 
evolutionary lines, one with primarily lacto
genic activity, the other with somatotrophic 
activity. At a later stage individual species 
showed further divergence within these 
lines, thus yielding the differences between, 
for instance, the structure of sheep and hu
man pituitary growth hormone and prolac
tin. Finally, divergences occurred within 
species leading to the existence of separate 
pituitary and placental proteins. 

(i) Control mechanisms of hPL 

In common with other placental products, 
there is little evidence for the existence of 
control mechanisms such as those which 
exist for pituitary protein hormones. 
However, there is a large and somewhat con
fusing literature concerning a number of fac
tors which might influence trophoblastic PL 
production in both the human and other 
species. 

Prolactin 

In rats there is some evidence for an inverse 
relationship between levels of PL and pitu
itary prolactin (Nagasawa et al., 1976; 
Tonkowicz and Voogt, 1984), but similar evi
dence is not available in the human. 
Hypophysectomy of the rat can lead to a 
substantial increase in PL levels (Voogt et al., 
1985). 

Releasing hormones 

Thyrotropin-releasing hormone (TRH), 
which is a powerful stimulant of pituitary 
prolactin secretion and is also found in the 
placenta (Gibbons et al., 1975), has no effect 
on circulating hPL levels (Hershman et al., 
1973). Gonadotrophin-releasing hormone 
(GnRH) has no effect in vitro (Khodr and 
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Siler-Khodr, 1978; Siler-Khodr et al., 1986), 
though administration of GnRH antagonist 
has a delayed suppressive effect (Siler-Khodr 
et al., 1983). 

Steroid hormones 

In the rat, ovariectomy (M.e. Robertson et 
al., 1984) produces an increase in PL levels. 
In the sheep, there is no evidence that endo
genous progesterone secretion affects PL se
cretion (Taylor et al., 1982). Similarly, no 
effect of oestradiol or progesterone has been 
shown on secretion of PL by human placental 
cells in vitro (Zeitler et al., 1983). 

Carbohydrate and lipid metabolism 

Because of the close relationship to growth 
hormone, several groups have examined the 
relationship of hPL levels to alterations in 
carbohydrate and lipid metabolism. Blood 
levels of hPL decrease following intravenous 
administration of glucose (Burt et al., 1970; 
Spellacy et al., 1971; Ajabor and Yen, 1972; 
Pavlou et al., 1973) (Figure 5.8), though 
Pavlou and his colleagues showed that the 
change is small and inconsistent, and might 
also be attributed to trivial mechanisms such 
as the osmotic expansion of plasma volume 
which results from injection of a hypertonic 
solution. 

Increases in blood hPL levels have been 
shown during insulin-induced hypo
glycaemia (Spellacy et al., 1971) prolonged 
starvation (Kim and Felig, 1971; Brinsmead et 
al., 1981) and intravenous arginine adminis
tration (Prieto et al., 1976), but changes are 
small when compared with those resulting 
from the administration of pituitary growth 
hormone under similar circumstances. In 
sheep, infusion of high-density lipoproteins 
(HDL) stimulates PL secretion (Grandis et al., 
1989). Equally, a number of studies do not 
support a significant role of carbohydrate or 
lipids in the control of hPL secretion. There is 
no change in hPL levels after oral adminis
tration of glucose (Pavlou et al., 1973). In the 
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Figure 5.8 Plasma levels of insulin, glucose and 
hPL in 10 subjects following i. v. injection of 
glucose. 

sheep, maternal hyperglycaemia produces no 
change in placental lactogen levels in fetus or 
ewe (Brinsmead et aI., 1981). Experimentally 
induced changes in circulating levels of free 
fatty acids do not produce any consistent 
change in hPL concentrations (Morris et al., 
1974). The secretion of hPL by dispersed pla
cental cells in vitro is not influenced by 
changes in insulin or glucose concentrations 
(Zeitler et aI., 1983), though contrary results 
were obtained by Bhaumick et al. (1987), who 
showed that both insulin and insulin-like 
growth factor (IGF-I) could stimulate hPL 
production by placental explants. 

Other factors 

Neither epidermal growth factor (E.A. 
Wilson et al., 1984b) nor adrenergic 13-
receptor agonists or antagonists (Shu-Rong et 
al., 1982) nor corticosteroids (Tatra et al., 
1984) have any effect on secretion of hPL by 
placental cells in vitro. Prostaglandin F20t has 
no direct effect on hPL secretion (Ward et al., 

1977). Dopamine reduces hPL production in 
vitro (Macaron et aI., 1978), as does transform
ing growth factor 13 (Morrish et aI., 1991). The 
latter effect is probably secondary to inhi
bition of placental differentiation. Ritodrine 
(Schreyer et aI., 1989) and angiotensin (Petit et 
aI., 1989) may enhance hPL secretion in vivo. 

It has been proposed (Chard, 1981, and 
Figure 5.9) that the potential for placental 
production is a function of the total mass of 
the trophoblast, that the rate of release 
depends on the concentration of protein in 
maternal blood in the intervillous space and 
that this concentration, in tum, depends on 
the rate of blood flow in the intervillous 
space. 

Thus, hPL will diffuse from the trophoblast 
cell down a concentration gradient: the faster 
the rate of blood flow the more rapid is the 
removal of hPL and hence the steeper the 
gradient. This hypothesis is compatible with 
most present evidence and has the important 
implication that the rate of hPL production 
and the circulating levels in the mother 
should be closely related to uteroplacental 
blood flow. Specific experimental evidence 
for the concept that the functional mass of the 
trophoblast is the most important factor in 
the control of PL secretion comes from 
studies in the rhesus monkey (Novy et aI., 
1981). However, studies in the goat have not 
shown any relationship between short-term 
variation in uterine blood flow and levels of 
placental lactogen in the uterine or jugular 
veins (Hayden et al., 1983). One study 
(Obiekwe and Chard, 1983a) has shown an 
apparent sex difference in hPL, higher levels 
being found in association with a female 
fetus. This difference is similar to, but less 
striking than that observed with hCG. 

5.4.2 BIOLOGICAL PROPERTIES 

(a) Biological effects of hPL 

A great variety of biological activities have 
been proposed for hPL, including growth 



promotion, lactogenesis, an effect on carbo
hydrate and lipid metabolism, stimulation of 
the corpus luteum, erythropoiesis, inhibition 
of fibrinolysis and immunosuppression. 

Although it is chemically similar to hGH, 
hPL has only weak somatotrophic activity, 
variously estimated at 0.1-10% of that 
of the pituitary protein (Josimovich, 1966; 
Murakawa and Raben, 1968). However, the 
growth-promoting activity of hPL may be 
greater than that of hGH for some fetal tis
sues (Hill et al., 1985). Sheep fetal fibroblasts 
have much higher affinity for oPL than oGH 
(Fowlkes and Freemark, 1992). A placental 
growth hormone distinct from both hPL and 
hGH has been described (Hennen et al., 1985) 
and is the product of the 'silent' hGH-V gene 
(Frankenne et al., 1987). Maternal levels of 
hPL are not related to those of insulin-like 
growth factor (IGF-I) (Kazer et al., 1991). 

The extent of the lactogenic activity of hPL 
has been disputed. Early reports suggested 
that its potency was some 75% that of sheep 
prolactin (Josimovich and Brande, 1964). 
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However, later studies showed much lower 
activity (Friesen, 1965; Fiorini et al., 1966) 
(1-4 U/mg in the pigeon crop-sac assay). The 
potency in the rabbit intraductal assay is 
greater than that in the pigeon crop-sac 
assay; a similar discrepancy has been ob
served with human growth hormone. 
Studies using intact animals have yielded 
estimates ranging from 20 to 100% of that of 
prolactin (Handwerger and Sherwood, 1974). 
Thus, it is difficult to assign a potency be
cause the apparent lactogenic activity of hPL 
is highly dependent on the purity of the 
material examined, on the type of assay and 
on the animal species used for the assay. 
Surprisingly, substantial modification of the 
hPL molecule (reduction and alkylation, oxi
dation) does not seem to be associated with 
loss of lactogenic activity (Aloj et al., 1972). 

In rodents, hPL has luteotrophic activity 
and may influence placental progesterone 
secretion, particularly the interconversion of 
progesterone and the biologically inactive 
20a-dihydroprogesterone (Josimovich and 
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Figure 5.9 How uteroplacental blood flow may control the rate of synthesis of hPL by the trophoblast. 
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Archer, 1977). Administration of hPL in ani
mals leads to a rise in blood sugar (Burt et al., 
1966; Handwerger et al., 1977) and free fatty 
acids (Riggi et al., 1966); this may be due to 
increased peripheral resistance to insulin 
action, though in hypophysectomized rats 
hPL can cause an increase in insulin release in 
vitro from islet cells (J.M. Martin and Friesen, 
1969). Administration of hPL to rhesus 
monkeys can decrease the hypoglycaemic 
response to exogenous insulin, without 
affecting glucose tolerance or the insulin 
response to glucose (Beck, 1970). PL can 
modulate insulin production by cultured hu
man fetal pancreas, and it has been sugges
ted that this might contribute to fetal body 
growth (Swenne et al., 1987). 

In the mouse, hPL can stimulate erythro
poietin secretion and thus the incorporation 
of iron into red blood cells (Jepson and 
Friesen, 1968). In rats, hPL has a direct mito
genic effect on bone marrow in vitro (Berczi 
and Nagy, 1991). Both hPL and hCG can 
suppress phytohaemagglutinin-induced 
lymphocyte transformation (Contractor and 
Davies, 1973; Cerni et al., 1977). The sugges
tion that either of these compounds plays a 
significant role in the immune survival of a 
pregnancy is now largely discredited (re
viewed by Chard, 1992). 

(b) Biological functions of hPL 

It is essential to distinguish between activity 
and function of hormones. A biological mol
ecule may have a specific effect in an experi
mental system, but this does not necessarily 
mean that it is responsible for the same effect 
in normal physiology. The distinction is espe
cially notable with the biologically active pla
cental proteins: none has been clearly 
identified as essential for any physiological 
event, and it has even been suggested that 
the placental proteins have no biological 
function but rather are waste products of the 
general activities of the placenta as an inde-

pendent organism (Y.B. Gordon and Chard, 
1979). 

Preparation of the breast for lactation could 
be an important function of hPL in normal 
gestation. But there are several other poten
tial candidates for this function, including 
placental oestrogens and progesterone and 
maternal pituitary prolactin, all of which are 
elevated simultaneously. Administration of 
hPL to non-pregnant subjects in amounts 
sufficient to yield blood levels similar to those 
in mid-gestation does not induce lactation 
(Josimovich et al., 1974). Furthermore, lac
tation can be induced by breast stimulation 
even in subjects who have never been preg
nant (Anon, 1985). 

There are similar reservations on the postu
lated role of hPL in carbohydrate and lipid 
metabolism (see Chard, 1992). It is well 
recognized that pregnancy constitutes a dia
betogenic stress, and impairment of carbo
hydrate tolerance with elevated levels of 
circulating insulin and free fatty acids are 
normal findings. It is attractive to speculate 
that the pregnant woman tends to retain glu
cose within her circulation where it is avail
able for transport across the placenta to the 
developing fetus, and that this retention is 
due to hPL. However, the evidence for this is 
not strong. Under normal physiological cir
cumstances, there is little relationship be
tween hPL and circulating carbohydrate and 
lipid levels (see Control mechanisms, section 
5.3.4), though a correlation has been shown 
between hPL and plasma levels of total and 
free cholesterol, triglycerides and phospho
lipids measured throughout pregnancy 
(Desoye et al., 1987). Administration of hPL 
to non-pregnant subjects leads to impaired 
carbohydrate tolerance and increased levels 
of insulin (Beck and Daughaday, 1967; 
Kalkhoff et al., 1969), but no abnormality in 
carbohydrate metabolism can be shown in 
pregnancies in which hPL is absent (Alex
ander et al., 1982). Furthermore, there are 
other equally good candidates for an effect on 
carbohydrate metabolism, such as the pla-



cental steroid hormones (oestrogens and pro
gesterone), which at levels much lower than 
those in late pregnancy (e.g. in subjects on 
oral contraceptive agents) can produce all of 
the changes characteristic of a prediabetic 
state. 

It is attractive to speculate that hPL might 
be an important growth-promoting factor for 
the fetus. But this possibility is ruled out by 
three observations: (i) the somatotrophic 
activity of hPL is extremely low (1 % or less) 
compared with that of pituitary growth hor
mone; (ii) the levels of hPL in the fetal circu
lation are 100-fold less than those in the 
mother; and (iii) there is no relation between 
fetal levels of hPL and fetal growth (Hough
ton et al., 1984). 

The lack of any obvious function of PL in 
human pregnancy is supported by some ani
mal studies. In the sheep, maternal hypergly
caemia produces no change in PL levels in 
fetus or ewe (Brinsmead et al., 1981). Also 
in the sheep, neutralization of PL by anti
bodies does not affect glucose metabolism, or 
the circulating levels of somatomedins, 
growth hormone, progesterone or cholesterol 
(Waters et al., 1985). 

(c) Receptors for and mode of action of hPL 

Studies on specific tissue receptors for hPL, 
similar to those available for hGH, are sparse. 
However, the chorion laeve is believed to 
contain a lactogen receptor which binds hPL 
and prolactin (Herington et al., 1980). This 
receptor is deficient in cases of polyhydram
nios (Healy et al., 1985). There is evidence for 
receptors on the fetal liver in a variety of 
species (Hill et al., 1988; Freemark et al., 
1989). Human PL can bind to the extracellular 
domain of the prolactin receptor; tight bind
ing is zinc dependent (Lowman et al., 1991). 
A number of studies have suggested that 
there may be circulating endogenous binders 
of placental lactogen (Gusdon et al., 1970, 
Heal and Gluck, 1980; Southard and 
Talamantes, 1989). 
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5.4.3 MEASUREMENTS 

(a) Immunoassay for hPL 

The majority of studies on hPL have been 
carried out using radioimmunoassay (see 
Chard, 1979), though other types of immuno
logical assay have been developed, in par
ticular enzymoimmunoassay (EIA) (Dittmar 
et al., 1979; MacDonald et al., 1980), fluoro
immunoassay (FIA) (Chard and Sykes, 1979) 
and turbidimetric assay (Collet-Cassart et al., 
1989). The various immunoassays for hPL 
and the principles underlying them have 
been reviewed in detail elsewhere (Chard, 
1979, 1982, 1983). 

(b) Biological and receptor assays for hPL 

Though the effects of hPL have been studied 
in a number of biological systems, these sys
tems have never been used for measurement 
of the concentration of human PL in biologi
cal fluids. Some use has been made of recep
tor assays (extracts of mammary glands) for 
the measurement of placental lactogens in 
other species, e.g. the rat (P.A. Kelly et al., 
1976), the cow (Eakle et al., 1982) and the goat 
(Currie et al., 1977). 

5.4.4 CLINICAL APPLICATIONS - DIAGNOSIS 

The earlier literature on the diagnostic appli
cations of hPL measurement was reviewed 
in great detail by Letchworth (1976). 
Subsequent reviews include those by Chard 
and Klopper (1982) and Chard (1984). At the 
present time measurement of circulating hPL 
is little used as a test of placental function or 
fetal well-being (Chard, 1987). 

(a) Matemallevels of hPL in normal 
pregnancy 

Placental lactogen is detectable in maternal 
blood soon after implantation; thereafter the 
levels rise progressively to reach a plateau 
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Figure 5.10 The normal range of circulating hPL 
levels in the mother from weeks 20-42 of gestation 
(200 subjects). Mean ± 2SD is shown. The distri
bution is skewed, the variation above the mean 
being greater than below it. 

after the 3Sth week. This increase follows the 
sigmoid curve which characterizes all specific 
placental proteins and which closely parallels 
the growth of the placenta both in weight and 
in DNA content. The levels are higher in twin 
than in singleton pregnancies (Kazer et al., 
1991). The levels do not change at the onset 
of labour and the absolute levels are not re
lated to the time of onset of labour (Gillard et 
al., 1973). 

The normal range of hPL levels in the later 
part of pregnancy is shown in Figure S.lD. 

In common with most other biochemical 
parameters the variation around the mean 
shows a skewed distribution; the range of 
variation is greater above the mean than that 
below it. Thus, a better approximation to the 
true mean and standard deviations is ob
tained after logarithmic transformation of the 
data. Alternatively, the results are expressed 
as medians and centiles. In the early first 
trimester, hPL levels have been used to esti
mate the stage of gestation (Whittaker et al., 
1983), though others have questioned the 
value of this (Thomson et al., 1988). 

(b) Maternal levels of hPL in complications 
of early pregnancy 

Threatened abortion 

It is generally agreed that low maternal hPL 
levels after the 8-10th week are characteristic 
of threatened abortion with an unsatisfactory 
outcome and thus provide a guide to prog
nosis in this condition (Genazzani et al., 1969; 
Niven et al., 1972; Gartside and Tindall, 1975; 
Biswas et al., 1980; Hertz and Schultz-Larsen, 
1983; Gerhard and Runnebaum, 1984). The 
low levels would appear to be secondary to 
death or of damage to the trophoblast, since 
all placental products are affected in an ident
ical manner (Salem et al., 1984b). 

(c) Maternal levels of hPL in complications 
of late pregnancy 

Low birth-weight 

Placental lactogen levels are correlated with 
the weight of the placenta (Sciarra et al., 1968; 
Saxena et al., 1969; Cramer et al., 1971; 
Lindberg and Nilsson, 1973; Boyce et al., 
1975; Morrison et al., 1980), and of the fetus 
(Letchworth et al., 1971; Lindberg and 
Nilsson, 1973; Boyce et al., 1975; Bagga et al., 
1990). 

The latter relationship is secondary to that 
between the weight of the placenta and fetus, 
but there is no doubt that hPL levels are an 
efficient guide to fetal growth and the pre
diction of delivery weight in an indivi
dual patient (Lindberg and Nilsson, 1973; 
Hensleigh et al., 1977; MacDonald et al., 1983; 
Pledger et al., 1984; Westergaard et al., 
1985a,b; Laurin et al., 1987), particularly in 
cases of maternal hypertension (Granat et al., 
1977; Sagen et al., 1984). The sensitivity of the 
test (proportion of positive results in patients 
with the abnormality) ranges from 29 to SO% 
depending upon the chosen cut-off point be
tween normal and abnormal (Lilford et al., 
1983). Serial levels have better predictive 



value than isolated levels (Obiekwe and 
Chard, 1984). Placental lactogen levels 
appear to be lower when there is specific 
evidence of dysmaturity than in those preg
nancies where the child is small but normal 
(Westergaard et al., 1985a). Of the currently 
available biochemical tests of placental func
tion, hPL is probably marginally superior to 
all others (Chard et al., 1985). 

Low levels of hPL are associated with 
gross fetal abnormality (Gau and Cadle, 
1977). Increased levels occur in twin pregnan
cies (Garoff and Seppala, 1973; Batra et al., 
1978; Briet and Hoom, 1982; Trapp et al., 
1986). The concentration in umbilical cord 
blood in light-for-dates infants has been 
reported as elevated (Taketani et al., 1984), 
but these findings could not be confirmed in 
another study (Houghton et al., 1984). 
Elevated levels in cord blood have also been 
associated with pre-eclampsia (Sprague et al., 
1973). 

There is evidence that hPL levels in fetal 
growth retardation only become abnormal 
after 33 weeks' gestation (Daikoku et al., 
1979). Normal levels of hPL are found during 
mid-trimester in mothers who subsequently 
deliver a growth-retarded child (Salem et al., 
1981). 

Pre-eclampsia and hypertension 

Spellacy et al. (1971) described a 'fetal danger 
zone' for subjects with hypertension: levels 
of hPL less than 4 f,Lg/ml after the 30th week 
indicated a fetal mortality of 24%. Many 
workers have confirmed the association be
tween low hPL levels and fetal outcome in 
hypertensive pregnancies (Keller et al., 1971; 
Lindberg and Nilsson, 1973; Christensen et 
al., 1974). For example, Kelly et al. (1975) have 
shown a 75% morbidity risk (growth retar
dation or perinatal asphyxia) for patients 
developing hypertension after the 28th week 
and having low hPL levels. 

Some confusion in the literature on the 
precise clinical value of hPL levels in pre-
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eclampsia can be attributed to three factors. 
First, the condition itself is very hetero
geneous and often not clearly defined. 
Second, it is very common for authors not to 
distinguish between pre-eclampsia per se and 
the fetal risk arising from the pre-eclampsia. 
Thus, in pregnancies in which the only 
abnormality is hypertension, hPL levels are 
normal after 36 weeks (Westergaard et al., 
1985a,b). Third, studies have looked for 
low levels of hPL in pre-eclampsia, whereas 
the best current information suggests that 
in primigravidas with pre-eclampsia the 
levels of hPL are elevated (Letchworth and 
Chard, 1972a; Obiekwe et al., 1984). Pla
cental lactogen levels are generally reduced 
in cases of antepartum eclampsia (Salem et 
al., 1983). 

Diabetes mellitus 

Diabetes mellitus is associated with a large 
placenta, and it is therefore not surprising 
that hPL is generally elevated in this con
dition (Selenkow et al., 1969; M.Cohen et al., 
1973; Ursell et al., 1973; Soler et al., 1975; 
Hertogh et al., 1976; Larinkari et al., 1982; 
Pledger et al., 1982) (Figure 5.11). 

The levels are reduced in cases in which 
the fetal outcome is unsatisfactory. Thus, 
hPL levels in a diabetic pregnancy must be 
interpreted in relation to the elevated range 
for a 'normal diabetic' pregnancy. 

Conflicting results in the literature on hPL 
levels in diabetes can be attributed to a 
number of factors, including the definition of 
the severity of the condition, the failure to 
appreciate that abnormality should be judged 
in relation to the general elevation of levels in 
this condition and the fact that perinatal 
death may occur due to metabolic dysfunc
tion in the absence of notable placental de
ficiency. A 'problem' of recent studies is the 
fact that most diabetic pregnancies are now 
so well controlled that they are, for all clinical 
and biochemical purposes, effectively normal 
(e.g. M.O. Stewart et al., 1989). 
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Figure 5.11 hPL levels in pregnancies complicated 
by diabetes mellitus in which there was no evi
dence of placental dysfunction (shaded area). 
Mean ± 2SD of the normal range is also shown. 

Rhesus isoimmunization 

Placental lactogen levels are generally 
increased in this condition. The levels are 
most elevated in cases in which the child is 
severely affected (Lindberg and Nilsson, 
1973; Ward et al., 1974). Prior to the 26th 
week, a value more than two standard devi
ations above the normal mean indicates a 
90% likelihood that the case will be severe. 
Similar elevations are seen in amniotic fluid 
hPL (Niven et al., 1974). The test has been 
advocated as an additional diagnostic aid at a 
stage when other parameters, such as liquor 
bilirubin, may be unhelpful. 

Fetal death 

Placental lactogen levels often fall before fetal 
death occurs (Ward et al., 1974). This is com
patible with the fact that in many stillbirths 
the cause is placental insufficiency, rather 

than a primary defect in the fetus itself. In a 
controlled study on patients with hyper
tension, Spellacy et al. (1975) showed that 
action based on hPL levels could lead to a 
substantial fall in perinatal mortality. 

Fetal distress and neonatal asphyxia 

Several authors have advocated hPL 
measurement as a general measure of 'fetal 
risk' (Letchworth and Chard, 1972b; Eng
land et al., 1974; R.P. Edwards et al., 1976; 
Grudzinskas et al., 1982). There is little doubt 
that the main factor reflected by maternal 
hPL levels is fetal size and growth. 
Consequently, there has been some argu
ment as to whether hPL determinations can 
predict acute fetal distress in labour, when 
the latter complication is analysed separately 
from growth retardation. However, there 
appears to be an association between abnor
mal hPL levels and an abnormal result of an 
oxytocin challenge test (OCT) (Spellacy et al., 
1979), and low hPL levels have been shown 
in association with fetal distress in babies of 
normal birth weight (Obiekwe and Chard, 
1982b). 

(d) Other factors which may affect hPL 
levels 

The concentration of hPL tends to fall after 40 
weeks' gestation (Lolis et al., 1977). Maternal 
blood hPL levels are generally lower in 
smokers than in non-smokers (Moser et al., 
1974; Boyce et al., 1975; Spellacy et al., 1977). 
This is attributable to the associated growth 
retardation rather than to the smoking itself 
(J.N. Lee et al., 1980). One study found 
higher levels of hPL associated with smoking 
(D'Souza et al., 1988). hPL levels are lower in 
mothers exposed to continuous aircraft noise 
(Ando and Hattori, 1977), and elevated levels 
of hPL have been described in association 
with low implantation of the placenta (Nico
laides et al., 1982). Low hPL levels may be 
associated with premature labour (Hercz et 



al., 1987). Circulating levels of hPL are 
increased in pregnant renal transplanted 
women (Klebe et al., 1990). Administration of 
iron supplements has no effect on hPL levels 
(Milman et al., 1991). 

(e) hPL deficiency 

Several authors have described cases of 
apparent absence of hPL in otherwise 
uneventful pregnancies (Gaede et al., 1978; 
Nielsen et al., 1979; Borody and Carlton, 1981; 
Sideri et al., 1983). Glucose tolerance appears 
to be normal in these subjects (Alexander et 
al., 1982). The defects are isolated because 
other placental products have invariably 
proved normal in these cases. The deficiency 
is reflected by a deficiency of mRNA in the 
trophoblast (Hubert et al., 1983). If both of the 
hPL genes are deleted there is a total absence 
of hPL, whereas if only one is deleted there is 
a relative deficiency, with circulating levels 
around one-quarter of those normally pres
ent (Parks et al., 1985). Complex situations 
have been described in which there are differ
ent deletions on each chromosome (Simon et 
al., 1986). 

(f) Circulating levels of hPL in trophoblast 
tumours 

Trophoblast tumours produce hPL but in 
smaller amounts than are found in a normal 
pregnancy (Samaan et al., 1966; Saxena et al., 
1968; Goldstein, 1971). The maternal levels 
appear to be related to tumour differen
tiation; the greater the degree of malignancy, 
the lower the hPL value in relation to hCG 
(Saxena et al., 1968; Goldstein, 1971). In some 
cases with active disease, hPL may disappear 
from the circulation while hCG remains de
tectable (Saxena et al., 1968). 

(g) Circulating levels of hPL in non
trophoblast tumours 

There have been a number of reports of se
cretion of hPL by tumours of non-trophoblast 
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origin, including carcinoma of the cervix (Oas 
et al., 1983), the stomach (Shinde et al., 1981; 
Heyderman et al., 1985) and the oesophagus 
(Burg-Kurland et al., 1986). Entirely negative 
results have been reported in large series of 
cases of ovarian (Monteiro et al., 1983) and 
breast cancer (Monteiro et al., 1982). High 
levels have been found, together with hCG, 
in a case of ovarian dysgerminoma (Kofler 
and Spona, 1971). Although production of 
placental proteins (notably SPI and hCG) has 
been demonstrated in a number of human 
malignant cell lines in vitro, hPL has not been 
found under these circumstances (Rosen et 
al., 1980a,b). 

5.4.5 CLINICAL APPLICATIONS - THERAPY 

(a) hPL as a fertility control vaccine 

A high incidence of reproductive loss has 
been noted in animals immunized with hPL, 
including rabbits (EI-Tomi et al., 1971), rats 
(Gus don, 1972) and mice (Yamini et al., 1972). 
In the last case, it was suggested that the 
mode of action was an antigen-antibody 
reaction at the placental site, leading to 
complement fixation and tissue damage. The 
possibility of active or passive immunization 
with hPL to achieve fertility control in 
humans has not been explored. 
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6.1 INTRODUCTION 

In this chapter we examine the first inter
actions between embryo and mother at the 
start of pregnancy: the biochemical messages 
that pass between them and the morphologi
cal links that are established. We consider the 
function of these biochemical signals in facili
tating the process of implantation and the 
support of the corpus luteum of pregnancy. 
We review in some detail the growth and 
development of the embryo, the genetic basis 
for sexual differentiation and the aetiology of 
embryonic and fetal abnormality. 

The past few years have seen considerable 
advances in our understanding of the estab
lishment of pregnancy. Yet, because of the 
difficulties of accessibility in situ and the ethi
cal constraints involved, it is not feasible to 
examine in much detail the process of im
plantation and corpus luteum rescue at a 
local, cellular level. This is particularly true 
for the primates, including man. The huge 
increase in research on pre-implantation 
development in man, associated with in 
vitro fertilization and related techniques, 
(Edwards, 1985) has shown the specificity of 
mechanisms operating in the primate and 
also our ignorance of the underlying cellular 
and molecular processes. Examples are the 
nutrient requirements for the embryo during 
its development from fertilization to implan
tation, the limits to potential in the regulation 
of blastomere, inner cell mass and tropho
blast differentiation, the embryo maternal 
dialogue that results in the implantation of 
the fetal allograft, the genetic or other causes 
of abnormalities causing death or deformity 
of the embryo, and the flexibility possible in 
the embryo's growth rates and endocrine 
support. 

Our main consideration here is the pri
mates, including man. Where our knowledge 
on primates is insufficient, we develop our 
arguments with knowledge derived from 
other species. Throughout we refer to recent 
reviews in non-primate biology in order to 
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provide leads for those readers who wish to 
pursue these questions further, but normal 
and abnormal embryo and fetal development 
in primates is our principal theme in this 
review. 

In section 6.2 the two questions are: 

1. What are the biochemical signals between 
embryo and mother at the start of preg
nancy in primates? 

2. How do these signals enhance (a) implan
tation and invasion of trophoblast, (b) 
nutritional and immunological security 
for the fetal allograft, (c) transformation of 
the corpus luteum (CL) to support preg
nancy and (d) the differentiation of the 
early embryo through programmed gene 
activation? 

During the past 15 years this field of research 
has moved from an emphasis on whole ani
mals and systems towards a cellular and now 
towards a molecular level. We and others 
have developed in vivo and in vitro systems to 
explore cell-cell recognition and molecular 
mechanisms while retaining as far as possible 
the physiological validation of these findings 
in the whole animal. Where feasible, we have 
run parallel studies with human tissues, but 
the key questions stated above cannot be 
approached in detail on an experimental level 
using the human directly. In addition, there 
are fundamental differences between the pri
mate and non-primate systems that ensure 
implantation and corpus luteum function. 
Consequently, while a vast amount of knowl
edge and technique developed on non
primate species has enabled studies to be 
carried out in primates, the results cannot 
often be interpreted across species. Indeed, 
there is considerable variation in the ways in 
which these processes have evolved even be
tween primate species. Wimsatt (1975) has 
provided an excellent review of some com
parative aspects of implantation. (See also 
Chapter 4.) 

In section 6.3 we explore the development 



538 Normal and abnormal embryo-fetal development in mammals 

of the embryo and the signals that it produces 
during the peri-implantation period. With 
the exception of chorionic gonadotrophin 
(CG) there is, as yet, little clear evidence for 
the physiological role of embryo-derived sig
nals in primates, but there are several candi
dates whose function can be tested with the 
culture systems and molecular techniques 
now available. An example is the polymerase 
chain reaction (PCR), which allows amplifi
cation of message from small amounts of em
bryonic tissue. We do not discuss the biology 
of trophoblast or the placental proteins that 
are secreted well after implantation. There is 
a large amount of literature which can be 
followed up outside the scope of this chapter 
(for example: Schlafke and Enders, 1975; 
Loke and Whyte, 1983; Chapman et al., 1988; 
and Chapter 5 of this volume). 

Section 6.3 concerns the functions of em
bryonic signals at the site of implantation and 
the corpus luteum, together with the effects 
of immunological inhibition. We consider 
also the direct or indirect interactions and 
their timing between the embryo, corpus 
luteum and the hypothalamus. The rates of 
development of the embryo and fetus in a 
variety of mammalian species are considered 
in section 6.4. The constitutive and environ
mental factors which define the normal range 
of prenatal growth and birth weight, as well 
as the constraining influences that can result 
in embryo/fetalloss during pregnancy, have 
been observed in all mammals studied, 
although there are marked differences be
tween species in the incidence and timing of 
prenatal death. Section 6.5 summarizes these 
rates of prenatal mortality at different periods 
during pregnancy in primate and non
primate species. Additionally, the species
specific genetic, maternal and environmental 
factors which contribute to prenatal loss are 
reviewed. Section 6.6 describes the genetic 
differentiation of the development of the 
reproductive tract and the sexual differen
tiation of both the reproductive tract and the 
brain. Sexual dimorphism of brain function 

as well as critical time periods for hormone 
action in sexual differentiation and mor
phology are also covered, particularly 
in relation to understanding abnormal 
development, which is dealt with in section 
6.7. We emphasize in this section the major 
malformations of the reproductive system of 
animals and man and the ways in which 
experimental teratology can advance our 
knowledge of embryonic and fetal abnormali
ties. The teratogenic role of sex steroids 
and environmental agents receives special 
attention because of the current and future 
concerns regarding these compounds in ab
normal development. 

Finally, in section 6.8 we note briefly some 
of the more strategic and applied dimensions 
in this field of research concerning its 
application towards transfer and storage of 
gametes, the regulation of fertility either to 
stimulate or to inhibit reproduction in the 
human and the potential for the accelerated 
breeding and conservation of endangered 
species. 

6.2 EMBRYO-MATERNAL INTERACTIONS 

6.2.1 GENERAL 

In all primates, ovulation occurs after a dis
tinct follicular phase that does not overlap, in 
terms of oocyte maturation, with the pre
vious luteal phase. This contrasts with the 
sheep and other non-primate species in 
which follicular maturation is in a late stage 
of preparation by the end of the luteal phase 
(Baird et al., 1975). Ovulation takes place 
12-36 h after the mid-cycle surge of LH and 
the oocyte continues to mature as it enters 
the Fallopian tube, with fertilization occur
ring 12-24 h later. 

After fertilization, the embryo proceeds 
through cleavage stages that vary in timing 
according to species (McLaren, 1985; Chapter 
2 of this volume). The timing of developmen
tal stages in primates is shown in Table 6.1. 

The embryo reaches the uterus on days 3-4 
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Table 6.1 The principal stages of implantation and their approximate timing (days) after ovulation in 
the human, baboon, rhesus monkey and marmoset monkey 

Stage 

Embryo enters uterus 
Zona pellucida shed 
Attachment 
Trophoblast differentiates 

(previous stages) 
Tertiary villi 

Human 

3-4 
5-6 
6-7? 
7-12 

Baboon 

4 
7-8 
8-10 

10-25 

23-25 

Rhesus Marmoset 

4 4 
7-8 9-10 
8-10 11-12 

10-30 12-40 

23-25 40+ 
Decidual reaction 

16-17 
12+ Local oedema Plaque Epithelial 

Implantation type Interstitial 

of pregnancy when it is at the morula stage. 
Development to blastocyst, hatching from 
the blastocyst and attachment to the maternal 
endometrium take place between days 7 and 
12 after ovulation depending on the species. 
Figure 6.1 shows the principal factors in
volved in the establishment of a dialogue 
between embryo, endometrium and corpus 
luteum at the start of pregnancy in primates. 

Ovary 

Corpus luteum 

Uterus 

Embryo 

Figure 6.1 The embryo-maternal dialogue during 
implantation in primates. Pregnancy depends on 
progesterone from the corpus luteum and oestra
diol may have a facilitatory role in stimulating 
endometrial support of the conceptus. The effects 
of ovarian prostaglandins or oestradiol-17~ in ter
minating the lifespan of the corpus luteum need 
clarification. The embryo secretes CG to support 
the corpus luteum, and other proteins and ster
oids whose precise functions are not determined. 
Local actions of CG on embryo and trophoblast 
differentiation at implantation are conjectural. 

(11-14) (11-14) 20+ 
Stromal 

30+ 
Superficial Superficial Superficial 

It is at the time of attachment that CG is 
first secreted in measurable quantities, but 
this hormone, which is the first clear endo
crine signal of the presence of an embryo, 
cannot be measured in the peripheral circu
lation for a further 2-3 days (as summarized 
in Table 6.2). 

This vital attachment of embryonic to 
maternal tissue (see Figure 6.1), followed by 
rapid differentiation of trophoblast and in
vasion of the endometrial epithelium, must 
be completed efficiently in order to allow the 
establishment of vascular connections that 
ensure nutrient exchange to the embryo. Just 
as essential for the survival of the embryo is 
the rapid establishment of contacts whereby 
CG is conveyed to the corpus luteum to pre
vent its regression at the end of the cycle. 

Table 6.2 The first detection (approximate days 
after ovulation) of CG in peripheral plasma for five 
primate species 

Species Embryo CG first 
attachment detected 

Human 7-9? 10 
Chimpanzee 7-9 11 
Baboon 8-10 12 
Rhesus 8-10 12 
Marmoset 11-12 14 
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Table 6.3 Factors affecting reproductive capacity in selected primate species (data for non-human 
primates are from captive colonies) 

Species Ovarian cycle Gestation Average no. Sexual Generation Seasonal 
(days) (days) of young maturity interval breedinf( 

born/year (years) (years) 

Common marmoset 28 144 5 1·5 2 No 
(Callithrix jacchus) 

Owl monkey 16 133? 1 1·5-2·0 2-3 No? 
(Aotus trivirgatus) 

Squirrel monkey 9 150 1 3 3-4 No? 
(Saimiri sciureus) 

Rhesus monkey 27 168 1 3-5 4--6 Yes 
(Macaca mulatta) 

Baboon 33 184 0'8 5-7 6-10 No? 
(Papio cynocephalus) 

Chimpanzee 37 235 <0·5 7-10 7-15 No 
(Pan troglodytes) 

Man 30 280 <0·5 15+ 20+ No 
(Homo sapiens) 

·Of the species listed, the rhesus has a definite breeding season which may be extended but not abolished in 
captivity. Births will occur throughout the year in captive owl monkeys, squirrel monkeys and baboons, but there are 
probably seasonal changes in fecundity. 

Within the general pattern summarized 
previously, there are considerable species 
differences among primates. These include 
the timing of attachment, the rates and de
gree of trophoblast invasion and the attain
ment of fetoplacental autonomy when the 
embryo and the extraembryonic membranes 
no longer require the presence of the corpus 
luteum for pregnancy to continue. 

6.2.2 SPECIES DIFFERENCES 

(a) Reproductive biology 

Table 6.3 shows some factors affecting the 
basic reproductive biology and fecundity of 
selected primate species. 

From these data we can see that studies of 
embryonic development are virtually imposs
ible in some species, and not easy in any. The 
great apes are all threatened or endangered 
species and there are very few centres where 
it is possible to study their embryology in any 
detail. In contrast, there are now a number of 

centres in developed and less developed 
countries where the capacity exists for 
studies of simian species, both New and Old 
World. 

(b) Morphology 

In the human, the chimpanzee and presum
ably in the other ape species, the embryo and 
trophoblast sink well under the uterine epi
thelium, becoming surrounded quickly by 
endometrial tissue and maternal vasculature. 
In the simian species studied to date, the 
degree of invasion of trophoblast is less 
marked, the early endometrial hyperplasia is 
less evident and the embryo does not sink 
under the uterine epithelium although 
this layer is penetrated over a wide area by 
trophoblast (J.P. Hill, 1932; Wislocki and 
Streeter, 1938; Hertig et al., 1959; J.D. Boyd 
and Hamilton, 1970; Hendrickx, 1971; 
O'Rahilly, 1973; Luckett, 1978). Figure 6.2 
gives a diagrammatic comparison of the 
differences seen. 



Human Rhesus 

Baboon Marmoset 

Figure 6.2 Implantation in primates, which 
requires further definition from ultrastructural 
investigations. The human trophoblast sinks 
under the endometrial epithelium and there is a 
massive endometrial reaction. In the monkeys 
studied to date, implantation is superficial, 
although rapid contact is made with the maternal 
vasculature. The degree of endometrial response 
varies in intensity and timing according to the 
species. Endometrial response; trophoblast
maternal interface; e. p. = epithelial plaque. 

There have been more detailed accounts of 
the process of embryo implantation in the 
baboon and rhesus monkey (Hendrickx and 
Enders, 1980; Enders et al., 1983) and in the 
marmoset monkey (H.D.M. Moore et al., 
1985; Smith et al., 1987). From these studies it 
is clear that the stages of early embryonic 
development after embryo attachment occur 
relatively slowly in the marmoset when com
pared with the human and other primates. 
This may be due to the rather complex forma
tion of early embryonic membranes in the 
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marmoset, related to the chimaerism seen in 
this species (Figure 6.3). 

The essential differences between the mor
phology of attachment and implantation in 
the hominoid and simian primates are per
haps academic in that after the first few days 
of implantation the degrees of embryo
maternal tissue apposition and exchange are 
similar whether the form of implantation is 
interstitial or superficial. 

(c) The factors affecting the timing of 
embryonic development and survival 

A comparison in selected species of the day 
of embryo attachment and the first day when 
CG is measurable in the peripheral circu
lation is presented in Table 6.2. Further com
parisons on the rates of development of 
primate embryos are shown in section 6.4. 

A major obstacle in obtaining data of this 
nature is that, until recently, it was almost 
impossible to provide a precise timing of the 
stage of development related to the time of 
ovulation. It is only since the wider use of 
radioimmunoassays in the 1970s and their 
application in monitoring the endocrine 
events of early pregnancy that a relatively 
non-invasive way of estimating the chron
ology of peri-implantation events has become 
feasible. This trend is continuing now with 
application of high-precision ultrasonogra
phy, which makes it possible to determine 
the day of embryo attachment through study 
of the size of the uterine lumen. Comparisons 
of embryo events based on the classic work of 
Hertig et al. (1956) and others depended on a 
very few samples from the human. Timing 
was related to the start of the previous men
strual period, so it is remarkable how much 
has been learned from this material. 
Definition of embryonic timing for the 
baboon can be achieved with greater pre
cision because of the cyclical changes in sex 
skin exhibited in this species (Hendrickx, 
1971). In other simians, including the rhesus 
monkey (Atkinson et al., 1975), cynomologus 
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Figure 6.3 The anastomoses and vascular connections between triplet fetuses and placental discs in the 
common marmoset. 

monkey (Dukelow, 1983) and marmoset 
(Hearn, 1983; Harlow et al., 1984), daily moni
toring of endocrine changes is necessary. 

All of the above primate species have attri
butes and advantages depending on the 
questions being investigated. None of them 
are perfect models with homology to the hu
man, but all share analogous attributes with 
the human in a general primate pattern. With 
regard to timing of the start of pregnancy, the 
marmoset has a particular advantage in that 
the end of the luteal phase can be synchron
ized by the administration of 0.5 J.Lg of 
exogenous prostaglandin F2a (Summers et al., 
1985). This permits collection and examin
ation of embryos at precise stages of 
pregnancy as well as embryo transfer to 
synchronized recipients. This sensitivity of 

the corpus luteum and its possible evolution
ary implications are noted further in section 
6.3. Aspects of the evolution of the corpus 
luteum are discussed in Hearn et al. (1977). 

The stage of embryonic development and 
the location of the embryo in the repro
ductive tract during the first 12 days of preg
nancy in the marmoset monkey are shown in 
Table 6.4. As noted previously, the day of 
attachment of the embryo to the endometrial 
epithelium varies considerably between pri
mate species (Table 6.1). Because of the ob
stacles in obtaining precise timing, it is likely 
that we may have to review our previous 
estimates of timing of human embryo attach
ment and implantation. Data from Lenton 
and Woodward (1988) can be interpreted to 
suggest that embryo attachment occurs on 



T
ab

le
 6

.4
 

E
m

br
yo

 c
ol

le
ct

io
n 

su
cc

es
s 

ra
te

 a
nd

 s
ta

ge
s 

of
 e

m
br

yo
ni

c 
de

ve
lo

pm
en

t 
in

 v
iv

o 
in

 t
he

 c
om

m
on

 m
ar

m
os

et
 

D
ay

 o
f 

N
o.

 o
f 

N
o.

 o
f 

No
. 

of
 

U
F/

de
g.

 
St

ag
es

 o
f e

m
br

yo
ni

c 
de

ve
lo

pm
en

t 
pr

eg
na

nc
y 

la
pa

ro
t-

CL
 

em
br

yo
sa

 
em

br
yo

s 
om

ie
s 

N
um

be
r 

of
 b

la
sto

m
er

es
 

4 
5 

6 
7 

8 
10

 
10

-1
61

6-
20

 
M

 

4 
49

 
11

3 
76

 (
67

·3
%

)b
 

20
 

28
 

7 
5 

6 
7 

3 
5 

2 
5 

4 
0 

3 
1 

6 
7 

18
 

13
 

0 
5 

8 
7 

29
 

69
 

52
 (

75
·4

%
)b

 
8 

35
 

8 
21

 
44

 
36

 (
81

·8
%

)b
 

4 
14

 
9 

32
 

79
 

60
 (

75
·9

%
)b

 
4 

10
 

8 
19

 
12

 
3 

11
 

1 
3 

0 
T

ot
al

 
14

9 
35

0 
25

3 
(7

2·
3%

)b
 

39
 

"I
nc

lu
de

s 
un

fe
rt

il
iz

ed
 o

oc
yt

es
 a

n
d

 d
eg

en
er

at
ed

 e
m

br
yo

s 
(U

F
/d

eg
.)

. 
bN

um
be

r 
of

 e
m

br
yo

s 
ex

pr
es

se
d 

as
 a

 p
er

ce
nt

ag
e 

of
 n

um
be

r 
of

 c
or

po
ra

 l
ut

ea
. 

M
=

m
or

ul
a;

 E
B

=
ea

rl
y 

bl
as

to
cy

st
; 

B
=

bl
as

to
cy

st
; 

E
xB

=
ex

pa
nd

ed
 b

la
st

oc
ys

t;
 H

B
=

ha
tc

he
d 

bl
as

to
cy

st
. 

EB
 

B
 

E
xB

 

9 8 
10

 
5 

18
 

33
 5 

H
B

 

4 

tT
l 

~
 
~
 1 i ["
 

"" i2l '" .... o·
 

;::
t '" e 



544 Normal and abnormal embryo-fetal development in mammals 

days 8-9, rather than the days 6--7 suggested 
by earlier investigations based on imprecise 
immunological assays that may not have dis
tinguished fully between CG and LH (Saxena 
et al., 1974). On the other hand, the highly 
invasive mode of implantation in the human 
may enable a quicker establishment of vascu
lar connections, proving the earlier estimates 
correct. If the recent data are confirmed, it 
would unify the timing of implantation of 
Old World species, with attachment occur
ring on days 8--9 in the human as well as in 
the rhesus monkey and baboon. 

The timing of implantation in New World 
species has been worked out in detail only in 
the marmoset, occurring on days 12-13 after 
ovulation (H.D.M. Moore et al., 1985). It may 
be significant that the luteal phase of the 
marmoset at 19 days (Hearn, 1983; Harlow et 
al., 1984) is also longer than the 14-15 days 
seen in most Old World species. On a super
ficial assessment, the day of embryo attach
ment in New World species may be quite 
flexible since the owl monkey (Aotus trivirga
tus) has an ovarian cycle of 16 days with a 
luteal phase of approximately 10 days (Dix
son, 1983); the cebus monkey (Cebus apella) 21 
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and 12 days respectively (Nagle and Denari, 
1983); the tamarins (for example, Saguinus 
oedipus) 16 and 10 days; and the squirrel mon
key is reported to have a complete cycle 
within 8-10 days (Dukelow, 1983). 

Another factor that affects the timing of 
early embryonic development in the marmo
set monkey is the absence of post-partum 
lactational amenorrhoea. The marmoset can 
become pregnant within 10 days of a pre
vious birth. While this greatly increases the 
fecundity and the productivity of the marmo
set, it results in an overlap between the first 
80 days of pregnancy and the suckling of 
twin infants (Hearn, 1983, 1984). This double 
physiological load may explain in part why 
the first 80 days of marmoset embryonic 
development are relatively slow compared 
with the rates of development in the human, 
rhesus monkey and baboon (Chambers and 
Hearn, 1985). Figure 6.4 and Table 6.5 show 
the comparison between these four species. 
In all other primate species that have been 
studied in detail to date, there is a lactational 
amenorrhoea during which ovarian cyclicity 
is suspended. 

A further limiting factor to fecundity 

CRL 

25 50 75 100 

Percentage of pregnancy 

Figure 6.4 The percentage of the birth body weight (BWt) and the birth crown-rump length (CRL) 
achieved 25,50 and 75% through gestation. Man (0), rhesus (e), baboon (0) and marmoset (*). 



that will have shaped the evolution of 
reproductive strategies is that of seasonal 
breeding. Those primates, for example the 
marmoset and cynomologus monkeys, that 
show no seasonal periodicity in their repro
duction are not constrained in their gestation 
length and lactation periods. Those that are 
tied to strict seasonal breeding, such as the 
rhesus monkey, need to complete a full ges
tation and lactation over 1 year if they are to 
breed when the next season starts. If, 
through adverse conditions of climate or diet, 
pregnancy starts too late in one season or 
lactation is prolonged beyond the start of the 
next, there is a negative effect on producti
vity. The infant-maternal interactions at 
weaning and the way in which these are 
related to reproductive productivity and the 
relative dominance of females in groups of 
baboons were studied by Nicolson (1981) and 
are reviewed by Lee (1987). 

Embryonic loss is a significant factor affect
ing fertility and productivity in primates. 
Studies from non-primate species show that 
this is a phenomenon in many domesticated 
animals (Wilmut et al., 1986). Estimates in the 
human vary from 20% to 50% loss of embryos 
as a normal, natural phenomenon (R.V. 
Short, 1979). Recent studies of the phenom
enon related to the more controlled albeit less 
natural procedures of in vitro fertilization 
(1VF) and embryo transfer show that premen
strual pregnancy loss is significant in the 
human (Lenton et al., 1988). The potential 
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causes of embryonic loss are explored in 
more detail in section 6.4. It is difficult to 
obtain precise figures for normal embryonic 
loss during pre-implantation stages in the 
human, but it is likely that an estimate of 40% 
would not be far off reality. An understand
ing of the causes of this loss and the degree to 
which it is caused by genetic abnormality or 
by accidental failure of synchrony in the 
embryo-maternal dialogue could provide 
new initiatives in the treatment of human 
infertility, the regulation of human fecundity 
and the accelerated breeding of threatened 
and endangered species. 

The current debate concerning the ethics of 
research on early embryos has a significant 
bearing on all of the above questions. The 
success of lYF procedures in some labora
tories is now approaching the efficiency of 
natural embryonic survival. Further improve
ment for the human and extension of this 
knowledge to endangered primates depends 
on a greatly improved understanding of early 
embryonic development. At present, most of 
these questions can only be approached 
through experimental research over the peri
implantation period. The status of the em
bryo and the philosophical validity of the 
concept of a pre-embryo to describe the em
bryo's condition up to the 14th day of preg
nancy needs further definition in drawing the 
boundaries of permitted research on the hu
man embryo (McLaren, 1984, 1988; N. Ford, 
1988). 

Table 6.5 A comparison of the early embryonic development of the human, rhesus, 
baboon and marmoset showing the relative days of gestation in non-human species 
related to the same embryonic stage in the human 

Species Implantation Primitive 29-31-day 50-day human 
streak human embryo embryo 

Human 6-7 18 29-31 50 
Rhesus 8-9 17 24 45 
Baboon 8-9 17 27 46 
Marmoset 12 30 60 80 
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6.2.3 EMBRYONIC SIGNALS AT 
IMPLANTA nON 

The first well-defined secretion of the early 
embryo that is known to be essential for its 
survival is chorionic gonadotrophin (CG). 
This glycoprotein, gonadotrophin hormone, 
is composed of a- and J3-subunits, as are the 
other gonadotrophins and TSH (see this vol
ume, Chapter 5). The biological activity of the 
gonadotrophins resides in their J3-subunits, 
and a comparison of the CG and LH mol
ecules shows the two to be virtually identical 
except that CG has an additional C-terminal 
chain of 32 amino acids (Canfield et al., 1971; 
Morgan et al., 1973). 

The corpus luteum is supported by LH 
during the luteal phase and declines if mon
keys are treated with antagonist to LHRH 
(Fraser et al., 1985, 1986; Hodges et al., 1988). 
There is a brief period in early pregnancy 
when the embryo must attach, activate the 
secretion of CG and maintain the production 
by the corpus luteum of essential progester
one and facilitatory oestrogen if pregnancy is 
to continue. The primate system therefore 
appears relatively simple in that a viable em
bryo controls its own survival from a very 
early stage by secreting sufficient CG to re
place the luteotrophic effects of LH. It is 
likely that the secretion of CG also causes a 
reduction in LH secretion from the pituitary 
(Lenton and Woodward, 1988). 

In the 20 years since the subunit structure 
of CG was established (Canfield et al., 1971; 
Pierce et al., 1971), thereby explaining the 
lack of specificity between antisera raised 
against the entire gonadotrophin hormones, 
there have been major advances in the pre
cision of diagnostic applications related to 
pregnancy and to CG-secreting cancers. The 
availability of the amino acid and therefore 
the DNA sequence for human CG has ena
bled far more detailed study of its function. 
An understanding of the physiological sig
nificance of CG in pregnancy has been poss
ible for many years at a peripheral, systemic 

level, but the studies at a cellular and molecu
lar level that elucidate the local role of CG are 
only beginning to appear. This is not surpris
ing since the availability of primate embry
onic material is very limited; the capacity to 
study dynamic questions in vivo is hindered 
by the poor accessibility of the implantation 
site and of the corpus luteum; and in vitro 
culture of primate embryos through the 
whole peri-implantation process, together 
with the measurement of CG secretion, has 
only been achieved recently for the human 
(Fischel et al., 1984), the baboon (Pope et al., 
1982) and the marmoset (Hearn, 1983; Hearn 
et al., 1988c). The results of these and other 
studies are now posing leading workers to 
question whether CG's role is restricted to 
the traditional one of support of the corpus 
luteum until the end of the luteoplacental 
shift (Csapo et al., 1972; Hearn, 1979; Ross, 
1979). There is now a growing body of cir
cumstantial evidence to suggest that CG may 
have a local role at the implantation site 
(Hearn, 1986), within the embryo itself 
(Hearn et al., 1987, 1988a,b) or on early sexual 
differentiation of the primate gonad (Jost, 
1970; Muller et al., 1978a). 

The profile of the secretion of CG through 
human pregnancy (Figure 6.5) might suggest 
that there are other functions for this hor
mone, since its secretion is still at relatively 
low levels by week 7 of pregnancy when its 
function of supporting the CL can be taken 
over completely through the secretion of pro
gesterone by the placenta (Csapo et al., 1972). 

The specificity of CG to primate pregnancy 
has been challenged over many years. It is 
clear that this hormone is secreted by various 
cancerous tissues and that it can be used as in 
diagnostic and monitoring techniques in 
these cases. However, it now seems clear that 
CG is restricted to primates, since this order 
is the only one with the multiple gene system 
for control of CG, with one gene for the 
a-subunit and six or seven genes for the 13-
subunit (Talmadge et al., 1984a,b; Policastro 
et al., 1986). Consequently, the many claims 



that have been made for CG secretion by 
embryos from species as diverse as the rat 
(Haour et al., 1976) to the hyrax (Gombe et al., 
1980) may require re-examination. The other 
species in which a CG is expressed, the 
equids, do not actually express a specific 
placental gene since the protein synthesized 
by the cells of the chorionic girdle is identical 
to amino acid sequence in both its a- (H.J. 
Stewart et al., 1987) and l3-subunits (Bousfield 
et al., 1987; Sugino et al., 1987). 

Chorionic gonadotrophin-13 may be used as 
a trophoblast marker. Its expression in the 
embryo is thought to be limited to the syncy
tiotrophoblast cells of the chorionic villi, but 
the embryonic transcriptional activity of the 
genes may be observed much earlier since 
there is expression of hCG-13 RNA at the six 
to eight-cell stage, before differentiation be
tween trophectoderm and inner cell mass. 
This RNA is thought to be the product of de 
novo transcription from the embryonic 
genome since transcripts are observed only in 
embryos at least 2 days after fertilization 
(Bonduelle et al., 1988). 

In our own studies, we have concentrated 
on examining the role of CG in vivo and in 
vitro in the marmoset monkey. This has 
required the development and detailed vali
dation of gonadotrophin and steroid assays 
in order to measure hormones in plasma, 
urine, tissues, cells and culture fluids. It was 
necessary to develop protocols for the 
synchronization of early pregnancy events 
using PGF2o: and hCG to stimulate ovulation; 
surgical and ultrasound procedures for the 
monitoring of follicular development and im
plantation, recovery, storage and transfer of 
embryos (Hearn, 1980, 1983; Summers et al., 
1985, 1988); morphological confirmation of 
the stages of implantation at light and elec
tron microscopic levels (H.O.M. Moore et al., 
1985; Smith et al., 1987); in vitro embryo ma
nipulation and culture systems (Hearn et al., 
1988a; Summers et al., 1988); and systems for 
microcannulation of the corpus luteum in vivo 
(Hearn and Webley, 1987; Webley and 
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Hearn, 1987) as well as in vitro culture of 
marmoset and human granulosa and luteal 
cells (Webley et al., 1988, 1989a). 

Once the above systems had been devel
oped and tested, we could ask questions 
about embryo-maternal interactions during 
the peri-implantation period at the levels of 
the whole animal, the cell recognition sys
tems and now at the molecular level. These 
investigations could determine some of the 
factors regulating the secretion of CG, and 
the functions of this hormone, through its 
immunological neutralization. A summary 
of studies in vivo and in vitro is provided 
below, with reference to the work of other 
investigators. 

(a) In vivo 

Figure 6.5 shows the measurement of CG 
in the peripheral plasma of the marmoset 
during early pregnancy. In keeping with the 
results shown in Table 6.2, there is a period 
of 2-3 days after embryo attachment before a 
significant rise in peripheral levels can be 
detected, and it is not possible to deduce 
exactly, in vivo, when CG starts to be secreted 
by the embryo. Active or passive immuniz
ation of marmosets during early pregnancy 
against CG will inhibit implantation and ter
minate the pregnancy, suggesting that this 
hormone is necessary for successful 
implantation and survival of the embryo 
(Hearn, 1975, 1976, 1978, 1979; Hearn et al., 
1976). 

Similar results were reported for active im
munization in the baboon (V.c. Stevens, 
1976) and the rhesus monkey (Talwar et al., 
1976). These results formed the basis for a 
research programme carried out by WHO 
and the Population Council to explore the 
feasibility of a vaccine against CG l3-subunit 
or synthetic fragments of the C-terminal 
polypeptide chain as a long-term contragesta
tional agent in the human. The research is 
currently being extended to phase II clinical 
trials in India and Australia. 
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Figure 6.5 Concentrations (mean ± SEM) of CG in 
peripheral plasma of marmoset monkeys (n=lO) 
during the first 24 days of. pregnancy (after 
ovulation). 

(b) In vitro 

Figure 6.6 shows the production of CG by 
marmoset embryos cultured in vitro on a layer 
of marmoset fibroblasts (Hearn, 1983; Hearn 
et al., 1988a). 

The results indicate that CG secretion is not 
switched on or detectable, external to the 
embryo, until the time when the embryo 
attaches to the feeder layer and starts to 
differentiate into embryo proper, yolk sac 
and trophoblast. This is analogous to the time 
of attachment at the start of implantation in 
vivo (Figure 6.7). This conclusion was tested 
more rigorously by separation of inner cell 
mass and trophoblast in bisected embryos, 
suggesting that the inner cell mass is necess
ary for the efficient initiation of CG secretion 
(Hearn et al., 1988b,c). Once again CG se
cretion was not detectable in culture fluids 

until after embryonic attachment. The 
intra embryonic role of CG requires further 
examination, as does its potential role in early 
embryonic differentiation and establishment 
of the implantation site (Hearn et ai., 1987). 
Summers et al. (1987) were able to establish a 
trophoblast cell line derived from the inner 
cell mass, subcultures of which have con
tinued to produce CG for over 5 years. The 
prospects for working with primate embry
onic cell lines and stem cells using this sys
tem are of great interest. 

In a preliminary experiment with limited 
material, embryos cultured from the blasto
cyst through the in vitro 'implantation' sys
tem noted above were prevented from 

. successful attachment if culture fluids con
tained marmoset anti-hCG-J3 antiserum at 
levels calculated to be similar to those that 
were effective in blocking implantation in vivo 
(Hearn et al., 1988b). Although tentative, the 
results suggested that CG may be necessary 
for the process of attachment itself. We have 
yet to examine the expression of CG on the 
embryo surface immediately before attach
ment, since in spite of considerable effort we 
have yet to achieve a fully purified marmoset 
CG-J3. It would be no surprise to find such 
expression since transcriptional activity of the 
encoding gene is thought to be present in the 
human embryo by the six to eight-cell stage 
(Bonduelle et ai., 1988). Fishel et ai. (1984) and 
Lachtan-Hay and Lopata (1988) imply that 
the human pre-implantation embryo is 
capable of secreting CG into culture fluid, but 
it is not clear whether some contamination 
with LH might have been possible. 

Although the studies we report in the mar
moset do not show clear secretion of CG 
before attachment, recent studies in the rhe
sus monkey (Seshagiri and Hearn, 1993; 
Seshagiri et ai., 1993) and human (Hay and 
Lopata, 1990; Dokras et al., 1991) have shown 
low levels of CG to be secreted before attach
ment, with an exponential increase com
mencing immediately after attachment. In 
addition, we have tested the hypothesis that 
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Figure 6.6 The secretion of CG by marmoset embryos cultured in vitro. Embryos were cultured for 
periods of 2-10 days. The sampling times are (1) blastocyst - hatched blastocyst; (2) hatched blastocyst
attachment; (3) attached blastocyst-48 h after attachment; and (4) 48 h after attachment-120 h after 
attachment. 

CG in the preattachment embryo may be 
regulated by intraembryonic gonadotrophin
releasing hormone (GnRH) in a system anal
ogous to the hypothalamo-pituitary regu
lation of gonadotrophins. Our results show 
for the first time that GnRH is expressed and 
secreted by the pre-implantation primate em
bryo, in a close association with the timing 
and secretion of CG. We are currently testing 
the causal linkage between these two hor-

mones (Seshagiri and Hearn, 1993, unpub
lished). If confirmed, a GnRH-CG regulatory 
system in the primate embryo may permit 
new approaches to our understanding of em
bryo loss and to the regulation of fertility. As 
far as we know, it is only the primates that 
have adopted this mechanism into the em
bryo at this early stage of pregnancy, raising 
interesting questions about the evolution of 
the physiological mechanisms involved in the 
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maternal recognition of pregnancy and the 
support of the corpus luteum (Hearn et al., 
1991). 

We conclude from the above studies and 
from others that CG is an essential require
ment for implantation, that this hormone is 
necessary for the rescue of the corpus luteum 
and that further work is required to confirm a 
local role within the embryo, at the embryo
maternal interface and in embryonic gonadal 
differentiation. These questions have been 
intriguing developmental biologists and now 
it looks as though the cellular and molecular 
tools of sufficient precision to provide 
answers are becoming available. 

6.2.4 EMBRYONIC SIGNALS BEFORE 
IMPLANTATION 

The studies summarized so far prompt one to 
ask whether any embryonic signals are 
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necessary before implantation. The beautiful 
simplicity of a system in which the embryo 
produces its own gonadotrophin and there
fore takes command of the corpus luteum 
and perhaps of its own differentiation within 
days of the start of pregnancy leaves little 
room for improvement. 

There are a number of candidates as pre
implantation signals in mammals. In the pig 
it was shown clearly that oestrogen-1713 se
creted by the blastocyst is necessary before 
implantation (Perry et al., 1973) but a com
parative study showed that this steroid was 
apparently not so important in a range of 
other species (Gadsby et al., 1980). In the 
sheep and cow the conceptus secretes a pro
tein prior to attachment, called ovine or bov
ine trophoblast protein 1, which prevents 
luteal regression and shows homology with a 
- interferons (Imakawa et al., 1987, 1989; H.J. 
Stewart et al., 1987; Charpigny et al., 1988). 
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Figure 6.7 The growth in embryo diameter and the onset of secretion of CG in embryos recovered on 
day 8 after ovulation (blastocyst) and cultured for 10 days in vitro. Values are mean ± SEM for the 
number of embryos in parentheses. 



Three further candidates, each claimed to be 
expressed soon after fertilization, include 
early pregnancy factor (EPF) for a range of 
mammalian species including mouse and 
man (Morton et al., 1983), platelet-activating 
factor (P AF) as a phospholipid implicated in 
the establishment of pregnancy (O'Neill, 
1985) and an embryo-derived histamine
releasing factor (Cocchiara et al., 1987). No 
doubt there will be many more claims over 
the next few years for a range of growth 
factors, proteins or steroids, and it will be a 
challenge to tease out those that play an es
sential role, those that are facilitatory and 
those that have minor relevance. The same is 
likely to be true for secretions of the oviduct 
and uterus, for which there must be some 
significant factors, but their physiological 
actions in the embryo-maternal dialogue are 
too subtle for us to define with current tech
nology. It is necessary to keep an open mind, 
while avoiding going on fishing trips without 
bait. 

For example, when it was shown by 
Marston et al. (1977) that binucleate embryos 
could be transferred to the uterus of the rhe
sus monkey and implantation could proceed, 
some concluded that the oviduct was merely 
a tube and its secretions not essential. It was 
also concluded correctly that a precise 
synchronization of embryonic development 
during passage down the Fallopian tube in 
primates was not as necessary as in non
primates. The primate appears to be far more 
flexible than the rodent in this regard. This 
flexibility has been confirmed since by a great 
deal of the work in embryo transfer associ
ated with human IVF (Edwards et al., 1985) 
and also in primates such as the marmoset 
(Summers et al., 1987). One result caused in 
part by Marston's finding was that there was 
a marked drop in funding for studies 
attempting to regulate fertility by interfering 
with the rate of passage of the embryo 
through the oviduct. This was at a time when 
Ortiz and Croxatto (1979) were obtaining 
some fascinating data about the early stages 
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of embryonic development in the human and 
the timing of differentiation events. Their 
studies in vivo and those of Edwards, 
Trounson and others at the time, and the 
whole field of IVF subsequently, have given 
us a more considerable amount of knowledge 
in the human about pre-implantation stages 
of development than has been achieved for 
any other primate species. To that extent the 
human is now the model species for other 
primates. 

The efficiency of embryo growth in vitro is 
relatively poor. In contrast to the successful 
media that have been developed for rodent 
embryo culture (Biggers, 1983; Balmaceda 
et al., 1986; Bavister, 1987; Bavister and 
Boatman, 1989), culture systems for primate 
embryos give low embryonic survival to im
plantation if they are maintained for more 
than 2-3 days (reviewed by Bavister, 1987). 
Some findings indicate that co-culture of 
non-primate embryos with a monolayer of 
oviductal cells greatly increases the stability 
of the system and the viability of the embryo 
(Gandolfi and Moor, 1987; C. Polge, personal 
communication, 1989). These results suggest 
that the oviduct does have a role to play in 
facilitating embryonic development. The fac
tors affecting formation and function of ovi
duct fluid are now becoming more apparent 
and may be found in a useful review by Leese 
(1988). This knowledge is vital if we are to 
understand the requirements for media for 
the culture of primate embryos. How these 
factors are involved in the embryo-maternal 
dialogue, as essential or subordinate, and 
whether they are a necessary stage in prep
aration of the uterus for implantation, re
mains to be seen. 

The very obvious advantages that could be 
exploited both scientifically and commercially 
if any pre-implantation signal was defined 
have exerted considerable pressure to gener
ate rapid results in this area of enquiry. A 
signal that could be utilized as a very early 
diagnosis of pregnancy, as a monitor of em
bryo health and viability or as the basis of an 
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inhibitory contragestational approach to fer
tility control, would be ideal in an area in 
which development of concepts has occasion
ally outstripped the realities of fully con
trolled experimental results. 

The effects of bidirectional signals during 
pre-implantation life are now becoming 
apparent in several non-primate species 
(reviewed by Heap et al., 1988). PAF and EPF 
are claimed to be present in addition in the 
human. O'Neill et al. (1985) showed that a 
transient thrombocytopenia could be induced 
in association with P AF, with chemical and 
physiological similarities to an acetylated 
choline ether lipid, the effects of which are 
evident within 6 h of fertilization and extend 
through pre-implantation development. This 
lipid shows many characteristics of a media
tor and is ubiquitous in its production by 
cells, with receptors in many tissues, having 
a role as an intercellular messenger. P AF can 
exert a local effect and it does not normally 
enter the peripheral circulation. The studies 
reported by O'Neill (reviewed by O'Neill, 
1987) are quite clear-cut, but as yet attempts 
to extend this system have proved ambigu
ous. Our own studies in the marmoset mon
key, referred to in Hearn et al. (1988b,c), 
showed a reduction in the numbers of circu
lating platelets during the pre-implantation 
phase, but there was considerable intra- and 
inter-individual variation that was too high to 
allow us to use this system as a diagnostic or 
to inspire confidence in the feasibility or pre
cision of a laborious methodology. The vari
ations reported by three observers using the 
same methods with the same samples was 
not acceptable. We concluded that there was 
an association between thrombocytopenia 
and pre-implantation stages of pregnancy in 
the marmoset monkey but that the current 
methodology is too imprecise to allow any 
interpretation of cause and effect, at least in 
our hands. When there is a robust assay, we 
look forward to testing the assertion further 
(Hearn et al., 1988b,c). A link between PAP 
and EPF was shown by Orozco et al. (1986), 

the former inducing expression of the latter 
within 1 h after injection. The potential of 
EPF and many hypotheses concerning its 
subunit structure and function have been 
explored enthusiastically in the literature 
over the past 15 years. It is fair to say that at 
the end of this period the prospects remain 
just as intriguing and just as much a mirage. 
The detection of EPF depends on a delicate in 
vitro test involving a small population of T 
lymphocytes in circulation to bind heter
ologous red cells in the presence of comp
lement, this being inhibited by antibody 
(Morton et al., 1980; Heap and McRae, 1988). 
Once again the rigorous testing of hypo
theses must await the development of far 
more robust and precise assays. 

The peri-implantation period is clearly a 
time when many genes are activated, but it is 
more difficult to assign physiological function 
to the gene products when they are ex
pressed. Considerable amount of circumstan
tial evidence supporting a pre-implantation 
embryo-maternal dialogue will require con
firmation at a molecular level as well as defi
nition of the functions. In primates this is 
extremely difficult because of the minuscule 
amounts of embryonic material that are avail
able. Advances in technology, including the 
PCR reaction, will make such studies feasible 
in the next few years. 

6.2.5 MATERNAL SIGNALS DURING THE 
PERI-IMPLANTATION PERIOD 

During its passage down the Fallopian tube 
and the establishment of vascular connec
tions with the endometrium, the embryo 
requires nutrients that are provided by the 
oviduct and uterus. These nutrients and 
other factors are controlled through the 
secretion of progesterone and oestrogen by 
the corpus luteum. In primates, the domi
nant of these hormones is progesterone, and 
pregnancy will proceed if the corpus luteum 
is removed and adequate exogenous pro
gesterone is provided in the rhesus monkey 



and in women (Finn, 1985, and this volume, 
Chapter 3). It would be surprising if oestro
gens did not facilitate the process of implan
tation in primates, but in rodents oestrogen is 
essential for implantation to occur (Finn, 
1985). 

Active and passive immunization against 
progesterone and oestrogen has been carried 
out during early pregnancy in a wide range of 
species, causing either partial or complete 
disruption (Hillier and Cameron, 1976). In 
recent times the approach has become far 
more precise, with Heap and his colleagues 
showing that passive immunization of mice 
with a monoclonal antibody against pro
gesterone will block implantation and may 
inhibit embryo growth during the pre
implantation phase (Wright et al., 1982; Ellis 
et al., 1988). In addition, mouse monoclonal 
anti-progesterone IgG1 antibody can be seen, 
using rabbit polyclonal anti-idiotype in in
direct immunofluorescence, on the surface of 
uterine luminal and glandular epithelia. This 
suggests that anti-progesterone antibody 
binds to an antigen that is associated with the 
uterine surface and that inhibits locally the 
uterine uptake of progesterone. Antisera to 
progesterone have provided similar results 
in rats and ferrets (Rider and Heap, 1986) but 
have yet to be extended to primates. A most 
useful summary of the maternal reactions 
affecting early embryogenesis and implan
tation in non-primate species, including 
reference to growth factors, angiogenesis and 
maternal cellular reactions, is provided in 
Heap et al. (1988). This topic is also dealt with 
extensively by Finn in this volume in Chapter 
3. 

There are a number of other putative em
bryonic or maternal signals found in various 
species that are thought to be involved in 
implantation (for reviews see Bazer et al., 
1986; Heap et al., 1988; Hearn et al., 1988b,c). 
These include 'purple protein' in the rabbit 
(Chen et al., 1975) and proteins secreted by 
the endometrium during peri-implantation 
stages in the sheep (Findlay et al., 1979). 
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There are also the many pregnancy
associated proteins that are derived from 
trophoblast or maternal tissue and whose 
regulation and physiological functions are 
uncertain (reviewed in Chapman et al., 1988). 
We do not propose to go into any further 
detail here. 

It is likely that in the next few years we will 
see a multiplication of the factors with a 
potential role in implantation. This will be a 
consequence of the ever more precise mol
ecular technology available, resulting in a 
long list of gene products that appear and 
disappear during this crucial period in 
embryonic differentiation. The prospects 
for advancing our understanding of the fun
damental control processes of embryogenesis 
are most exciting. We must ensure, however, 
that we also develop adequate in vivo and in 
vitro test systems to make physiological sense 
of these potential signals or much time and 
resources will be wasted in chasing signals of 
minor importance. 

6.3 REGULATION OF THE CORPUS LUTEUM 

The corpus luteum is a highly vascularized 
structure which is formed in the ovary after 
release of the egg at ovulation. Its main func
tion is in the secretion of progesterone, and 
also oestradiol in the primate, which act on 
the endometrium to provide a uterine en
vironment which can receive and support the 
developing embryo. The lifespan of the cor
pus luteum is dependent on the presence of 
the embryo within the uterus. In the absence 
of fertilization, the corpus luteum undergoes 
regression and progesterone production de
creases. The length of the luteal phase in the 
non-conception cycle varies between species. 
In the primate the mean cycle length ranges 
from 8.70 ± 3 days in the squirrel monkey 
(Saimiri sciureus) (R.c. Wolf et al., 1977; 
Dukelow, 1983) to 30.1 ± 3.8 days in the 
marmoset monkey (Callithrix jacchus) 
(Chambers and Hearn, 1979; R.D. Harding et 
al., 1982; Harlow et al., 1983) both New World 
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primates, with cycle lengths for Old World 
primates of 27 ± 1 days in the rhesus monkey 
(Macaca mulatta) (Monroe et aI., 1970) and 30.3 
± 3.1 days for the baboon (Papio anubis) (C.V. 
Stevens et aI., 1970). However, following fer
tilization in a conception cycle the levels of 
progesterone do not fall either in women 
(Corker et al., 1976) or monkeys (Knobil, 
1973) and the corpus luteum is maintained. 
The extension of the lifespan of the corpus 
luteum is essential in early pregnancy for the 
continued production of progesterone and 
maintenance of the uterus. It is achieved in 
the human and non-human primate by the 
action of chorionic gonadotrophin secreted 
by the implanting embryo (Knobil, 1973; D.T. 
Baird, 1985). 

6.3.1 CORPUS LUTEUM REGRESSION 

The mechanisms of luteal regression are not 
completely understood in primate species. 
This is in contrast to the mechanisms adopted 
by a number of other species which have 
been well characterized. In the following par
agraphs the mechanisms of luteolysis will be 
reviewed and compared with results ob
tained to date in the human and non-human 
primate. 

(a) Prostaglandin F2a-induced luteolysis 

In many species, including the sheep and 
cow, luteolysis is induced by the action of 
prostaglandin F2a (PGF2a) released from the 
uterus (McCracken et al., 1970; Flint and 
Hillier, 1975). Hysterectomy in these species 
prolongs the life of the corpus luteum (CL), 
as does immunization against PGF2a (Fair
clough et aI., 1981). PGF2a, secreted by the 
uterus, reaches the ovary via a countercur
rent system in the ovarian pedicle 
(McCracken et aI., 1971, 1981; Bazer and First, 
1983) and by local transfer from uterine lym
phatic vessels to the adjacent ovarian vein 
(Heap et al., 1985). PGF2a is most effective in 
causing luteolysis when released from the 

uterus in an episodic manner (Thorburn et 
al., 1973). The release of PGF2a appears to be 
under the control of circulating oxytocin, se
creted by the ovary and interacting with re
ceptors in the uterine endometrium (Wathes 
and Swann, 1982; Sheldrick and Flint, 1985, 
Flint and Sheldrick, 1986). 

In the primate, PGF2a secreted by the uter
us does not appear to initiate luteolysis since 
hysterectomy has no effect on cycle length. 
This has been demonstrated both in the 
rhesus monkey (Neill et aI., 1969) and in 
women (Beling et al., 1970). Although a 
countercurrent system between the ovary 
and uterus has been described in women 
(Bendz et aI., 1979; Einer-Jensen et al., 1985), 
it does not appear to be of major importance 
at the time of luteal regression. 

Intraovarian production of PGF2a has been 
postulated as the source of PGF2a for the 
induction of luteolysis in the primate 
(Rothchild, 1981). Evidence for this is pro
vided by the ability of luteal tissue, from the 
rhesus monkey and women, to synthesize 
prostaglandins (Swanston et al., 1977; 
Valenzuela et al., 1983). A luteolytic action of 
PGF2a on human ovarian cells in vitro has 
been described (McNatty et aI., 1975; 
Dennefors et aI., 1982), intraluteal adminis
tration of PGF2a to the rhesus monkey results 
in luteolysis (Auletta et aI., 1984a) and perfu
sion of PGF2a through the corpus luteum of 
the marmoset monkey in vivo was associated 
with a decrease in progesterone production 
(Hearn and Webley, 1987). 

Systemically administered PGF2a causes 
luteolysis in many species (Horton and 
Poyser, 1976) but there are variable reports of 
the effect of PGF2a given systemically to the 
primate. A single intramuscular injection 
(0.5 J.Lg) of a PGF2a analogue (cloprostenol) to 
the marmoset monkey, a New World species, 
is luteolytic when given after day 8 of the 
luteal phase or during pregnancy (Summers 
et al., 1985). In contrast, similar dose/weight 
injections of cloprostenol to the baboon, an 
Old World monkey, are not luteolytic at any 



stage of the cycle or pregnancy (Eley et al., 
1987). PGF2a is only transient in effect when 
administered systemically to women (Wentz 
and Jones, 1973). 

A proposed mechanism through which 
PGF2a can cause luteolysis is by blocking 
cAMP-dependent LH stimulation of pro
gesterone secretion. This action of PGF2a has 
been demonstrated after short-term tissue in
cubations and long-term culture of luteal cells 
in sheep (Fletcher and Niswender, 1982), cow 
(Pate and Condon, 1984) and rat (J.P. Thomas 
et al., 1978). PGF2a has also been shown to 
block the uptake of labelled hCG by luteal 
tissue in vivo in the rat (Behrman and 
Hichens, 1976). A similar luteolytic mechan
ism for PGF2a has been demonstrated in the 
primate. In women, using both granulosa 
cells luteinized in vitro (McNatty et al., 1975) 
and incubated luteal tissue pieces (Ham
berger et al., 1980), PGF2a blocked LHlhCG
stimulated progesterone production. In the 
marmoset monkey perfusion of the corpus 
luteum in vivo with PGF2a prevented the 
stimulatory action of hCG perfused sub
sequently (Hearn and Webley, 1987) and, 
after short-term incubation of tissue pieces, 
PGF2a prevented stimulation of progesterone 
secretion by hCG (Webley et al., 1989b). 

Not all studies have demonstrated a luteo
lytic action for PGF2a• Indeed, PGF2a stimu
lates progesterone production by incubated 
dispersed luteal cells from the cow (Alila et 
al., 1988). A similar action has been demon
strated in the primate. PGF2a stimulated pro
gesterone secretion by mid-luteal phase cells 
from the rhesus monkey (Stouffer et al., 
1979), by incubated human luteal cells 
(Richardson and Masson, 1980) and by luteal 
cells taken in the mid-luteal phase and early 
pregnancy from the marmoset monkey 
(Webley et al., 1989a). As PGF2a can inhibit 
LHlhCG-stimulated progesterone production 
by incubated tissue pieces from the human 
(Hamberger et al., 1980) and marmoset 
monkey (Webley et al., 1989b), this suggests 
the necessity for tissue integrity for the luteo-
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lytic action of PGF2a to be evident, which is 
lost after cell dispersion. Also, the contri
bution of different cell types in the CL may be 
of importance, as has been shown in the 
bovine CL; PGF2a stimulated progesterone 
production by small luteal cells but inhibited 
LH-stimulated progesterone secretion by 
large luteal cells (Alila et al., 1988). Cell contri
bution may vary with cycle stage as the early 
CL is resistant to PGF2a-induced luteolysis in 
the sheep (Hearnshaw et al., 1973) and pig 
(Bazer et al., 1982) and also in women (Den
nefors et al., 1982), the rhesus monkey 
(Stouffer et al., 1979) and the marmoset mon
key (Summers et al., 1985). Alternatively, 
PGF2a in the human may require neural 
innervation of the CL for its luteolytic action, 
this innervation not being sufficiently devel
oped in the early luteal phase (Dennefors et 
al., 1982). 

(b) Other luteolytic mechanisms 

While other luteolytic agents have been pos
tulated in the primate, their role has not been 
fully established. One such candidate is oes
tradiol, which has a variable effect on luteal 
function in different species (see Richardson, 
1986). Oestrogens are produced by the pri
mate CL and their role as the endogenous 
luteolysins has been suggested (Knobil, 1973; 
Auletta and Flint, 1988). Luteolysis was 
induced in the rhesus monkey after systemic 
administration of oestradiol in the later half 
of the luteal phase (Schoonmaker et al., 1982). 
This probably resulted from an action both at 
the pituitary, to increase negative feedback 
on LH release, and at the ovary, but oestra
diol can induce luteolysis in the rhesus 
monkey when administered directly into the 
corpus luteum without an associated 
decrease in LH concentrations (Auletta et al., 
1985). Oestradiol has also been shown to de
crease basal and LHlhCG-stimulated pro
gesterone production in vitro by luteal cells 
and tissue from the human (Richardson and 
Masson, 1981; Laherty et al., 1985; Hahlin et 



556 Normal and abnormal embryo-fetal development in mammals 

al., 1986) and rhesus monkey (Stouffer et al., 
1977). The effect was evident at high doses of 
oestradiol and, although these doses may 
correspond to the levels found within the CL 
(Swanston et al., 1977), an increase in the 
luteal concentration of oestradiol was not 
recorded at the time of luteolysis. One 
suggestion is that oestradiol may cause luteo
lysis by stimulating intraluteal production 
of PGF2u (Auletta et al., 1978), although in 
human luteal cells indomethacin, an inhibitor 
of PG, did not inhibit the action of oestradiol 
(Thibier et al., 1980). Another suggestion is 
that oestradiol may act by inhibiting the 
action of 3~ hydroxysteroid dehydrogenase, 
the enzyme which converts pregnenolone 
to progesterone (Williams et al., 1979). 
However, a clear role for oestradiol in the 
control of luteolysis in the primate remains 
uncertain, particularly since studies have 
demonstrated that administration of anti
oestrogens fails to prevent luteolysis (West
fahl and Kling, 1982; Westfahl and Resko, 
1983) and additionally oestradiol receptors 
have not been detected in any cells in the 
macaque CL throughout the luteal phase 
(Stouffer et al., 1989). 

Another candidate for a luteolytic agent in 
the primate is oxytocin. However, the pres
ence of and a role for oxytocin in the human 
CL has been disputed, as recently discussed 
by Auletta et al. (1988). While there are 
reports of the presence of oxytocin in the 
human (Wathes et al., 1982; Dawood and 
Khan-Dawood, 1986), cynomologus monkey 
(Khan-Dawood et al., 1984) and baboon 
(Khan-Dawood, 1986) CL, others have not 
been able to demonstrate the presence of 
oxytocin in either the human (Richardson, 
1986), rhesus monkey or marmoset monkey 
(Auletta et al., 1988). Also disputed is the 
action of oxytocin. Tan et al. (1982) showed 
that low doses of oxytocin (4 J.1g/ml) stimu
lated progesterone production by dispersed 
human luteal cells, whereas high doses 
(40 J.1g/ml) inhibited both basal and hCG
stimulated progesterone production, an 

effect confirmed by Bennegard et al. (1987) 
with intact human luteal tissue. Oxytocin is 
also luteolytic when infused directly into the 
corpus luteum of the rhesus monkey (Auletta 
et al., 1984b). In contrast, Richardson and 
Masson (1985) did not observe any change in 
basal or hCG-stimulated progesterone pro
duction when dispersed human luteal cells 
were incubated with oxytocin. Wilks (1983) 
also failed to see any major effect of oxytocin 
after in vivo administration in the rhesus 
monkey. 

GnRH or its analogues have been shown to 
directly inhibit gonadotrophin-stimulated 
progesterone production by rat luteal cells 
(Clayton et al., 1979; Harwood et al., 1980). 
Consistent with the response was the 
demonstration of specific binding sites (Clay
ton et al., 1979; see Richardson, 1986). 
Specific binding sites for GnRH have been 
demonstrated also in the primate CL (Bram
ley et al., 1985), but the effect of GnRH on 
steroid production by luteal tissue in the pri
mate is unclear. In one study progesterone 
production was inhibited in vitro by a long
acting LHRH analogue (Tureck et al., 1982), 
whereas in another neither GnRH nor its ana
logue appeared to influence steroidogenic 
function of human granulosa cells (Casper et 
al., 1982). Since hypothalamic GnRH is un
likely to reach the ovary in sufficient quan
tities, a direct action for GnRH at the primate 
CL awaits identification of an LHRH-like 
peptide in the primate ovary. 

Another mechanism whereby luteolysis 
could be induced in the primate would be to 
remove luteotrophic support. It has now 
been clearly demonstrated, using the effects 
of LHRH antagonists during the luteal phase, 
that the primate CL depends on support pro
vided by pituitary LH (Fraser et al., 1985, 
1986; Hodges et al., 1988). In both women 
and the rhesus monkey, studies have de
scribed a decrease in the pulse frequency and 
amplitude of LH at the end of the luteal 
phase, associated with reduced pulses of pro
gesterone (Ellinwood et al., 1984; Filicori et 



al., 1984). However, it does not appear that a 
decrease in LH is the cause of luteolysis since 
induced reduction of LH pulses in rhesus 
monkeys, which have hypothalamic
pituitary lesions, had no effect on the length 
or function of the luteal phase. The possi
bility of a decrease in the binding of LH at the 
CL inducing luteolysis also appears unlikely 
as a decrease in LH receptors does not 
necessarily precede or associate with the de
crease in progesterone at luteolysis (Cameron 
and Stouffer, 1982). The pattern of LHlhCG 
receptors follows the pattern of progesterone 
in the human luteal phase, reaching a peak in 
the mid-luteal phase and falling at the end of 
the luteal phase (Yeko et al., 1989). 

To conclude on the data obtained so far on 
the control of luteolysis in the primate, it is 
probably appropriate to conclude that the 
mechanism is still unclear. The intraluteal 
production of PGF2a causing luteolysis is a 
likely candidate, however there are several 
discrepancies, including the absence of an 
increase in intraluteal concentrations of 
PGF2a before the onset of luteal regression 
(D.T. Baird, 1985), the absence of an effect of 
indomethacin on the lifespan of the corpus 
luteum (Manaugh and Novy, 1976) and the 
absence of an effect of in vivo, administered 
PGF2a in some primates (Eley et al., 1987). In 
addition, a PG synthesis inhibitor, sodium 
meclofenamate, infused into the CL of rhesus 
monkeys caused premature luteolysis rather 
than extending the life of the CL, indicating 
luteotrophic rather than luteolytic actions for 
PGs (Sargent et al., 1988). A paper on human 
luteal function (Fisch et al., 1989) considered 
it unnecessary to evoke an active luteolytic 
mechanism. Instead it suggested that luteoly
sis is preprogrammed at the time of ovulation 
and is only reversed by hCG secreted by the 
implanting embryo in pregnancy. As the CL 
becomes increasingly dependent on LH sup
port in the late luteal phase (Fillicori et al., 
1984) it is difficult to understand how the CL 
would retain its ability to respond to hCG but 
not LH when the receptors are similar. As 
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previously stated, a decrease in pulsatile LH 
does not precede luteolysis. We would 
suggest from our studies on the human and 
marmoset monkey that there is an intraluteal 
luteolytic agent, probably PGF2a, to which 
the CL becomes increasingly susceptible as 
the luteal phase progresses. Recent evidence 
in the marmoset monkey (Michael and 
Webley, 1993) and rhesus monkey (Houmard 
et al., 1992) suggests that the changing re
sponse of second-messenger systems to 
PGF2a may determine the timing of luteoly
sis. The luteolytic agent acts to inhibit LH 
support, which is increasingly necessary for 
the function of the CL. It is not able to inhibit 
the luteotrophic action of hCG because of the 
larger size of the hCG molecule and the ex
tent of LHlhCG receptor occupancy, which is 
>90% in early pregnancy as compared with 
10-30% in the late luteal phase (Bramley et 
al., 1987). 

6.3.2 CORPUS LUTEUM 'RESCUE' IN EARLY 
PREGNANCY 

In early pregnancy a message is secreted by 
the embryo which prevents luteolysis and 
enables the life of the CL to be extended for 
the continued production of progesterone. A 
variety of messages produced by the embryos 
of different species have been identified; 
these include proteins, steroids and prosta
glandins. The mechanisms by which these 
messages prolong the life of the CL varies 
between species and will be discussed in the 
following paragraphs in relation to the infor
mation available in the primate. 

(a) Luteotrophic messages 

As described previously, the first clearly de
fined message to be secreted by the primate 
embryo is CG. CG has a direct luteotrophic 
action, stimulating the production of increas
ing amounts of progesterone from the CL, 
prolonging its life beyond that of the luteal 
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phase and transforming it into the CL of 
pregnancy (Knobil, 1973). Administration of 
exogenous CG can prolong the life of the CL 
in the rhesus monkey (Wilks and Nobile, 
1983) and in women (Van de Wiele et al., 
1970). Immunization against CG prevents the 
establishment of pregnancy and 'rescue' of 
the CL in the marmoset monkey (Hearn, 
1979) and rhesus monkey (Moudgal et al., 
1971). In early pregnancy, during luteal 
rescue, CG concentrations in the peripheral 
circulation double every 2-4 days in the mar
moset monkey (Hearn et al., 1988a), rhesus 
monkey (Atkinson et al., 1975) and in women 
(Braustein et al., 1973). The ability of CG to 
stimulate progesterone production by luteal 
cells in vitro has been demonstrated in the 
marmoset monkey (Webley et al., 1989a), rhe
sus monkey (Stouffer et al., 1977) and human 
(Richardson and Masson, 1980) and after per
fusion of the marmoset CL in vivo (Hearn and 
Webley, 1987; Webley and Hearn, 1987). 

The bovine embryo also secrets a luteotro
phic message. It was first identified when 
plasma progesterone concentrations were 
found to be considerably higher on day 10 of 
pregnancy, rather than day 10 of the cycle 
(Lukaszewska and Hansel, 1980; Hansel, 
1981). In vitro studies have shown that hom
ogenates from day 18 embryos stimulate pro
gesterone production by bovine luteal cells 
(Beal et al., 1981), and day 14 embryos in 
culture secrete a substance which stimulates 
progesterone production by rat granulosa 
cells (Plante et al., 1987). The substance with 
the luteotrophic activity was found to have a 
molecular weight of <10 000 and be heat
labile and absorbed by dextran-coated char
coal (Hickey and Hansel, 1987). In a more 
recent report (Hansel et al., 1989), it was 
suggested that the substance was like 
platelet-activating factor. As described pre
viously, P AF has also been identified as an 
embryo message in women (O'Neill, 1985), 
but the report that P AF may have a luteotro
phic action in women, since it increases pro
gesterone production by human granulosa 

cells in culture (O'Neill, 1987), has yet to be 
confirmed. 

PGE2 and PGI2, secreted by the embryo, 
have been suggested as possible luteotrophic 
agents in the sheep (Pratt et al., 1977; Bazer et 
al., 1981; Silvia et al., 1984). PGE2 dramatically 
increases in the uterine plasma of ewes on 
days 13 - 14 of pregnancy (Silvia et al., 1984). 
In a review, Bazer et al. (1986), question the 
necessity for a luteotrophic agent in the pig as 
the CL can be maintained after hysterectomy 
as long as basal LH is available. However, 
since two or more embryos are required for 
the establishment of pregnancy, they suggest 
that in the pig, and also possibly in the cow, 
PGE2 may playa role in luteostasis. 

(b) Anti-Iuteolytic messages 

Rather than a luteotrophic message, the em
bryos of the sheep, cow and pig secrete mess
ages which are anti-Iuteolytic. That is they 
prevent PGF20tl secreted by the uterus, from 
reaching the corpus luteum and causing 
luteolysis. 

In the pig, it has been proposed that oes
trogens secreted by the blastocyst are respon
sible for the prevention of luteal regression 
and the establishment of pregnancy. 
Oestrogens are secreted by the pig blastocyst 
from day 10 of gestation (Flint et al., 1979; 
Gadsby et al., 1980; Stoner et al., 1981; Bazer et 
al., 1986) and the CL can be maintained in 
pseudopregnancy by injections of oestradiol. 
It would appear that blastocyst oestrogens do 
not inhibit uterine production of PGF2a but 
instead cause a redirection of the release of 
PGF2a by the uterus so that the amount re
leased into the uterine vein is reduced (Bazer 
et al., 1982). 

In the sheep, the blastocyst secretes a var
iety of proteins during in vitro culture, but 
two-dimensional polyacrylamide gel electro
phoresis (PAGE) showed one major product 
of interest. This was subsequently purified 
and termed 'trophoblastin' (Martal et al., 
1979), then ovine trophoblast protein 1 (OTP-



1) (Godkin et al., 1982), but is now termed 
trophoblast interferon (tlFN) (H.J. Stewart et 
al., 1987; R.M. Roberts et al., 1992). Its anti
luteolytic ability to extend the lifespan of 
the CL was demonstrated by infusing tlFN 
(or conceptus secretory proteins) from a day 
16 embryo into the uterus of non-pregnant 
ewes and extending the inter-oestrus interval 
(Godkin et al., 1984; Vallet et al., 1988). 
Trophoblast interferons have been shown to 
act directly at the endometrium rather than at 
the CL and prevent luteal regression by inhi
biting the ability of oxytocin and oestradiol to 
induce PGFza production (Bazer et al., 1986; 
Vallet et al., 1988). Both ovine conceptus 
secretory proteins and recombinant bovine 
arinterferon decrease endometrial oxytocin 
receptor concentration and suppress PGFza 
release following treatment with oxytocin in 
cyclic ewes and inhibit the formation of endo
metrial oxytocin receptors in progesterone
treated ovariectomized ewes (Vallet and 
Lamming, 1991). In recent studies, homology 
between OTP-1 and a-interferons has been 
described (Imakawa et al., 1987; H.J. Stewart 
et al., 1987; Charpigny et al., 1988; Flint et al., 
1988) and the characteristics of these com
pounds compared. This has shown that, in 
addition to its antiluteolytic action, tropho
blast interferons have potent antiviral activity 
(Pontzer et al., 1988), which may be import
ant in early pregnancy. That ovine tIFN acts 
locally was shown by measuring antiviral 
activity and endometrial oxytocin receptor 
concentrations in ewes made unilaterally 
pregnant by previously transecting and iso
lating one uterine horn from the remaining 
horn and body of the uterus. Under these 
conditions, tlFN concentrations were high 
and oxytocin receptor concentrations low in 
the pregnant horn, whereas the reverse 
occurred in the non-pregnant horn (Lam
ming et al., 1991). Thus, by inhibiting 
endometrial receptor formation, second
messenger responses to oxytocin are prec
luded, preventing the luteolytic pulses of 
PGFza (Flint et al., 1992). Further studies with 

Regulation of the corpus luteum 559 

unilaterally pregnant sheep showed that, 
while basal PGFza levels were high in blood 
draining the pregnant horn, there was little 
PGFza response to a bolus injection of oxy
tocin, whereas in the non-pregnant horn, 
luteolytic type PGFza pulses occurred (Payne 
and Lamming, 1992). This demonstrates the 
local action of trophoblast interferon in the 
pregnant horn, which does not require a 
change in systemic levels of ovarian steroid 
hormones. The administration of recombi
nant bovine arinterferon to cyclic ewes by 
both systemic and intrauterine routes inhibits 
prostaglandin FZa secretion and extends CL 
lifespan (Parkinson et al., 1992). 

In the cow, oxytocin- and oestradiol
induced PGFza production is also inhibited 
by the presence of the conceptus (see 
Thatcher et al., 1985). Proteins secreted by the 
cow embryo in culture extend the life of the 
CL (Knickerbocker et al., 1986; Helmer et al., 
1989a,b). The protein, termed bovine tropho
blast protein 1 (BTP-1) is similar immunologi
cally to OTP-l. The two proteins may be 
biologically active in both species as inter
species transfer of trophoblastic vesicles 
altered the lifespan of the CL of the recipient 
species (Heyman et al., 1984; Martal et al., 
1984). BTP-1 has been shown to prevent 
luteolysis by acting at the endometrium to 
inhibit the production of prostaglandin by 
inducing synthesis of an intracellular inhibi
tor of PGFza synthesis (Helmer et al., 1989b). 
Infusion of bovine a-interferon into the 
uterus of cyclic cows delayed luteolysis 
suggesting that, as in the sheep, an 
interferon-like molecule may be important in 
the establishment of pregnancy (Plante et al., 
1988). 

It can be suggested that CG secreted by the 
primate embryo should also be termed an 
anti-Iuteolytic as well as or rather than a 
luteotrophic message. If CG is able to main
tain the life of the CL in early pregnancy by 
preventing the luteolytic action of PGFza 
(Knobil, 1973; D.T. Baird, 1985; Hearn and 
Webley, 1987) or, alternatively, its pro-
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duction, then the only difference in the 
required action for the embryo message, be
tween the primate and the above species, is 
the source of the luteolytic agent. 

6.3.3 TIMING OF THE EMBRYO MESSAGES 

The timing of events is, however, rather 
different between primate and non-primate 
species, although in all species the timing of 
release of the embryo message is critical. In 
the primate, CG is secreted at the time of 
implantation. Implantation begins on days 
8-9 in women (Lenton and Woodward, 
1988), the rhesus monkey and baboon (Hen
drickx and Enders, 1980) and rather later on 
days 11-12 in the marmoset monkey (Hearn, 
1980; H.D.M. Moore et al., 1985; Smith et al., 
1987). Although CG cannot usually be 
detected in the peripheral circulation until 
some 3 days later (Hearn, 1986), culture of 
embryos in vitro shows a clear secretion of CG 
from the time of attachment in the human 
(Fishel et al., 1984) and marmoset monkey 
(Hearn et al., 1988a). 

Comparison of progesterone production 
by luteal cells from the marmoset monkey 
during short-term incubation in vitro showed 
differences between cells taken from 
pregnant and non-pregnant animals on day 
14 after ovulation (Webley et al., 1989a). 
Progesterone production by luteal cells from 
non-pregnant animals responded to stimu
lation by luteotrophic agents, whereas the 
luteal cells from pregnant animals were 
unresponsive; control production of pro
gesterone was high and already equivalent to 
the levels stimulated by the treatments (Fig
ure 6.8). 

This suggested that on day 14 (just 2 days 
after implantation, which occurs on days 11-
12) a message secreted by the embryo may 
have affected the CL, providing an endogen
ous stimulus. In the marmoset, the secretion 
of CG begins at the time of attachment of 
embryos in culture, although measurement 
of CG in the peripheral circulation does not 

rise above background levels until day 17 
(Hearn et al., 1988a). If CG is not detectable 
for 3-4 days after embryo attachment is it CG 
or another message received by the CL 
within 2 days of attachment? In women, 
using very sensitive assays for hCG and accu
rate extrapolation of the hCG curve, an in
crease in levels could be detected within 2 
days (Lenton and Woodward, 1988). 

If CG is secreted into the peripheral circu
lation at the time of implantation, in suf
ficient quantities to reach the CL, there may 
be no need to postulate a role for other em
bryo messages in the rescue of the CL during 
early pregnancy in the primate. Indeed the 
ability of a pre-implantation embryo message 
to reach the CL via the peripheral circulation 
is questionable. However, while adminis
tration of exogenous CG can extend the life of 
the CL, it can do so for only a few days 
(diZerega and Hodgen, 1980; Ottobre et al., 
1984). This could result from the CL becom
ing desensitized to repeated injections of 
hCG or the involvement of another luteotro
phic agent in the rescue of the CL (discussed 
by Moudgal, 1984; Richardson, 1986). In the 
marmoset monkey, luteal cells taken from 
pregnant animals on day 20 after ovulation 
had a lower basal production of progesterone 
than luteal cells from day 14 pregnant ani
mals and the cells responded to stimulation 
by luteotrophic agents, whereas the day 14 
luteal cells did not (Webley et al., 1989a). CG 
concentrations in the peripheral circulation of 
the marmoset are undetectable on day 14 
whereas on day 20 levels are detectable 
and rising rapidly (Hearn et al., 1988a). 
Consequently, if CG could influence the CL 
before it was detectable in the peripheral 
circulation the luteal cell response must alter 
between days 14 and 20 or pregnancy when 
the CL of pregnancy is established. 
Alternatively, the embryo may secrete a 
different message to 'rescue' the CL before 
CG reaches sufficient concentration in the 
circulation to take over the luteotrophic role. 

In the sheep, the embryo secretes the anti-
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Figure 6.8 Progesterone concentrations (mean ± SEM) produced by dispersed luteal cells from non
pregnant and pregnant marmoset monkeys on day 14 after ovulation after incubation for 2 h with hCG, 
eloprostenol (Cp) ± hCG, dibutyrl cAMP (db), PGE2 (E2), PGF2u (F22u), adrenaline (Ad) and melatonin 
(mel). C=control. *P<O.OS compared with control values (Duncan's multiple range test). 

luteolytic protein OTP-l for a short period at 
the beginning of pregnancy between days 12 
and 21 (Godkin et al., 1982). It must be pro
duced by day 12113 as the CL begins to 
regress at this time; if an embryo is trans
ferred to a non-pregnant ewe on day 15 it is 
too late and luteal regression occurs (Moor 
and Rowson, 1966). Once luteolysis has been 
prevented, the life of the CL continues after 
day 21 when the embryo stops secreting 

OTP-l. In the cow, the embryo also secretes 
BTP-l for a limited period from days 16-24 of 
pregnancy. Proteins secreted by the bovine 
embryo in culture on days 16 ~o 18 extended 
the life of the CL and inter-oestrus interval 
when administered into the uterine lumen of 
cyclic cattle on days 15-21 after oestrus 
(Knickerbocker et al., 1986). 

Primates differ from the domestic species 
in the timing of secretion of the embryo mess-
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Table 6.6 Comparative rates of pre-implantation development in mammals 

Species Two-cell Eight-cell Morulla 

Mouse 1a 2 3 
Rat 1 2 3 
Rabbit 2 2·5 3 
Cat 3 3·5 4-5 
Dog 4 6 7 
Ferret 2 4 5 
Pig 1 2.5 4 
Sheep 1 2·5 4 
Cow 1 3 4-6 
Horse 1 3 4 
Marmoset 1 4 7-8 
Rhesus 2 3 4-5 
Baboon 1.5 3 4 
Human 1.5 2.5 3 

aDays after fertilization (from the literature). 

age. In primates, CG is secreted at the time of 
implantation, whereas in domestic species 
the embryo signals are sent to the mother 
before there is intimate contact at implan
tation. In the pig, oestrogens are secreted by 
the blastocyst from day 10, production is de
creased between days 13 and 14 then in
creases between days 15 and 25-30, while 
attachment of the embryo occurs on day 18 
(Gadsby et al., 1980; Bazer et al., 1986). In the 
sheep, OTP-l is secreted from day 12 (God
kin et al., 1982), whereas attachment occurs 
on day 16 and in the cow BTP-l is secreted 
from day 15 (Knickerbocker et al., 1986) and 
attachment occurs between days 25 and 30. 
The difference between primates and dom
estic species is that the primate embryo mess
age must reach the ovary via the circulation, 
whereas the embryo messages secreted by 
the embryo of domestic species acts at the 
uterus to prevent release of uterine PGFz<x, so 
close contact between the embryo and the 
maternal circulation may not be required. 

This part finishes the discussion of inter
relationships between embryo and mother. 
The signal for pregnancy has been estab-

Blastocyst Uterine Implantation Gestation 
entry length 

3·5 3·5 4 20 
3·5 3-4 5 22 
3 3 7 32 

5-7 4-8 13-14 62 
8 7-8 17 63 
6 5 15-16 41 
5 2.5 11-20 114 
6 4 15-16 150 

7-9 4 30-35 280 
6 4 49-63 340 

8-9 4 10-12 144 
5-6 3 8-9 165 
5-6 4 8-9 180 
4-6 2-3 8-9 266 

lished. It is now important to discuss how the 
embryo and fetus develop within the ma
ternal organism. 

6.4 RATES OF DEVELOPMENT 

6.4.1 PRE-IMPLANTATION PERIOD 

Prenatal development includes the period 
from fertilization to birth and is characterized 
by a series of external and internal morpho
logical changes that are similar in many mam
malian species. However, the time course of 
cleavage, organ formation and fetal growth 
vary both within and between different 
species. Following fertilization, the embryo 
undergoes cleavage, the process of cellular 
division without cellular growth. Cleavage 
continues until implantation. At this time cell 
size has been reduced to the approximate size 
of the normal somatic cells characteristic of 
the species. In general, the laboratory species 
have shorter gestation periods than domestic 
species and slightly greater rates of cleavage 
(Davies and Hesseldahl, 1971; Brinster, 1974; 
McLaren, 1974) (Table 6.6). 



In most species, the embryo undergoes 
cleavage while in the oviduct and does not 
pass into the uterus until the late morula to 
early blastocyst stage. The oviductal trans
port of the embryo during this period prior to 
implantation is a complex process exhibiting 
marked species variability. Muscular activity, 
ciliary movements and tubal fluid currents 
contribute to the propulsion of the embryo to 
varying degrees. Passage of the embryos 
through the oviduct takes 3-4 days in most 
mammals (Wimsatt, 1975), but it can be as 
short as 24 h (opossum, Hartman, 1928) or 
48 h (pig, Hunter, 1974) or as long as 8-10 
days (dog, Holst and Phemister, 1971) (Table 
6.6). 

Blastocysts undergoing cleavage move 
through different portions of the oviduct at 
variable rates. Rabbit oocytes (or ova) reach 
the junction of the ampulla and isthmus as 
quickly as 6 min after ovulation, but the re
mainder of the time in the oviduct is spent in 
slow transport through the isthmus prior to 
entry into the uterus (Bodkhe and Harper, 
1973). In contrast, the ova of mice and rats are 
transported rapidly through the ampulla and 
then detained at the isthmoampullar junction 
for 24 h. Transport through the isthmus is 
again rapid with a 30-h delay at the uterotu
bal junction (Humphrey and Martin, 1969). 
This pattern of rapid movement to the isth
moampullar junction, a delay at the site of 
fertilization, then rapid movement to the 
tubouterine junction with a second delay, 
appears to predominate in most mammals 
(D.H. Anderson, 1927; Blandau, 1961). A 
third type of oviductal transport is exhibited 
by pig and cow ova, which spend most of the 
time above the isthmo ampullar junction and 
then move rapidly through the isthmus into 
the uterus (Aref and Hafez, 1973; Blandau, 
1973). Studies in human (Croxatto and Ortiz, 
1975) and non-human primates (Eddy et al., 
1975) indicate that tubal transport in these 
species is similar to the third mechanism. 

The first overt sign of cellular differen
tiation occurs with the development of the 
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blastocoele, which usually coincides with the 
arrival of the embryo in the uterus. During 
the blastocyst stage, the zona pellucida is lost 
and the embryo breaks free (hatches). There 
is a marked increase in the total size and 
often a change in shape of the embryo during 
this stage, mainly due to the enlargement of 
the blastocoele. Considerable species varia
bility is observed in both the rate and magni
tude of blastocyst expansion following 
blastocoele formation. While marked disten
sion of the blastocyst is common to the pri
mate, rabbit, dog, cat and most livestock 
species (Brinster, 1974; G.B. Anderson, 1977; 
Noden and deLahunta, 1985), minimal ex
pansion takes place in the mouse, rat and 
guinea pig (Hafez, 1972). 

Essentially two cell types become recogniz
able in the blastocyst. Those that accumulate 
at one pole become slightly larger and consti
tute the embryonic disc (inner cell mass, blas
todisk), from which the embryo will develop. 
The cells on the periphery of the blastocyst 
are trophoblast cells, which facilitate the ab
sorption of nutrients early in development 
and later participate in the formation of extra
embryonic membranes, which contribute to 
the formation of the placenta. In domestic 
animals the trophoblast cells overlying the 
embryonic disc degenerate or shift peripher
ally and the blastodisc becomes exposed on 
the surface of the blastocyst. In most pri
mates the embryonic disc remains beneath 
the trophoblastic cover and is referred to as 
the inner cell mass (Noden and deLahunta, 
1985). 

Implantation is a transitional stage in early 
pregnancy during which the blastocyst 
assumes a fixed position within the uterus. 
The steps involved are species dependent but 
usually include apposition and adhesion of 
the blastocyst to the surface of the uterine 
epithelium followed by penetration of the 
epithelium by the blastocyst (Boving, 1963; 
Enders, 1972). The loss of the zona pellucida 
in relation to the time of implantation varies 
with the species and mechanism of implan-
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tation. In animals in which implantation is 
eccentric (rat, mouse, hamster) or interstitial 
(bats and primates), the zona is lost before 
implantation is initiated. The blastocysts of 
animals with centric implantation (rabbit, 
pig, sheep, cow, horse, dog and cat) expand 
and implant with the extracellular coat(s) 
surrounding the trophoblast still intact 
(Wimsatt, 1975). Detailed morphological de
scriptions of implantation have been pro
vided for a few non-human primate species, 
including the rhesus monkey (Enders et al., 
1983), baboon (Tarara et al., 1987) and mar
moset (Smith et al., 1987); in contrast, the 
availability of comparable human material for 
evaluation is limited to the study of Hertig et 
al. (1956). 

6.4.2 ORGANOGENESIS 

Organogenesis encompasses the period of 
embryonic development from the establish
ment of the primitive streak, which marks the 
future longitudinal axis of the embryo, until 
palate closure and ossification of the humer
us. During this time the three germ layers are 
reshaped to form the embryo proper by a 
process combining growth with cell and tis
sue movements. The major changes during 
the period of organogenesis are elongation of 
the body, subdivision of the body into head, 
trunk and tail, development of the append
ages, and separation of the embryo from the 
extraembryonic structures. By the end of this 
period the shape of the embryo has changed 
greatly and the major features of the external 
body form are recognizable. The morphologi
cal features of human embryos during 
organogenesis have been well described (see 
O'Rahilly and Miiller, 1987). A number of 
non-human primate species have also been 
the subject of developmental staging, which 
utilizes size and age criteria, in addition to 
morphology, to define this period of prenatal 
growth (Hendrickx, 1971; Gribnau and 
Geijsberts, 1981; Butler, 1983; Binkerd and 
Hendrickx, 1984). While the rudiments of the 

various organ systems conform to genera
lized, basic plans in the embryos of all ver
tebrate species, the temporal aspects of organ 
formation are species specific (Table 6.7). 

Studies in mice have shown that up to the 
time of primitive streak formation cell pro
liferation in the embryo remains very slow. 
Measurements of tissue and cell volume in 
mouse embryos (at 6.5 days) show a cell 
population of only 500-600 cells (Snow, 
1976). With the onset of gastrulation (primi
tive streak formation) the number of cells has 
increased to 15000 within a 24-h period, re
quiring a doubling of the previous prolifer
ation rate (Snow, 1977). In other species there 
is also an acceleration in growth rate during 
primitive streak formation. It has been esti
mated that human (Boyd and Hamilton, 
1964; Langman, 1975; K.L. Moore, 1977) and 
pig (Patten, 1953) embryos increase some 
40-fold in size in 4 days, while the baboon 
(Hendrickx, 1971) increases about 16-fold in 3 
days. If this change in volume is produced 
entirely by an increase in cell number (rather 
than changes in cell volume or intercellular 
spaces), then cell proliferation rate has acce
lerated to about the same extent as in the 
mouse, i.e. doubled (Snow, 1981). 

From the neural plate stages through 
organogenesis, various regions of the embryo 
establish their own growth profiles character
istic of the organs into which they will 
develop. In the mouse, the high cell prolifer
ation rate of gastrulation stages is not main
tained throughout the embryo during this 
period (Snow, 1986). Although more atten
tion has been devoted to fetal growth in hu
mans, a considerable body of information has 
recently been accumulated on the corre
sponding age, stage and length as well as the 
growth of a few organ systems in the human 
(O'Rahilly and Miiller, 1986). 

6.4.3 FETAL PERIOD 

The fetal period is characterized by maximum 
growth and further development of the 
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organs and systems established during the 
embryonic stage. Absolute prenatal growth 
continues throughout gestation while relative 
growth (percentage increment change) be
gins to decrease about midway in gestation. 
Fetal crown-rump length and weight are the 
indices most consistently correlated with 
gestational age in growth assessment studies. 
While crown-rump length reflects the 
growth of the head and vertebral column, 
weight is determined mainly by the develop
ing muscles and other soft tissues (Bergin et 
al., 1967). 

Figure 6.9 shows the growth curves for 
length and weight for a normally developing 
human fetus. 

There is a steep linear relationship between 
fetal length and gestational age after the 
second month with an average increase in 
sitting height (crown-rump) of 1.5 mm/day 
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(Patten, 1968). Maximal linear growth during 
gestation occurs in the sixth and seventh 
months and decelerates during the last 2 
months of the fetal period (Scammon and 
Calkins, 1929). The relationship between 
weight and gestational age is more curvili
near; from the time of fertilization to birth the 
increase in weight is approximately 6 billion 
times (Lowrey, 1978). The 'shape' of the 
growth curves for several species, including 
the pig (Ullrey et al., 1965), rhesus monkey 
(van Wagenen and Catchpole, 1965), baboon 
(Hendrickx, 1971), cow (Evans and Sack, 
1973; Eley et al., 1978) and rat (Angulo and 
Gonzalez, 1932), is similar to that of the 
human. 

Intraspecies comparisons of fetal growth 
have been made by quantitative descriptions 
of these two parameters as a function of ges
tational age. Haase's rule describes the linear 
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Figure 6.9 Prenatal growth curves for the human fetus from time of conception to birth, length (cm, 
crown-heel), surface area of the body (cm2) and weight (g). 
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Figure 6.10 Birth weights of 20 species and their lengths of gestation. The curves show that the species 
can be classified into those that grow very fast (. .. ), fast (- - -) and slow (-). (Reproduced with 
permission from McCance & Widdowson, 1986.) 

relationship between the length of the fetus 
of many species and gestational age during 
the second half of pregnancy (Spencer and 
Coulombe, 1965). It has been determined that 
the fetal weight of many species is a cubic 
function of time after the appearance of the 
primitive streak (corresponding to the time 
when placental function becomes estab
lished). The equation is W = a(t-t,)3 where 
W is the weight of the fetus on any given 
gestational day, a is a constant expressing the 
rate of supply of nutrients per unit of fetal 
surface area, t is the length of gestation, and 
t' is the lag period of growth prior to pla
cental function (Page et al., 1981). For man 
the value of a is 0.24 X 106 and for large 
mammals the value is considerably larger 
(e.g. 16 times as great in the cow). The rate of 
growth for most mammals is enormous in
itially and progressively slows as pregnancy 
progresses. For example, in the first month 
after fertilization, the human zygote in-

creases a million times in weight, whereas in 
the last month of gestation the rate of in
crease is 0.3. A decrease in the value of a 
toward the end of gestation will result in 
intrauterine growth retardation (Page et al., 
1981). 

The rate of growth soon after conception 
sets the pace for the subsequent growth in 
utero and thus the weights at birth for similar 
lengths of gestation. The size at birth is the 
product of the rate and duration of growth. 
The relationship between these variables is 
different among mammals, some achieving 
final size quickly by rapid growth, others at a 
slower pace for a longer period in utero. 
Figure 6.10 shows the weights at birth of 20 
species plotted against their length of 
gestation. 

The points appear to fall on three curves 
which describe three classes of mammals: 
very fast, fast and slow growers (McCance 
and Widdowson, 1986). As seen in this 
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figure, the small rodents (mouse, rat) and the 
rabbit as well as the fetal whale grow 
extremely rapidly throughout gestation. In 
contrast, man, the macaque and the elephant 
grow more slowly in the early stages, which 
results in lower weights after similar times in 
the uterus. An intermediate growth rate is 
exhibited by the cat, pig, dog, guinea pig, 
goat, ox, sheep, porpoise, hippopotamus and 
horse. These differential growth rates and 
gestational lengths result in different sizes at 
birth. Thus, the newborn hippopotamus is 
larger than the newborn human baby be
cause it grows faster. The human fetus grows 
much larger than the rat before it is born 
because it stays in the uterus longer 
(McCance and Widdowson, 1986). 

The prenatal growth period is character
ized by a progressive alteration of form and 
proportions, both externally and internally. 
Diversity of form is acquired through differ
ential rates of growth operating in various 
regions of the fetus and in definite directions. 
While the absolute rates may vary among 
individuals of any species, the ratios existing 
between the growth rates of different parts of 
the body in that species are relatively con
stant. The emergence of limbs from initial 
bud-like swellings and the early form 
changes during the development of the brain 
are visual examples of the progressive model
ling of external and internal form by differen
tial growth (Arey, 1974). 

Assessment of intrauterine growth in 
humans using radiographic, anthropometric 
and ultrasonic methods has made a major 
contribution to a better understanding of the 
principle of fetal growth in relationship to 
gestational age (P.R.M. Jones et al., 1986; 
Meire, 1986). The establishment of growth 
curves generated by clinical ultrasound ob
servations and measurements of various fetal 
dimensions provides information on ges
tational staging, somatic growth and func
tional maturity in addition to diagnosis and 
management of fetal growth disorders in
cluding intrauterine growth retardation 

(Birnholz, 1986; Bowie, 1988; Reece et al., 
1989). Assessment of intrauterine growth in 
non-human primates has also been advanced 
by the recent use of ultrasonography in moni
toring pregnancy in rhesus and cynomologus 
monkeys (Tarantal and Hendrickx, 1988a). 

In humans, the skeleton and musculature 
grow rather slowly until the last two fetal 
months, during which time they each show 
accelerated growth to constitute from 15 to 
25% of the total body weight of the newborn. 
The central nervous system, on the other 
hand, makes up a larger portion of the body 
weight in the young embryo (25% in the 
second month) than at birth (15%). As a 
whole, the viscera decrease slowly and stead
ily in relative weight after the first two em
bryonic months. In the second prenatal 
month these organs constitute about 15% of 
the total body weight, which is reduced to 
approximately 9% at birth (Arey, 1974). 
Although each fetal organ has its character
istic growth curve, the individual organs gen
erally increase rapidly to a maximum relative 
size during the early fetal period and then 
decrease with age even to maturity (Arey, 
1974). Recent growth curves for the spleen, 
kidney and liver as well as foot length in 
human fetuses have been correlated to fetal 
parameters of maturity, including gestational 
age, crown-rump length/weight (Ferreira et 
al., 1990, 1992; Mandarim-de-Lacerda, 1990; 
Sampaio and Aragao, 1990). 

6.4.4 FACTORS AFFECTING PRENATAL 
GROWTH 

Fetal growth rate and size at birth are affected 
by a combination of constitutive and environ
mental factors. 

(a) Constitutive factors 

While the fetal and maternal genomes dictate 
the growth potential of the fetus, adequate 
amounts and successful transfer of substrate 
are needed to achieve this potential. The ulti-



mate definition of fetal size during normal 
pregnancy is a result of regulation of this 
genetic and environmental blueprint by hor
mones and growth factors. 

(b) Genetic factors 

Genetic factors have an important influence 
in determining fetal growth rates character
istic of different species and contribute to the 
normal biological variation in size within a 
species. Non-chromosomal instructions 
appear to be especially important in the 
earliest stages of development immediately 
after fertilization, which are heavily influ
enced by the maternal genotype through the 
cytoplasmic genetic information. At fertiliz
ation the sperm is only made up of chromo
somes with negligible amounts of other 
material, whereas the maternal contribution 
embodies the full cytoplasmic material as 
well as chromosomes (D.F. Roberts, 1981). 
Thereafter, differentiation and development 
proceed as a complex of gene-controlled syn
thetic processes resulting largely from 
switching on and off the activity of particular 
fetal genes at specific times. 

The existence of genetic influence on hu
man fetal growth is evidenced by the fact that 
infant birth weight is grossly affected by 
genetic disease, both single gene and 
chromosomal (Rimoin and Graham, 1989). 
Infants with fibrocystic disease and galacto
saemia as well as those with Down's syn
drome, trisomy 13 and Turner's syndrome, 
for example, are of reduced mean birth 
weight. Since only the XO aberration is con
sistently associated with reduced growth rate 
in humans, the genetic control of intrauterine 
growth is believed to involve loci widely dis
tributed through the autosomes (D.F. 
Roberts, 1981). 

Fetal genotype has been estimated to 
account for approximately 20% of birth 
weight variation in humans (Polani, 1974). 
Male genotype is associated with increased 
birth weight, with males averaging 150-200 g 
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more than females at term (H. C. Miller and 
Merritt, 1979). This difference in fetal size is 
not apparent in early gestation, but rather 
appears to be dependent on increased 
growth in the third trimester (Thomson et aI., 
1968). Clearly, genetic influences playa part 
in some of the variation noted in birth 
weights among different ethnic groups. 
Although some of these differences may be 
explained by environmental factors, a 
number of studies describe striking ethnic 
differences in birth weight, irrespective of 
socioeconomic status (Barron and Vessey, 
1966). 

Thus, the contribution of the fetus's own 
genes in determining its size at birth is small 
compared with the contribution of maternal 
factors - both environmental and genetic. 
While in early pregnancy fetal genetic control 
is dominant and determines relatively 
narrow limits of variability in patterns of fetal 
growth, maternal and placental constraints as 
well as hormonal and growth factor stimuli 
assume increasing importance and give rise 
to greater variability in fetal growth later in 
pregnancy (Liggins, 1982). After birth such 
strong prenatal influences upon growth are 
gradually neutralized. The individual's own 
genes begin to reassert their influence, and 
post-natal growth moves firmly in a direction 
determined genotypically (R.S. Wilson, 
1976). 

(c) Hormones 

The translation of genetic information to 
actual growth requires regulation by fetal 
hormones which mediate utilization of avail
able substrate. Insulin plays a significant role 
in this regulation of fetal growth. Human 
fetuses either deficient in insulin due to in
fant diabetes or pancreatic agenesis or resist
ant to insulin, as in leprechaun syndrome, 
are small in size (D'Ercole and Underwood, 
1986). The level of serum insulin in the hu
man fetus is thought to reflect autonomous 
fetal pancreatic insulin secretion, since the 



570 Normal and abnormal embryo-fetal development in mammals 

placenta is impermeable to insulin through
out pregnancy (H. Wolf et al., 1969). Various 
clinical syndromes associated with excessive 
fetal growth, such as diabetes, Beckwith
Wiedemann syndrome, nesidioblastosis, 
insulinoma and erythroblastosis, have associ
ated hyperinsulinism (D.E. Hill, 1976). 
Although the mechanism of action of insulin 
in the induction of overgrowth is uncertain, 
some evidence suggests that it can enhance 
insulin-like growth factor 1 (IGF-1) secretion 
(Gluckman, 1989). 

A number of animal models support this 
growth-promoting role for insulin. Rat 
fetuses injected near term with subcutaneous 
insulin showed evidence of macrosomia and 
increased glucose utilization (Picon, 1967). 
Surgical removal of the pancreas in lambs 
(D.E. Hill, 1976), alloxan injection into fetal 
rabbits (P.G.R. Harding et al., 1975) and 
streptozotocin injection into fetal monkeys 
(Cheek and Hill, 1975) have all resulted in 
hypoinsulinaemic, growth-retarded fetuses. 
In vivo and in vitro animal studies suggest that 
insulin is permissive for fetal growth and that 
its growth-stimulatory actions in the fetus are 
mediated by its effects on carbohydrate, pro
tein and fat metabolism, rather than through 
direct stimulation of cellular proliferation 
(D'Ercole and Underwood 1986). 

The effect of growth hormone on fetal 
development is not well understood. Human 
infants with familial isolated growth hor
mone deficiencies and those with high levels 
of inactive growth hormone are generally of 
normal weight, although their length may be 
diminished at birth (Laron and Pertzelan, 
1969). That growth hormone may not be cru
cial in humans is also supported by the fact 
that newborn infants with anencephaly and 
congenital absence of the pituitary are not 
small in size (D'Ercole and Underwood, 
1986). The effect of interference with hypo
thalamic and pituitary development and 
function seems to be species specific, i.e. fetal 
decapitation in utero has minimal effect on 
fetal size in the rat, mouse, hamster, pig and 

rabbit, while in the calf and lamb significant 
differences were seen following both natur
ally occurring absence of and surgical des
truction of the fetal pituitary (Liggins, 1974; 
Jost, 1979). Neuronal growth in rats appears 
to be enhanced by administration of exogen
ous growth hormone (Honnebier and Swaab, 
1974), although somatic growth is unaffected. 

There are conflicting results with respect to 
the direct effect on somatic growth of the 
adrenal steroids. An increasing number of 
studies in humans (Taeusch, 1975) and 
experimental animals (de Lemos, 1976; Frank 
and Roberts, 1979) have demonstrated that 
exogenous glucocorticoids have a negative 
effect on fetal growth. Experimentally adre
nalectomized lambs (Drost and Holm, 1968), 
rats (Jacquot, 1959) and monkeys (Mueller
Heubach et al., 1972) have birth weights 
within normal limits. However, in some 
cases of idiopathic adrenal hypoplasia in hu
mans, birth weights are slightly reduced (Lig
gins, 1974). Depending on the cell type, 
glucocorticoids either inhibit or stimulate the 
proliferation of fetal cells in culture (Jimenez 
de Asva et al., 1977). The role of thyroid 
hormone appears to vary in different species. 
Fetal hypothyroidism is associated with 
growth retardation in some species, but not 
in others, including man. Experiments in 
sheep with placental lactogen raise the possi
bility that this hormone is also involved in the 
regulation of fetal growth; however, its role 
in human pregnancy remains uncertain 
(Gluckman, 1989). 

(d) Growth factors 

A number of biologically active substances 
that stimulate mitosis and/or differentiation 
have been thought to be important in fetal 
growth (see reviews by Rizzino, 1987; 
Mercola and Stiles, 1988). Among the pep
tides that have been purified, sequenced and 
studied for their effects on in utero growth are 
nerve growth factor (NGF) (Springer, 1988), 
epidermal growth factor (EGF) (Burgess, 



1989; Marti et al., 1989) and the somato
medins (SMs) (Heyner et al., 1989). Although 
there is no direct proof of the effects of these 
factors on fetal growth, they have been impli
cated in human or animal fetal development 
by one or more lines of evidence: 

1. stimulation of proliferation and/or differ
entiation of cultured embryonic and fetal 
cells; 

2. identification of growth factor receptors in 
fetal tissues; 

3. synthesis of growth factors by fetal tis
sues; and 

4. circulation of growth factors in fetal 
blood. 

Other factors which have also been well stud
ied include haemopoietic growth factor 
(Gabrilove, 1989) fibroblast growth factor 
(FGF) (A. Baird and Walicke, 1989) and trans
forming growth factors (TGFs) (Rizzino, 
1988). 

It has been postulated that growth factors 
exert their effects on fetal development by 
mediating the actions of classic hormones on 
target tissues (D'Ercole and Underwood, 
1986). There is evidence that EGF and NGF 
are dependent on thyroid hormones and SM 
might be dependent on prolactin, placental 
lactogen, insulin or growth hormone. The 
effect that growth factors have on embryonic 
and fetal development is probably a result of 
local tissue action via autocrine or paracrine 
mechanisms. The regulatory mechanisms by 
which these factors influence cell growth and 
differentiation will be facilitated by future 
studies of embryos cultured in serum-free 
media (Rizzino, 1987). 

(e) Environmental factors 

The major environmental factors which affect 
prenatal growth in mammals include size, 
age, parity, nutrition and health of the 
mother, litter size, duration of pregnancy and 
placental size and function. 
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(f) Maternal size, age and parity 

The size of the mother is positively correlated 
with prenatal growth rate in most mam
malian species. This effect is much more pro
nounced than the father's size and is most 
obvious in animals with long gestation 
periods and singleton pregnancies. The influ
ence of maternal size is obscured by litter size 
in polytocous animals (Hendrickx and 
Houston, 1970). 

Although the effect of maternal age on fetal 
size has not been fully investigated, young 
mothers tend to have smaller offspring, par
tially because they continue to grow during 
pregnancy and they compete with the fetus 
for available nutrients (Hafez, 1968). 

Studies in humans have shown that parity 
may affect size at time of delivery. The aver
age birth weight increases with increasing 
order, i.e. the birth weight and dimensions of 
the firstborn are less than those of sub
sequent infants (Lowrey, 1978). In lower 
species, parity primarily affects the level of 
prenatal mortality rather than fetal growth 
rates. Experiments in mice and rats indicate a 
decrease in the size of litters with each suc
cessive pregnancy and, hence, with age. This 
decrease has been attributed largely to higher 
embryonic loss in older animals since the 
number of shed ova remains fairly constant 
after the first pregnancy (Hollander and 
Strong, 1950). 

(g) Maternal nutrition and health 

In most polytocous animals in which the total 
weight of the litter is large relative to the 
weight of the mother, undernutrition has 
some effect on birth weight. However, 
studies in rats and rabbits indicate that re
striction of maternal food intake has to be 
extreme before fetal birth weight is markedly 
decreased (Campbell et al., 1953; Dawes, 
1973). The effect of maternal nutrition is 
noted only to a minor degree in the higher 
primate species, including the human. Since 
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nutrient requirements for the fetus follow a 
similar trend to fetal growth (very low in 
early pregnancy and increasing markedly in 
the last trimester), the effects of maternal 
over- or undernutrition on fetal growth in all 
species are operative only in about the last 
one-sixth of gestation (Rattray, 1977; Page et 
al., 1981). 

The effects of maternal health on fetal 
growth have largely been provided by the 
medical literature. The most common ident
ifiable cause of intrauterine growth retar
dation is maternal vascular disease, such as 
pre-eclampsia, chronic essential hyper
tension, collagen vascular diseases and neur
opathies, including diabetic neuropathy 
(Oppe et al., 1957). Vascular disease is 
thought to lead to a decrease in fetal growth 
by interfering with uteroplacental blood flow 
(J.e. Browne and Veall, 1953). Other con
ditions, including chronic antepartum haem
orrhage, diminished cardiac output, cyanotic 
congenital heart disease and various haemog
lobinopathies presumably lead to decreased 
fetal growth because of decreased ability to 
transport substrate to the fetus or a decreased 
availability of oxygen in the maternal vascu
lar component (Resnik, 1978). 

Intrauterine infections, including rubella, 
cytomegalovirus, varicella and herpes infec
tions, have also been associated with growth 
retardation in the fetus (Nahmias and 
Visintine, 1976; Young, 1976; Knox, 1978). 
There is increasing evidence that certain 
environmental factors (i.e. smoking, alcohol, 
drugs) also affect intrauterine growth. The 
adverse effects of maternal smoking on fetal 
growth have been partially attributed to the 
impairment of uteroplacental circulation as a 
result of the vasoconstricting effects of nico
tine. Low birth weights and lengths are also 
associated with prenatal exposure to alcohol, 
which readily accumulates in, but is slowly 
eliminated from, the fetus. Recent studies 
suggest that maternal use of cocaine ad
versely affects fetal growth through impair
ing fetal oxygenation by catecholamine-

induced vasoconstriction of the uterine arter
ies (Kretchmer et al., 1989). 

(h) Litter size and duration of pregnancy 

In nearly all polytocous species which have 
been examined, increases in litter size reduce 
the rate of prenatal growth and thus birth 
weight. The influence of litter size on fetal 
size is manifested through a 'local effect' and 
a 'general effect' (Eckstein et al., 1955). The 
effect of other nearby fetuses in the same 
uterine horn is the 'local effect' and that of 
any fetus anywhere in the uterus is the 'gen
eral effect'. The ratio of each factor varies 
with the species. Studies in guinea pigs, 
mice, rabbits and humans support a haemo
dynamic explanation for this phenomenon, 
i.e. retardation of growth is due to restriction 
of the channel (i.e. placental exchange) which 
links mother and fetus rather than to a limi
tation of maternal nutritional substances or 
uterine space (McKeown et al., 1976). 

The weight of the entire litter relative to 
maternal weight shows an inverse relation
ship, with the smaller mammals having 
rapidly growing, relatively heavier litters as 
compared with larger mammalian species. 
Two extreme examples of this are the guinea 
pig, which has a litter weight of more than 
50% of maternal weight, and the polar bear 
fetus, which weighs 0.3% of mean maternal 
weight (Gewolb and Warshaw, 1983). Fetal 
genes may contribute to these interspecies 
differences in fetal growth rate, i.e. those 
species reaching maturity earlier in post-natal 
life are genetically programmed for a rapid 
rate of prenatal growth, while other mam
mals, including humans, have a correspond
ingly lower fetal growth rate and hence a 
lower fetal-maternal weight ratio (McKeown 
et al., 1976). 

These litter effects are determined in part 
by the duration of pregnancy. In placental 
mammals, the length of gestation (G) is 
demonstrated to be related to body weight 
(W) by the equation G = a x W, where a 



varies with the type of placenta and b is 
approximately the same (0.17) for all terres
trial animals, but significantly smaller (0.04) 
for aquatic animals (Kihlstrom, 1972). Pro
longation of gestation for most mammals is 
associated as a rule with reduction in litter 
size and increase in maturity at birth. In cer
tain mammals, including most of the large 
ones, natural selection has resulted in 
increased maturity at birth. The increase in 
maturity has been associated with, and per
haps may require, prolongation of pregnancy 
and reduction in the number of young, since 
large litters are incompatible with long ges
tations. In these circumstances, an increase in 
litter size above the norm for which a species 
is adapted is associated with retardation of 
fetal growth (McKeown et al., 1976). 

(i) Placental size and function 

There is a close relationship between pla
cental size and embryo size which has been 
observed in many mammalian species. The 
weight of the fetus increases with increas
ing weight of the placenta in guinea pigs, 
rabbits, pigs, sheep and mice (Dawes, 1973). 
Although numerous investigators (Abramo
vich, 1969; Gellen and Gyori, 1969) have 
found a positive correlation between fetal 
and placental size in humans, no differences 
have been found between normal and large 
or small for gestational age infants when 
fetal-placental ratios have been corrected for 
gestational age (Molteni et al., 1978). This 
observation emphasizes the importance of 
placental function rather than placental size. 
Specifically, uterine and umbilical blood 
flow, intraplacental metabolism and hor
monal control and substrate flux determine 
fetal growth. Although large babies almost 
always have large placentas, the converse is 
not always true. Certain clinical conditions 
such as high altitude (Kruger and Arias
Stella, 1970), placental haemangiomata and 
some chromosomal anomalies (Polani, 1974) 
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are characterized by large non-oedematous 
placentas and growth-retarded fetuses. 

Placental blood flow is clearly crucial in 
regulating the transfer of substrate (e.g. glu
cose, amino acids, fatty acids; Kretchmer et 
al., 1989) to both placenta and fetus 
(Kretchmer et aI., 1989). Numerous studies in 
animals have utilized either ligation or embo
lization of uterine vessels or surgical re
duction of placental area to induce 
intrauterine growth retardation (Dawes, 
1976; Cassady, 1981). Clinical conditions 
presumably associated with diminished pla
cental blood flow, such as maternal toxaemia, 
severe diabetes and long-standing hyper
tension, also result in an increased incidence 
of small for gestational age babies (Gewolb 
and Warshaw, 1983). 

Placental metabolism is an important vari
able in determining fetal growth, since it 
accounts for about half of the apparent utiliz
ation of glucose delivered to the placental 
circulation (Morriss, 1981). Placental pro
duction of various polypeptide hormones 
(human chorionic gonadotrophin, placental 
adenyl cyclase, human placental lactogen) 
and steroids (oestrogen and progestins) may 
be involved in the regulation of substrate 
flow to the fetus (Chatterjee and Munro, 
1977; Mulay et al., 1980). 

The growth of the fetus may be adversely 
affected by one or more conditions leading to 
placental restriction: 

1. reduction in placental size due to abnor
mal differentiation or limitation of ma
ternal nutrition; 

2. diminished uterine blood flow due to vari
ous pathological conditions; 

3. abnormal development of placental mem
branes which adversely affects membrane 
transport properties; and 

4. disorders in fetal placental circulation. 

6.S PRENATAL MORTALITY 

Spontaneous prenatal mortality is a wide
spread phenomenon, which occurs in all 
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species and strains of otherwise normal and 
fertile domestic and laboratory animals as 
well as human and non-human primates. 
Termination of pregnancy may occur at 
several stages: (a) between fertilization and 
implantation; (b) during the time of implanta
tion; or (c) after implantation at various 
stages of embryo or fetal development. 

6.5.1 HUMAN AND NON-HUMAN PRIMATES 

(a) Incidence 

Human fecundability, i.e. the probability of 
producing a full-term infant per menstrual 
cycle during which intercourse occurs, is very 
low when compared with the fertility of dom
estic animals. Demographic studies have 
shown that fecundability ranges from 21 to 
28% between the age of 20 and 30 years 
(R.V. Short, 1979). Prenatal mortality at 
different stages in gestation contributes 
markedly to this low fertility rate. The esti
mated frequency of losses after clinical recog
nition of pregnancy is 10-25%, depending on 
the epidemiological approach. It has been 
estimated from the results of studies using 
different methodological approaches (Hertig 
et al., 1959; French and Bierman, 1962; Hertig, 
1967; Leridon, 1977; J.F. Miller et al., 1980; 
Rolfe, 1982; Shiota et al., 1987) that a much 
greater rate of loss of fertilized ova occurs 
pre clinically, i.e. before or during the implan
tation period (Kline and Stein, 1985). Figure 
6.11 graphically illustrates the probability of 
spontaneous abortion during human preg
nancy based on this analysis of the literature. 

Prenatal mortality occurs throughout ges
tation in non-human primates, but the level 
is particularly high during the early embry
onic stages when pregnancy confirmation 
may be uncertain and/or unreliable. 
Assessment of the magnitude of early embry
onic mortality is additionally complicated by 
the occurrence of 'placental bleeding', which 
is frequently seen in macaques during the 
second and third weeks of normal pregnancy 

(Hendrickx and Binkerd, 1980). Information 
on embryonic death during the peri
implantation period has been provided by 
morphological examination of normal and ab
normal embryos in the rhesus monkey 
(Heuser and Streeter, 1941), baboon (Hen
drickx and Binkerd, 1980) and chimpanzee 
(Heuser, 1940). These studies indicate pre
implantation losses of 26.3% and 25.0% for 
rhesus monkeys and baboons respectively. 
Histological features of abnormal embryos at 
this stage are similar to those described for 
human embryos and include cell and nuclear 
fragmentation, organellar aggregation and 
irregularity in blastomere size and shape 
(Enders et al., 1982). Corresponding values 
during the post-implantation period (appro
ximately gestational days 10-22) have been 
estimated at 14.3% in baboons, 28% in 
rhesus monkeys and 50% in chimpanzees. 
Characteristics of embryos lost at this stage, 
i.e. embryonic degeneration, retardation and 
asymmetry of the embryonic disc, and abnor
malities of the extraembryonic membranes, 
also parallel observations in defective human 
embryos. 

During the subsequent period of organo
genesis (approximately days 20-50), the inci
dence of embryonic loss is significantly lower 
for several non-human primates than in the 
peri-implantation period. Microscopic exam
ination of embryos of five Old World species 
indicate embryonic mortality rates of 2.4-
18.2% during organogenesis (Hendrickx and 
Binkerd, 1980). The increased frequency of 
prenatal loss during the early stages of preg
nancy has also been well demonstrated in a 
marmoset breeding colony (Heger et al., 
1988). Following a 30% implantation failure 
rate (including missed fertilization and pre
implantation losses), 28% of implantations 
failed prior to organogenesis. Lower loss 
rates occurred during organogenesis (20%) 
and the fetal period (4%) in this study. 

Reported figures for the incidence of still
births among 11 species of indoor-housed 
primate colonies, including the green mon-



key, mangabey, baboon, langur and five 
species of macaques, range from 5.9% to 20% 
(Hendrickx and Binkerd, 1980). These rates 
are markedly higher than the 2.7% figure 
reported for free-ranging rhesus monkeys 
(Koford, 1965) and may be attributable to the 
artificial housing conditions. 
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factors and external embryolethal influences 
(see Rushton, 1985, and Kochenour, 1987, for 
reviews). 

Genetic factors 

There is considerable information on the 
large contribution of an abnormal fetal karyo
type to spontaneous abortions in humans 
(Carr, 1967; J. Boue et al. 1975; A. Boue et al. 
1985; Jacobs, 1982; Warburton, 1987). In 
most, but not all studies, the proportion of 
chromosomal anomalies tends to be low (14-
26%) in abortions before 8 weeks, highest 
(40-65%) in losses at 8 - 15 weeks and 

(b) Aetiology 

The primary factors which have been impli
cated in prenatal mortality in human and 
non-human primates are abnormalities of 
embryonic development, adverse maternal 
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Figure 6.11 The probability of spontaneous abortion during human pregnancy based on the current 
literature. From these studies it has been estimated that 75% of all fertilizations will result in embryonic 
or fetal death. The largest proportion of losses occurs in early pregnancy, i.e. 30% prior to implantation, 
18% after implantation and the remaining 27% after day 14 of gestation. (Reproduced with permission 
from Begley et al., 1980.) 
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decreasing to about 5-10% in abortions after 
the 20th week of gestation (Leridon, 1977; 
Warburton et al., 1980). It should be noted 
that the rate of chromosome anomaly during 
early pregnancy may be artificially low be
cause of the difficulty in documenting these 
defects in very early spontaneous abortions 
(i.e. at less than 4 weeks' gestation). Among 
chromosomally abnormal spontaneous abor
tions, approximately one-half are trisomic for 
one or more chromosomes, 15% are triploid 
and 20% are monosomy X. The remainder 
consist of a variety of post-fertilization errors 
(tetraploidy, hypertetraploidy, hypertrip
loidy, mosaicism), structural anomalies and 
double anomalies (Warburton et al., 1980). 
Both the prevalence and types of chromo
somal anomalies observed among recognized 
spontaneous abortions are considerably 
greater than those observed among stillbirths 
and livebirths. This reflects the fact that the 
majority of chromosomal anomalies (e.g. tri
somies, triploidies, monosomy X) are incom
patible, or rarely compatible, with survival to 
birth (Kline and Stein, 1987; J.L. Simpson, 
1990). Hormonal imbalance in women, intra
follicular over maturity of ova and the ageing 
of gamete in the female reproductive tract 
before gamete fusion have been cited as the 
most plausible reasons for the high frequency 
of spontaneous chromosomal aberrations 
(Dyban and Baranov, 1987). Although 
chromosomal abnormalities remain the most 
common single finding associated with abor
tion, a simple cause-and-effect relationship 
has not been established between karyotype 
and abortion in humans (Rushton, 1987). 
Insufficient data are available to confirm a 
similarly high contribution of genetic abnor
malities to the incidence of abortion in non
human primates. 

Maternal factors 

Age, parity The association of spontaneous 
abortion with maternal age in humans has 
been attributed to two independent causes: 

1. the association of trisomic conceptions 
with age; and 

2. the risk of abortion of euploid conceptions 
with age. 

The risk of trisomy at conception, as ob
served in abortions, rises with maternal age. 
Some trisomies (e.g. 7, 10, 17, 18,20-22) con
tribute more to the increasing risk with age 
than others (e.g. 2, 8, 9, 16) (Stein et al., 1980). 
Several studies have shown that the risk of 
abortion, particularly first abortions (Warbur
ton and Fraser, 1964), rises with increasing 
maternal age (Naylor, 1974; Selvin and 
Garfinkel, 1976; Harlap et al., 1980), paternal 
age (Selvin and Garfinkel, 1976) and parity 
(Warburton and Fraser, 1964; Naylor, 1974; 
Harlap et al., 1980). Possible explanations for 
a non-genetic maternal age effect are cumu
lative exposure to toxins, greater opportunity 
to acquire chronic infection, diminished 
luteal response and poorly vascularized 
endometrium (J.L. Simpson, 1990). There is 
little evidence that the increasing difficulty in 
maintaining pregnancy in older women is 
due to primary changes in the uterus 
(Talbert, 1968). Age and parity have also been 
cited as possible maternal causes of repro
ductive failure in macaques (see Small, 1982). 

Nutrition Although the relationship be
tween nutritional deprivation and repro
ductive outcome in humans has not been 
clearly established, it appears that significant 
restriction of maternal nutrition affects fetal 
growth, birth weight and post-natal mor
tality, rather than intrauterine mortality 
(Kohrs et al., 1976; Susser and Stein, 1980). 
Studies carried out in rhesus monkeys indi
cate that normal prenatal growth is main
tained on a protein-deficient diet owing to 
the ability of the gravid primate uterus to 
adapt to such nutritional restriction (Riopelle, 
1985). However, severe protein deprivation 
during pregnancy has been found to result in 
maternal as well as fetal mortality in these 
species (Kohrs et al., 1976). 



Health Several medical illnesses have been 
implicated in causing habitual abortions in 
women. It has been speculated that the 
higher rate of fetal wastage associated with 
systemic lupus erythematosus (Fraga et al., 
1973) may be due to immune complex depo
sition on trophoblastic basement membrane 
(Grennan et al., 1978) and fetal cardiac 
anomalies (Chameides et al., 1977). The ab
normally high rates of fetal loss (>50%) in 
women with congenital cardiac disease may 
be attributable to deficits in the supply of 
well-oxygenated blood to the developing 
fetus (McAnulty et al., 1982). Severe maternal 
illnesses which have also been associated 
with increased prenatal mortality are 
Wilson's disease, phenylketonuria, haemato
logical disorders (e.g. haemoglobinopathies, 
aplastic anaemia), poorly controlled type 1 
diabetes mellitus and renal disease with 
associated hypertension (Felding, 1968; 
J.L. Simpson, 1990). 

Studies have been undertaken in rhesus 
monkeys to examine the effects of experi
mentally induced diabetes mellitus on fetal 
metabolism and growth (Mintz et al., 1972). 
Administration of the pancreatic beta-cell 
cytotoxin, streptozotocin, before conception 
and during the first trimester of pregnancy is 
associated with a 27% mortality rate during 
the second and third trimesters. The drug 
effects included fetal hyperinsulinaemia, 
enhanced pancreatic islet cell responsive
ness, enlarged placentas and polyhy
dramnios. 

Infections Abortion, intrauterine growth 
retardation, congenital anomalies or severe 
disease of the newborn may be a result of 
certain maternal infections. Several reviews 
of this topic provide information on the major 
clinical features as well as the fetal risk of 
infections that have been implicated in obste
tric pathology (Sever, 1980; Remington and 
Klein, 1983; Persaud et al., 1985; Benirschke 
and Robb, 1987). Intrauterine infection as an 
aetiological agent for recurrent pregnancy 
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wastage remains a highly controversial clini
cal question because of the difficulty in separ
ating the adverse effect of an infection on the 
developing fetus from its effect on the mother 
(Rushton, 1985). 

The following micro-organisms and viruses 
have been associated with early spontaneous 
abortion: congenital rubella and rubeola vir
uses, Treponema pallidum (syphilis) (Sever, 
1980), smallpox virus (Lynch, 1932), vaccinia 
(M.M. Levine et al., 1974), Salmonella typhosa 
(Hicks and French, 1905), Vibrio fetus (Eden, 
1966), Plasmodium (Preston, 1942), Chlamydia 
(Schachter, 1967), cytomegalovirus (Kriel et 
al., 1970; Sever, 1980), Candida (Ho and 
Aterman, 1970), Brucella (Sarram et al., 1974), 
herpesvirus (Nahmias et al., 1971; Sever, 
1980), Toxoplasma (Zighelboim et al., 1968; 
Kimball et al., 1971; Sever, 1980) and 
Mycoplasma (Kundsin et al., 1967). 

Both spontaneous and experimentally 
induced maternal infections have been 
shown to be important factors in repro
ductive failure in some species of non-human 
primates. The following infections have been 
implicated as causative agents in the ob
served high level of abortions or stillbirths in 
non-human primates: Chagas' disease (Try
panosoma cruz i-like) in marmosets (Lush
baugh et al., 1969); T-strain mycoplasmas in 
talapoins (Miopethecas talapoin) and patas 
monkeys (Erythrocebus patas) (Kundsin et al., 
1975); measles virus in rhesus monkeys 
(Hertig et al., 1971); rubella virus in crab
eating monkeys and baboons and mumps 
virus in rhesus monkeys (Hendrickx, 1966; 
Delahunt and Rieser, 1967; London et al., 
1971). 

Stress Although several clinical studies have 
shown an association between psychological 
disturbances and habitual abortion, evidence 
demonstrating a cause-and-effect relation
ship is lacking (Weil and Tupper, 1960; 
Grimm, 1962). Among the psychological 
stresses related to an adverse pregnancy out
come are bereavement (Kaij et al., 1969; 
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Mandell and Wolfe, 1974) and neurotic ill
nesses (Mandelbrote and Monro, 1964). 
Although difficult to substantiate, physical 
stress (e.g. heavy lifting and physical effort) 
has also been implicated as a risk factor 
in spontaneous abortions (Goulet and 
Theriault, 1987). The physiological mechan
ism remains unclear; however, fetal hyper
thermia and changes in circulating maternal 
hormone levels leading to uterine contrac
tility have been proposed. 

Observations in rhesus monkey colonies 
indicate that maternal psychological factors 
may be as important as maternal physio
logical conditions during pregnancy for fetal 
viability. The high level of abortion (50-70%) 
in pregnant animals captured in a native en
vironment and shipped to the USA for 
experimental purposes may be partially 
attributable to the high degree of stress 
associated with handling techniques (Myers, 
1972). Experiments carried out in rhesus 
monkeys to study the effect of maternal 
stress on pregnancy indicate that excitability 
and pain associated with labour and delivery 
may have deleterious effects on the fetus. 
Brief episodes of experimentally induced 
stress in near-term rhesus monkeys cause 
fetal deterioration in the form of fetal brady
cardia and decreased arterial oxygenation 
(Morishima et al., 1978) or fetal asphyxia and 
concomitant disturbances in acid-base bal
ance (Myers, 1975) as a result of impaired 
uteroplacental circulation. Boot et ai. (1985) 
have also demonstrated that housing con
ditions (i.e. cage size and density) can ad
versely affect pregnancy outcome which may 
be related to stress in cynomolgus monkeys. 

Immunological abnormalities Disturbances 
in the maternal immune system which nor
mally allows the fetus to survive within the 
uterus without being rejected may playa role 
in early abortion. Evidence suggests that im
munological aberrations, rather than genetic 
factors, may have a greater contribution to 
repeated pregnancy failure (J.R. Scott et aI., 

1987). Although the mechanisms are unclear, 
the increased rate of fetal death associated 
with autoimmune disease may be related to 
uteroplacental vascular lesions (Branch, 
1987). Potential alloimmune mechanisms in 
pregnancy wastage include: 

1. absence of serum blocking antibodies 
which are normally produced by the 
maternal immune system as an initial 
response to the implantation of the blasto
cyst (Rocklin et aI., 1976); 

2. homozygosity of histocompatibility locus 
antigens (HLA) between partners which 
may result in a failure of the maternal 
immune system to produce blocking anti
bodies (Komlos et aI., 1977; Beer et aI., 
1981); 

3. reduction in early pregnancy factor (EPF), 
which normally suppresses maternallym
phocyte activity and immune response to 
the fetal allograft during early pregnancy 
(Smart et al., 1981); 

4. ABO blood group incompatibility be
tween the father and mother (Lauritsen et 
al., 1976); 

5. the existence of antisperm antibodies in 
the mother which may cross-react with 
cleaving embryos (W.R. Jones, 1976); 

6. the aberrant expression of transplantation 
antigens on the placental surface 
(T.J. Gill, 1990); and 

7. the presence of anti-phospholipid anti
bodies in the mother (H.L. Brown, 1991). 

Endocrine 

It is uncertain whether the majority of endo
crine disturbances reported in association 
with spontaneous abortion reflect the failure 
of the pregnancy rather than the cause of that 
failure (Rushton, 1985). Although still contro
versial, it has been suggested that progester
one deficiency may playa role in some cases 
of infertility. The incidence of luteal phase 
deficiency (LPD) has been reported to range 
from 3.7% (G.S. Jones and Pourmand, 1962) 



to 10.7% (Gillam, 1955) in infertile patients 
and to be 35% in habitual aborters (G.E.S. 
Jones and Delfs, 1951). 

Uterine factors 

A variety of congenital anomalies of the uter
us have been implicated as causative factors 
in reproductive wastage in humans. These 
Mullerian fusion anomalies include unicor
nuate, didelphic, septate and bicornuate uteri 
(Rock and Jones, 1977; Rock and Zacur, 
1983). An increased rate of early spontaneous 
abortion has also been associated with conge
nital alterations in uterine blood supply, 
which may result in poor placental growth 
and development (Burchell et al., 1978). 

Habitual abortion has been noted in 14% 
(238 of 1973) of patients with uterine ad
hesions reviewed in the literature (Schenker 
and Margalioth, 1982). Early pregnancy loss 
may be due to the decreased dimension of 
the uterine cavity and absence of sufficient 
endometrium for fetal growth or defective 
vascularization of scanty endometrium 
(Polishuk et al., 1977; Rock and Zacur, 1983). 
Uterine leiomyomas responsible for repeti
tive pregnancy loss have been estimated at 
approximately 18% (Robins, 1972). Altera
tions in endometrial stroma or vasculature 
leading to abnormal implantation or de
creased blood supply to the developing pla
centa and fetus may be causes of fetal 
wastage associated with fibromyomas 
(Farrer-Brown et al., 1971). Although it is dif
ficult to document dystocia in non-human 
primates due to the high incidence of night 
births, contributing causes may include 
cephalopelvic disproportion, positional ab
normalities, uterine malformation and iner
tia, uncontrolled haemorrhage and toxaemia 
(Hendrickx and Binkerd, 1980). Adverse 
pregnancy outcome (i.e. stillbirth) has also 
been associated with breech rather than 
cephalic presentation in term pregnancies of 
cynomolgus (Cho et al., 1985) and pig-tailed 
(Goodlin and Sackett, 1983) macaques. 
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Various types of placental insufficiency 
have been associated with high rates of fetal 
mortality in the human population as well as 
in some non-human primate species. These 
include infections of the placenta (placenti
tis), impaired placental circulation (infarc
tions and abruptio placenta) and abnormal 
placental location (placenta praevia). 

Placental infections in humans are often 
responsible for fetal death and sometimes 
associated with maternal morbidity and mor
tality. Infections reach the placenta by ascent 
from the lower genital tract, by contiguity 
with endomyometrial lesions, transtubally 
and via the maternal circulation. While bac
teria are the most common pathogens to the 
placenta, fungal, viral and parasitic infections 
also contribute to this type of placental 
pathology (Benirschke and Driscoll, 1967; 
Rushton, 1985). 

In a histological study of stillborn fetuses 
from a variety of non-human primate species, 
necropsy examination confirmed placentitis 
in seven of eight cases as the primary cause of 
fetal demise. The most commonly isolated 
organisms which were responsible for 
ascending genital infections leading to pla
centitis and subsequent fetal anoxia were 
group D streptococci and l3-haemolytic, 
coagulase-positive Staphylococcus aureus. 
Infection of the placenta was accompanied by 
infiltration of inflammatory cells, oedema, 
necrosis and haemorrhage which interfered 
with fetal oxygenation (Andrews, 1974). 
Gram-positive cocci, especially a-haemolytic 
Streptococcus viridans, were implicated in 11 of 
17 cases of abortions and stillbirths in rhesus 
monkeys (Swindle et al., 1982). Acute placen
titis and fetal bronchopneumonia were the 
most consistent histopathological findings in 
these cases. 

Abruptio placenta, a premature separation 
of the placenta from the endometrial surface, 
is a serious obstetric complication which 
occurs in 1-2% of human pregnancies. This 
condition accounts for 1 % of maternal mor
talityand 15% of all perinatal mortalities. The 
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mortality rate for infants of abruption ranges 
from 30-50% (Berstein, 1981). The reported 
incidence of abruptio placenta in 1200 rhesus 
monkey pregnancies was 0.6% and was also 
associated with a high degree of fetal death 
(Myers, 1972). The recent use of ultrasono
graphy in primate breeding colonies has con
siderably reduced the mortality associated 
with this condition. Of nine concealed abrup
tions detected over a 4-year period (1 % inci
dence), no maternal deaths occurred as all 
animals were scheduled for hysterotomies 
upon ultrasonic detection of retroplacental or 
subchorionic haemorrhage (Tarantal and 
Hendrickx, 1988b). 

Placenta praevia, which is characterized by 
partial or complete placental localization over 
the cervical outlet, may be associated with a 
high risk of bleeding and an increased hazard 
of ascending infection during pregnancy. The 
clinical frequency of this condition averages 
approximately one in 250 births (0.4%) 
(Green, 1984) and the risk of recurrent pla
centa praevia is as high as 8% (Kelly and Iffy, 
1981). Perinatal survival associated with this 
problem is critically dependent on the ges
tational age at delivery. Seventy-three per 
cent of all perinatal deaths are attributable to 
praevia deliveries prior to 32 weeks' ges
tation, which occur in 20% of affected women 
(Cotton et aI., 1980). This condition also leads 
to an increased level of fetal loss in rhesus 
monkeys, in which the reported incidence 
has been estimated at 0.5% among 1200 cases 
(Myers, 1972; Hendrickx and Binkerd, 1980). 

Environmental factors 

Intrauterine death is the most common result 
of a teratogenic insult early in embryonic 
development when the undifferentiated em
bryonic cells are more refractory to teratoge
nesis. After the initiation of organogenesis, 
malformations of specific organs or systems, 
in addition to variable degrees of embryoleth
ality and growth retardation, are the primary 
manifestations of hazardous environmental 

factors. Interference with development dur
ing the subsequent periods of histogenesis 
and functional maturation would be expected 
to result primarily in growth retardation and 
functional disturbances. 

The relationship between intrauterine 
death and malformations following exposure 
to a teratogenic insult has not been clearly 
established. Some authorities view death and 
abnormal development as simply different 
degrees of reaction to the same stimuli, with 
the rate of mortality and the rate and severity 
of malformations increasing in roughly 
parallel fashion as dosage is increased (Beck 
and Lloyd, 1963; J.G. Wilson, 1959). Other 
investigators (Gebhardt, 1970; Tuchmann
Duplessis, 1970) cite a distinction between 
embryolethality and teratogenicity as unre
lated responses. This issue is a critical one in 
the interpretation of teratological evaluations 
and may reflect interspecies differences in 
sensitivity to environmental toxins. These 
could be attributed to differences in genetic 
make-up as well as species-specific repro
ductive features, particularly length of ges
tation (Schardein, 1976). 

It has been suggested that the character
istics of the agent itself may determine the 
pattern of response, i.e. environmental tera
togens can be divided into those that cause 
non-specific fetal death and those that cause 
malformations which result in fetal death. It 
may be possible that one agent, under differ
ent circumstances (e.g. dose and time of ex
posure), may exhibit both these properties 
(Kalter, 1980). 

In a recent tabulation of potential human 
developmental toxicants, the primary mani
festation of adverse outcome was fetal! 
neonatal death. Among the agents associated 
with pregnancy loss were cigarette smoking 
and alcohol in addition to drugs (e.g. retinoic 
acid) and environmental chemicals (e.g. lead, 
organic mercury) (Schardein and Keller, 
1989). 

Several agents have been shown to cause 
embryolethality in the absence of malforma-



tions as the primary manifestation of devel
opmental toxicity in the rhesus, cynomolgus 
and pig-tailed macaques. These include a var
iety of natural and synthetic sex steroids in 
addition to antineoplastic agents (methotrex
ate, 5-fluorouracil), therapeutic drugs (nor
floxacin, diphenylhydantoin, acetazolamide) 
and alcohol (Binkerd et al., 1988). A number 
of additional agents (e.g. valproic acid, triam
cinolone acetonide, retinoic acid) are associ
ated with malformations and/or intrauterine 
growth retardation in addition to prenatal 
mortality in a variety of primate species (Hen
drickx and Binkerd, 1990). 

6.5.2 DOMESTIC AND LABORATORY SPECIES 

(a) Incidence 

The methods used to demonstrate the exist
ence and extent of prenatal death are variable 
depending on the species and the period of 
gestation in question. In cattle, estimates of 
early pregnancy loss are made by calculation 
of the fertilization rate and the number of 
fertilized ova that fail to continue develop
ment following slaughter at different inter
vals after mating (Laing, 1949). Although less 
reliable, calculation of the return to oestrus 
interval following mating has also been used 
as a reflection of the extent of embryonic 
death (D.L. Stewart, 1952). Information on 
prenatal death occurring during the late em
bryonic and fetal periods has been obtained 
by comparison of the results of pregnancy 
diagnosis by rectal palpation at 30-40 days 
with subsequent pregnancy diagnosis or with 
calving rate (Hanly, 1961). 

In the pig, since total loss of pregnancy is 
apparently uncommon, the effect of prenatal 
death takes the form of a reduction in litter 
size (R.F. Wilson et al., 1949) and information 
is obtained by comparison of the number of 
corpora lutea with the number of surviving 
embryos or with litter size (King and Young, 
1957). In sheep, the methods based on 
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slaughter and on delay in oestrous return 
interval have been used (Hanly, 1961). 

In most domestic animals the highest rate 
of prenatal mortality occurs during the first 4 
weeks of gestation which coincides with the 
period of rapid growth and differentiation of 
the embryo and the extraembryonic mem
branes. In cattle, which are usually monoto
cous, fertilization failure rates of 15% have 
been reported (H. Boyd et al., 1969) and esti
mates of embryonic mortality range from 15-
34% during the first 6 weeks of gestation 
(Robinson, 1957; R.V. Short, 1979). The sub
sequent losses before term are low and range 
from 3-5% (Ulberg, 1962). Egg transfer 
studies indicate that asynchrony between the 
endocrine state of the uterus and the stage of 
development of the fertilized egg results in 
embryonic death (Betteridge and Mitchell, 
1974). Proximity to another embryo also re
duces the chances of survival, as shown by a 
doubling of the chance of twins when one 
egg is shed from each ovary as compared 
with both from one (Gordon et al., 1962) or 
when one is transferred to each uterine horn 
(Rowson et al., 1971). Infectious agents have 
been reported to account for approximately 
23% of abortions and stillbirths in cattle in the 
USA (Hubbert et al., 1973). 

In sheep, which are usually polytocous, 
there is a high fertilization rate of 90-100%, 
but 20-30% of these fertilized ova fail to de
velop to full-term lambs, with most of the 
losses occurring before day 18 of pregnancy 
(Quinlivan et al., 1966; Edey, 1976). Infectious 
agents rank high as the primary cause of 
early embryonic loss in this species 
(W.J. Scott, 1978). Additional contributing 
factors include high ambient temperature, 
nutritional extremes and genetic abnormali
ties. The stillbirth rate in sheep has been 
estimated at 2-13% (Terrill, 1962). 

The pig is another polytocous species with 
a high fertilization rate (95-100%) which ex
periences the greatest level of embryo loss, 
25-50%, during the first 25 days of pregnancy 
(Scofield, 1975; Selby, 1978). While most 
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abortions result from infectious diseases, 
other causes include systemic diseases, high 
ambient temperature, physical injuries and 
chemicals or drugs with abortifacient actions 
(e.g. oestrogens). The estimated 6% stillbirth 
rate in this species has been attributed to 
maternal dystocia, nutrition, age and health 
as well as hereditary factors (Day, 1962). 

The average abortion rate is lower in 
horses, i.e. approximately 10%. Some reports 
indicate that the mares are endocrinologically 
most susceptible to abortions during the fifth 
month owing to hormonal deficiencies that 
can result when the placenta takes over 
progesterone synthesis from the ovary. 
Decreased progesterone production during 
the 10th gestational month also accounts for 
the higher frequency of fetal death during 
this period (Nishikawa and Hafez, 1962). 

Prenatal mortality in laboratory species 
also occurs to the greatest degree during 
early pregnancy. The estimation of pre
implantation embryo loss is most commonly 
based on a comparison of the number of 
corpora lutea with the number of implan
tation sites. However, the accuracy of this 
method is limited since it makes no allowance 
for failed fertilization (J.G. Wilson, 1978). 
Further, the number of corpora lutea may not 
correspond to the number of ova released 
because of the occurrence of polyovular fol
licles and anovular corpora lutea that have 
been reported for some species (Kent, 1962; 
Horowitz, 1967). Post-implantation loss is 
more accurately assessed by comparing the 
number of live fetuses at term with the num
ber of implantation sites in those species with 
short gestation periods that have recogniz
able signs of endometrial decidualization at 
term, e.g. rats and other rodents (J.G. Wil
son, 1978). 

In the rabbit, there is an estimated 10-11 % 
loss prior to implantation and 15-18% after 
implantation (Adams, 1960; Palmer, 1978). In 
addition to such extraneous causes as dis
ease, poor nutrition and treatment with 
embryotoxic agents, variability in prenatal 

mortality is largely genetically determined. 
While asynchrony between embryo develop
ment and endometrial stage accounts for a 
large part of the pre-implantation mor
tality (Noyes and Dickman, 1960), deficiency 
in placental development or inadequacy of 
endometrial vascular supply contributes to 
post-implantation losses (Hafez and 
Tsutsumi, 1966). 

In laboratory rats pre-implantation loss 
ranges from 6-8% and post-implantation loss 
between 5% and 7% (J.G. Wilson, 1978). The 
corresponding overall prenatal loss in wild 
rats is 25% (Perry, 1945). In ferrets the pre
and post-implantation loss has been esti
mated at 15% (Marston and Kelly, 1969). 
Only post-implantation losses have been 
reported in guinea pigs (5-7%) (Hoar, 1978; 
Shenefelt, 1978) and golden hamsters (7% 
average) (Shenefelt, 1978). Reported values 
for prenatal loss in wild and laboratory mice 
are 31-36% and 24-36% respectively (Berry, 
1981). Very little information is available on 
the level of prenatal mortality in dogs and 
cats. However, a 5% rate of resorptions on 
day 60 (Earl, 1978) and a 7% rate of stillbirths 
(Bowden et al., 1963) has been reported for 
dogs. 

(b) Aetiology 

Prenatal mortality in domestic and laboratory 
animals can be due to genetic factors, 
maternal factors or adverse environmental 
conditions (Wilmut et al., 1986). 

Genetic factors 

The frequency of embryonic loss in domestic 
animals is partially determined by the genetic 
make-up of the sire (Perry, 1960) and the dam 
(L.N. Baker et al., 1958) as well as the breed
ing system. In swine (Squiers et al., 1952), 
cows (Hawk et al., 1955; Mares et al., 1958) 
and rabbits (Palmer, 1978) inbreeding in
creases and cross-breeding reduces the 



embryonic mortality rate. Breed differences 
in sheep affect the level of prenatal death, i.e. 
some breeds are more susceptible to embry
onic loss than others (Foote et aI., 1959). 

The effect of semen characteristics on em
bryonic mortality is pronounced, especially 
where artificial insemination is practised. In 
the pig (Dziuk and Henshaw, 1958) and the 
sheep (Dutt and Simpson, 1957), the quality 
of semen used for artificial insemination by 
donor (AID) has a direct effect on embryo 
survival. Knudsen (1956) has correlated ab
normal chromosome make-up in bull sperm 
with increased embryonic death, presumably 
as a result of an unbalanced genetic consti
tution of the embryo. 

There appears to be great variability be
tween species, breeds, strains and families in 
the incidence and types of aberration causing 
embryonic mortality (Gustavsson, 1980). 
Spontaneous chromosome aberrations have 
been estimated to occur in embryos in fre
quencies of 1-8% in the rabbit (Hofsaess and 
Meachan, 1971; Martin and Shaver, 1972; 
Fechheimer and Beatty, 1974) and 12.5% in 
the pig (McFeely, 1967). The predominant 
aberrant karyotypes are triploids, and it has 
been shown that at least in species such as 
the pregnant rabbit they survive until mid
term (Bomsel-Helmreich, 1965). Haploidy, 
pure heteroploidy and pure polyploidy are 
rarely observed in domestic animals born at 
full-term since most affected fetuses probably 
die early in gestation (Gustavsson, 1980). 
Embryonic studies have demonstrated the 
occurrence of polyploidy in pig blastocysts 
(Moon et aI., 1975), tetraploidy in cattle 
embryos (McFeely and Rajakoski, 1968) and 
trisomy in cleavage-stage sheep embryos 
(Long and Williams, 1978). Unbalanced kar
yotypes and autosomal trisomy in particular, 
are much less common in laboratory rats and 
mice than in humans. The most common 
chromosome aberration in these rodents is 
triploidy, which is inevitably lethal by mid
gestation (Dyban and Baranov, 1987). In both 
species, the presence of major histocompa-
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tablity (MHC)-linked recessive lethal genes is 
associated with in utero death at different 
stages of development. 

Maternal factors 

Age It has been well established that the 
mean litter size at birth decreases with ad
vancing maternal age in many polytocous 
species, including the rat (Ingram et aI., 
1958), mouse (E.c. Jones and Krohn, 1961), 
pig (Perry, 1954) and hamster (Soderwall et 
aI., 1960). This decrease is well correlated 
with increasing levels of prenatal mortality 
(Hollander and Strong, 1950; Finn, 1962; 
Connors et aI., 1972; Kalter, 1975) rather than 
with exhaustion of oocytes in many mam
malian species (E.c. Jones and Krohn, 1961; 
Talbert, 1978). In contrast, lower levels of 
embryonic mortality associated with increas
ing age have been reported in cattle (Erb and 
Holtz, 1958). The relative importance of age
ing of ova and the uterus as factors in the 
decline of reproductive capacity appears 
to vary considerably from one species to 
another. Data presently available indicate 
that this age change in the mouse is almost 
exclusively the result of a decline in the 
ability of the uterus to support pregnancy 
(Talbert and Krohn, 1966; Gosden, 1975), 
whereas in the hamster (Blaha, 1964), and to 
a lesser degree in the rabbit (Adams, 1970; 
Maurer and Foote, 1971), degenerative 
changes in the ovum and in the uterus both 
promote reproductive decline. 

Nutrition There is considerable evidence 
that specific nutrients, level of feeding and/or 
body condition may influence conception 
rates and embryonic survival in most species 
of domestic and laboratory mammals (Rat
tray, 1977). In swine (Self et al., 1955; Haines 
et al., 1959) and sheep (El-Sheikh et aI., 1955; 
Foote et aI., 1959), high caloric intake or con
tinuous unlimited feeding increases ovu
lation rate as well as embryonic mortality up 



584 Normal and abnormal embryo-fetal development in mammals 

to the time of implantation. The effect of 
caloric intake on prenatal death in cattle is 
controversial (Hafez, 1967; Rattray, 1977). 

Studies in rats (Nelson and Evans, 1953; 
Berg, 1967) have verified the requirement for 
an adequate protein source in the earliest 
stages of placental and fetal development. A 
high level of early resorption in this species 
results when animals receive a severely 
protein-restricted diet during early preg
nancy. Experimental studies in mice have 
shown that decidual hemorrhage and necro
sis accompanied by embryonic mortality can 
be induced by short-term fasting (McClure, 
1959, 1961). 

Infections Infectious abortions account for a 
significant portion of the reported repro
ductive failure in several domestic animals 
(Hubbert et al., 1973; W.J. Scott, 1978; Holter 
and Andrews, 1979). Table 6.8 lists the major 
infectious diseases and organisms which 
have been identified in the aetiology of pre
natal mortality in cattle, sheep, swine, goats, 
dogs, cats and horses. 

Overcrowding in utero 

Transuterine migration of embryos is of 
special physiological significance in certain 
polytocous species for equal distribution of 
conceptuses between the two uterine horns. 
In swine there is a high incidence of embry
onic mortality in the absence of migration 
(Smidt, 1962). Embryo transfer experiments 
in cattle have demonstrated a greater degree 
of embryonic loss in cows which had received 
two transferred embryos in a single uterine 
horn, presumably because of overcrowding 
and intrauterine competition for nutrients 
(Rowson et al., 1971). In rabbits (Hafez, 1964) 
and guinea pigs (Eckstein et al., 1955), as the 
number of implantations rise, the vascular 
supply to each site is reduced, which restricts 
placental development and causes increased 
levels of in utero death. 

Environmental factors 

Surveys of veterinary diagnostic laboratory 
data in the USA have verified the following 
environmental toxins as causative factors in 
non-infectious abortions in cattle and swine: 
mycotoxicoses, nitrate-nitrite compounds, 
carbon monoxide, selenium deficiency, lead 
poisoning, chlorinated naphthalene, locow
eed, pine needle and perennial broomwood 
(Stuart and Oehme, 1982). 

Increased embryonic mortality occurs in a 
number of species following exposure of the 
female to elevated ambient temperature 
(Ulberg, 1958; Dutt, 1960). High summer 
temperature has been shown to have a detri
mental effect on spermatogenic activity in 
rams, which causes decreased fertilization as 
well as increased embryonic mortality rates 
(Dutt and Simpson, 1957). In the rabbit, 
transfer of fertilized ova following culture at 
40°C results in increased levels of post
implantation mortality (Alliston et al., 1965). 
Reciprocal ova transplantation experiments 
in this species have shown that elevated tem
peratures have adverse effects on the ma
ternal tissues rather than on the embryo 
(Shah, 1956). Experimentally induced ther
mal stress in cattle (Ragsdale et al., 1948), pigs 
(Tompkins et al., 1967) and rats (Hsu, 1948) 
results in a high proportion of embryonic 
mortality. 

Studies carried out in laboratory species to 
develop animal models for potential human 
teratogens have demonstrated a strong 
relationship between fetal wastage and expo
sure to potential human teratogens for sev
eral substances. Several agents are known, 
when given at sensitive times in gestation, to 
produce mainly or only embryo lethal effects 
in test species, e.g. chloramphenicol, actino
mycin D and other antibacterial agents, most 
folate antagonists, inhibitors of protein syn
thesis and many post-coital anti-fertility 
drugs (Wilson, 1980). Other agents which 
produce increased levels of prenatal death in 
addition to malformations include: alcohol 
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(Kronick, 1976; G.F. Chernoff, 1977; Randall 
et aI., 1977) and nicotine (Nishimura and 
Nakai, 1958) in mice; methotrexate G.G. Wil
son, 1978), ionizing radiation (Brent, 1977) 
and alcohol (Tze and Lee, 1975; Abel and 
Dintcheff, 1978) in rats; nitrates and nitrites 
(Sleight and Atallah, 1968), norethynodrel 
(Foote et aI., 1968), thalidomide (Arbab
Zadeh, 1965) and vitamin C (Neuweiler, 
1951) in guinea pigs; nitrogen mustard in 
ferrets (Beck, 1978) and glucocorticoids 
(Howarth and Hawk, 1968; Fylling et aI., 
1973) and colchicine (Edey, 1967) in sheep. 

6.6 DEVELOPMENT OF THE REPRODUCTIVE 
TRACT 

6.6.1 GENETICS OF SEX DIFFERENTIATION 

The development of an animal into a male or a 
female depends on a switch mechanism 
which is under environmental (e.g. alliga
tors), chromosomal (e.g. Drosophila) or genetic 
control (e.g. mammals). In the last case, the 
TDF (testis-determining factor) gene on the Y 
chromosome is responsible for male develop
ment (McLaren, 1990). Since it is likely that 
many different genes are required for both 
maleness and femaleness, studying the mode 
of action of one or more of these genes is 
essential to our understanding of the genetic 
controls in mammalian sexual development. 

The primary development of the mam
malian bipotential gonad toward a male or 
female identity is genetically determined, 
while the subsequent development of sec
ondary sexual characters is under endocrine 
control. In most mammalian species, includ
ing humans, the female is homogametic and 
has two isomorphic sex chromosomes (the X 
chromosomes), while the male has one X and 
one Y chromosome. It is the presence of a Y 
chromosome, not the number of X chromo
somes, that distinguishes male from female: 
abnormal individuals with an XO chromo
somal constitution are female while XXY 
genotypes are phenotypically male. Genetic 

sex is determined at fertilization when either 
an X- or Y-bearing sperm unites with the 
X-bearing ovum. 

Largely through cases of abnormal sexual 
differentiation, we have learned that this XX! 
XY system is not as simple as it first appears. 
Several genes on each sex chromosome, as 
well as genes on the autosomes, are known 
to influence sexual determination and differ
entiation. The gene products of these loci 
have not been identified, and the mechan
isms by which they steer developmental pro
cesses - e.g. as cell recognition markers 
(L. Singh et aI., 1984) or by setting the timing 
and rate of such processes (Mittwoch, 1983)
are still not understood, although significant 
advances are being made (Eicher, 1988; Jost 
and Magre, 1988). 

Furthermore, while the XXIXY system 
characterizes most mammalian species, there 
are several exceptions or variations on this 
theme. In some mongooses (genera Herpestes, 
Fredga, 1972; and Atilax, Pathak and Stock, 
1976) there are apparently no Y chromo
somes, so males are determined by the XO 
configuration. Y to autosome translocations 
have been postulated based on cytogenetic 
evidence (Aotus) and the observation of 
trivalents at meiosis including the X chromo
some and two homologous autosomes, 
one of which presumably carries not only 
the male-determining part of the Y but also 
the Y-X pairing region (Herpestes) (Austin et 
al., 1981). 

A number of mammalian species have mul
tiple sex chromosome mechanisms for sex 
determination in which more than one type 
of X or Y chromosome is present (Austin et 
al., 1981). The general principle that the 
presence of one or more Y chromosomes 
corresponds with male sexual differentia
tion while their absence is associated with 
female differentiation also holds in these 
systems. 



(a) The Y chromosome 

Gonadal determination 

H-Y antigen Individuals from highly inbred 
strains of mice are typically able to accept 
tissue grafts from members of the same 
strain. In 1955, however, Eichwald and 
Silmser reported that females of certain in
bred strains gradually rejected skin grafts 
from syngeneic males, while male-to-female 
and within-sex grafts were successful. These 
results suggested the existence of a minor 
histocompatibility (H) antigen whose pres
ence on male skin cells is controlled by the Y 
chromosome (hence the name H-Y). 
Subsequent investigation revealed that H-Y 
antigen is present on the surface of all 
nucleated male cells in many mammalian 
tissues (D.L. Gasser and Silvers, 1972) and 
that it shows extreme evolutionary conser
vation, not only within mammals (Wachtel et 
al., 1974; Nagai and Ohno, 1977; Selden and 
Wachtel, 1977) but also between different 
vertebrate classes where its presence is 
associated with the heterogametic sex (Wach
tel et al., 1975a). 

Wachtel et al. (1975b) proposed that the 
H-Y antigen was the product of testis
determining genes normally found on the Y 
chromosome. A number of in vitro studies 
support this hypothesis (Ohno et al., 1978; 
Zenzes et al., 1978a,b; Muller and Urban, 
1981) and several do not (R.V. Short, 1979; 
Muller and Urban, 1981; Goldberg, 1988). 
Nonetheless, an association between H-Y 
and the development of testicular structure 
seems clear. Evidence that H-Y also directs 
functional development of the testis comes 
from the fact that rat ovarian cells reaggre
gated in the presence of H-Y developed LHI 
hCG (luteinizing hormonelhuman chorionic 
gonadotrophin) receptors, which are charac
teristic of newborn testes but not ovaries 
(Muller et al., 1978b). The reaggregation of 
ovarian cells into testosterone-producing 
bodies, however, has not been achieved. 
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There are two kinds of receptors for H-Y 
antigen. One is associated with the major 
histocompatibility complex-~2-microglobulin 
dimers on the plasma membrane and seems 
to be unable to bind exogenous H-Y. In 
mouse and human male somatic cells, how
ever, there is an association between H-Y and 
this dimer (review in Meck, 1984). The 
second receptor is gonad specific and is able 
to bind exogenous H-Y both in males and in 
females (Muller et al., 1978a). Muller et al. 
(1978a) and Russell et al. (1982) have sugges
ted that the former receptor sites bind H-Y 
exerting the histocompatibility function, 
whereas the gonad-specific receptors, pic
king up H-Y in solution, are necessary for 
testis induction. Thus, primary sexual differ
entiation of the gonad would depend on both 
the production and reception of H-Y: the re
ceptor is essential. 

The genetics of H-Y antigen has been 
investigated by measuring H-Y titres in indi
viduals with varying chromosomal consti
tutions. In all but a few reported cases, H-Y 
was present whenever there were testes 
(E. Simpson, 1982; Gore-Langton et al., 1983; 
Goodfellow, 1986). However, H-Y can also be 
present in the absence of testicular tissue and 
therefore is clearly not the only determinant 
of gonadal sex (McLaren et al., 1984; 
E. Simpson et al., 1984, 1986; Goldberg, 
1988). There is also recent evidence that the 
H-Y antigen may be more involved in sper
matogenesis than sexual differentiation 
(McLaren et al., 1984; Burgoyne et al., 1986; 
Burgoyne, 1988). 

Before leaving the topic of H-Y antigen, we 
should briefly consider where on the Y 
chromosome the testis-determining gene is 
located. Previous studies of Y structural 
anomalies suggest that the critical locus is on 
the short arm of the Y near the centromere 
(reviewed in Davis, 1981). Promising evi
dence for a more specific location of the testis 
determining region has recently appeared. 
Sinclair et al. (1990) have located TDF on 35 
kilobases of segment 1A1 of the short arm of 
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the human Y chromosome and is Y specific 
for a number of mammals, and has been 
called SRY (sex-determining region of the Y). 

Bkm sequences 

Bkm sequences are minor satellite DNA 
sequences, interspersed with other more 
complex sequences. In the mouse, Bkm se
quences are located on the Y chromosome, 
where they are especially concentrated at the 
proximal tip and Sxr locus (L. Singh and 
Jones, 1982), on two regions of the X chromo
some and on the autosomes (Kiel-Metzger 
and Erickson, 1984), including one locus 
where deletions can lead to hermaphroditism 
(Kiel-Metzger et al., 1985). 

The discovery that Bkm sequences in 
humans are virtually absent from the Y, 
while they are concentrated only on the X 
and two autosomes (Drumm et al., 1985; Kiel
Metzger et al., 1985), necessitates rethinking 
about the relationship between Bkm se
quences and sex determination (Kiel-Metzger 
et al., 1985). The higher concentration of Bkm 
sequences found on some heterogametic sex 
chromosomes is evidently not required for 
determination of the heterogametic sex. 
Either Bkm sequences and sex determination 
are not related, or there are small but import
ant sex differences in the Bkm sequences on 
the homogametic sex chromosome or auto
somes and these sequences are able to fulfil 
the sex-determining function. 

The Y chromosome and spermatogenesis 

In man, small deletions of the euchromatic 
part of the Y chromosome long arm have 
been associated with azoospermia and 
suggest that certain Y loci are needed for 
normal spermatogenesis. Some possibly con
tradictory cases in which Y deletions coin
cided with normal fertility have also been 
described (Davis, 1981). 

Further evidence of Y involvement in 
spermatogenesis comes from XO Sxr (sex 

reversed) male mice. These animals are be
lieved to have the testis-determining se
quence (normally found on the Y 
chromosome) transferred to the X chromo
some. However, although their germ cells do 
undergo meiosis, these males are ultimately 
sterile because the spermatozoa are morpho
logically abnormal (Lyon et al., 1981). 
Perhaps the lack of a Y chromosome in 
the germ cells causes their abnormality. 
Alternatively, it may result from the X's 
inability to pair with a homologue during 
meiosis (McLaren, 1983). 

While one Y chromosome is evidently 
required for normal spermatogenesis, more 
than one Y disturbs this process. XYY hu
mans and mice have testes, but many tubules 
show arrested spermatogenesis. Normal 
spermatogenesis is sometimes possible if the 
second Y chromosome is lost from the germ 
cell line (RV. Short, 1982). A disorderly mei
osis may again be the cause of the problem. 

The Y chromosome and oogenesis 

It is unlikely that the Y chromosome prevents 
oogenesis (McLaren, 1983). In XXlXY mosaic 
mice, XY germ cells can develop as oocytes, 
though this very rarely occurs (C.E. Ford et 
al., 1975; Evans et al., 1977). XX oocytes pre
dominate in such chimaeras, but this is prob
ably because of the advantage of having a 
second X (see below). 

(b) The X chromosome 

Gonadal determination 

The X chromosome appears to have a 
repressing effect on the action of the Y 
chromosome, hence inhibiting organization 
of the testis. Evidence comes from the study 
of XY females whose sex reversal is familial 
and X-linked. The best known of such cases 
is the Scandinavian wood lemming, Myopus 
schisticolor, which received attention because 
some females produce only female offspring. 



In this species, as well as in the Alaskan 
lemming Dicrostonyx torquatus (Gileva and 
Chebotac, 1979), some fully fertile females 
have an XY genotype, though they produce 
only XX oogonia (Fredga et al., 1976). These 
females receive normal Y chromosomes from 
their fathers, so an X-linked locus (X*) must 
lead to sex reversal. The X* chromosome is 
slightly shorter than a wild-type X, owing to 
deletion and structural rearrangements in 
the short arm (E.W. Herbst et al., 1978). 
Although the exact mechanism of sex rever
sal is unclear, females carrying X* transmit it 
to their XY offspring who consequently de
velop as females. 

Further evidence that the X* chromosome 
has lost genes necessary for male sexual 
development comes from X*XY sterile males, 
which occur occasionally as a result of failure 
of the double non-disjunction which typifies 
X*Y meiosis. Schempp et al. (1985) deter
mined that when the wild-type X chromo
some was inactivated X*XY individuals were 
fertile females. When the mutant X* was inac
tivated, X*XY s were males which were sterile 
owing to the presence of two X's. 

Cases of familial XY gonadal dysgenesis 
(X-linked recessive) are also known in 
humans (Sternberg et al., 1968; German et al., 
1978; J.L. Simpson et al., 1981). XY females, 
who have small streak gonads like those of 
XO females, can be H-Y negative or positive 
(U. Wolf, 1979; Wachtel et al., 1980; review 
in Meck, 1984), so that female differentiation 
may be due to a lack of expression of H-Y in 
the former case, and to H-Y receptor deficien
cies in the latter (Wachtel et al., 1980). There 
are clear parallels with the wood lemming 
case (Ohno, 1979), except that human XY 
females are sterile while wood lemmings are 
not. 

A different kind of sex reversal (Sxr) occurs 
in mice, in which XX and XO individuals 
develop into sterile males whose germ cells 
have disappeared by adulthood (Lyon et al., 
1981). Mouse Sxr is inherited via a non
reciprocal transfer of the testis-determining 
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locus on the tip of the Y chromosome to the 
distal part of the X chromosome during mei
osis (Cattanach, 1985). 

Familial XX sex reversal, which appears to 
be inherited as an autosomal dominant, 
occurs in humans (de la Chapelle, 1981), and 
Cattanach (1985) has argued that a genetic 
mechanism like the one operating in XXSxr 
mice may apply to humans as well. In iso
lated cases of XX sex reversal in man, pat
terns of inheritance (de la Chapelle et al., 
1984) and direct biochemical evidence (Guel
laen et al., 1984) do suggest that X-Y inter
change occurs during meiosis, and that the 
amount of chromatin transferred may be vari
able (Cattanach, 1985). 

The X chromosome and oogenesis 

Two X chromosomes seem to be required for 
normal oogenesis in most mammals. One X 
can sustain development of the ovary, but is 
insufficient for its sustenance into adulthood 
and for oogenesis. XO females are usually 
infertile: in humans, for example, the streak 
gonads of such individuals are devoid of 
germ cells at adulthood (Carr et al., 1968). In 
mice, XO females are fertile, but germ cells 
age unusually quickly (Carr et al., 1968). 
Muller (1984) has related this difference to the 
different patterns of X chromosome inacti
vation in man and mouse. He suggests that 
X-linked genes promoting (or allowing) 
ovarian differentiation are among those that 
escape inactivation in man, in whom they 
must operate in double dosage, while mice 
require only one dosage. The need for double 
dosage in man evidently begins at meiosis, 
since only one X is active during oogonial 
proliferation (Vandeberg, 1983). 

The X chromosome and spermatogenesis 

The presence of two X chromosomes appears 
to block spermatogenesis. No fertile XX 
males have been reported in any mammal 
(Wachtel, 1986). XX germ cells in a testicu-
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lar environment degenerate post-natally 
(McLaren, 1983). Germ cells with one X 
chromosome, however, may survive in a 
testis, as occurs in normal males. Even XO 
germ cells can survive in the testis of an 
XXSxr mouse (Lyon et al., 1981). In XXlXY 
chimeric mice, XSxrO and XY germ cells even 
enter spermatogenesis, whereas XX germ 
cells are lost after birth (McLaren, 1983). 

(c) Germ cell sex 

In most normally developing individuals, the 
genotypes of germ cells and somatic cells are 
identical. There are reasons, however, for 
considering germ cell sex and gonadal sex 
separately. In females, germ cells, unlike XX 
somatic cells, do not undergo X inactivation 
during meiosis (McLaren, 1983). In males, 
germ cells, but not somatic cells, undergo X 
inactivation during meiosis. Furthermore, 
only male somatic cells express H-Y antigen, 
while germ cells do not. Finally, in some 
mammals, germ cell and somatic cell sex is 
regularly different. In the creeping vole 
(Microtus oregoni), for example, XY males pro
duce only OY spermatogonia, while XO fe
males produce only XX oogonia by non
disjunction and selective atresia. This 
example suggests that the Y chromosome 
serves a critical function only in the germ 
cells, where we have seen that it induces 
testicular organization. 

Germ cells evidently do not contribute to 
the early organization of the gonad. If they 
are reduced in number or eliminated before 
arrival at the genital ridge, there is no effect 
on gonadal differentiation (review in Wachtel 
and Koo, 1981; Haseltine, 1983). Later, how
ever, their presence may be required for nor
mal gonadal differentiation: ovaries without 
oogonia do not develop normally (Wachtel 
and Koo, 1981). 

There is evidence that the gonadal environ
ment contributes to the sexual orientation of 
the germ cells. Zamboni and Upadhyay 
(1983) have argued that primordial germ cells 

are basically female: XX and XY mouse germ 
cells growing ectopically in the adrenal gland 
until 3 weeks post partum all differentiated 
into oocytes, closely following a typical 
mouse ovarian timetable. Thus, a testicular 
environment is necessary for XY germ cells to 
differentiate into spermatocytes. 

A similar gonadal influence can operate on 
XO germ cells in mice. Normal XO mice are 
fertile females, though the oogonia undergo 
more rapid atresia than XX oogonia. XO sex
reversed mice, on the other hand, have 
testes, and their XO germ cells enter sperma
togenesis (McLaren, 1983). 

The degree to which the gonadal environ
ment can influence germ cell differentiation is 
limited. In general, gonadal and germ cell sex 
must be compatible for normal development 
to occur (R.V. Short, 1982). No cases have 
been reported of XX germ cells successfully 
differentiating into testes in a testicular en
vironment. In fact, in XXSxr mice there is 
evidence that they begin differentiation into 
oocytes which die before sexual maturity 
(McLaren, 1980). 

6.6.2 SEXUAL DIFFERENTIATION OF THE 
CENTRAL NERVOUS SYSTEM ('BRAIN SEX') 

While the genes direct the initial determi
nation of the gonads in early mammalian 
development, steroid hormones produced by 
these organs act later to influence the differ
entiation of secondary sexual characters such 
as behaviour. The fact that hormone manipu
lation around the time of birth can effect per
manent changes in adult sexual behaviour, 
regardless of genotype and adult hormone 
treatments, suggests that such hormones 
have an organizing effect on the tissues 
mediating that behaviour, i.e. on the brain 
(Phoenix et al., 1959). Such an effect differs 
from an activating effect, in that the presence 
or absence of certain hormones coincides 
with behavioural changes that are reversed 
when those hormones are removed or re
stored. 
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Table 6.9 Relation between the length of gestation and the timing of devel
opmental critical periods for eNS-sexual differentiation (reproduced with 
permission from MacLusky and Naftolin, 1981) 

Animal Gestation 
(days) 

Rat 20 to 22 
Mouse 19 to 20 
Hamster 16 
Guinea pig 63 to 70 
Ferret 42 
Dog 58 to 63 
Sheep 145 to 155 
Rhesus monkey 146 to 180 

The orgamzmg effects of early hormone 
exposure were first demonstrated on func
tional brain responses such as behaviour and 
the feedback system of pituitary hormones. 
More recent work has centred on the mor
phological correlates of hormone-mediated 
organization. Steroid-induced differences 
have been found in numerous areas of the 
brain, and the nature of the sex differences 
(e.g. neurone size, number and connectivity) 
is variable. The cellular mechanisms by 
which hormones cause morphological 
changes is currently an area of active 
research. 

(a) Functional aspects of brain sex 

Critical periods for hormone action 

Studies of development of both brain func
tion and structure have shown that there are 
limited critical periods for sexual differen
tiation of the brain. During these periods, 
brain structures and functions (that may 
appear later) are maximally susceptible to the 
permanent organizing effects of hormones, 
and these effects cannot be reversed by treat
ment at a later time. The timing of critical 
periods relative to birth varies between 
species (Table 6.9) but precedes eye opening 

Critical period 
(after conception) 

18-27 days 
Post-natal 
Post-natal 
30-37 days 
Post-natal 
Prenatal and post-natal 
-30-90 days 
-40-60 days 

in all cases that have been studied to date 
(Goy and McEwen, 1980). 

Variation is due to the fact that birth occurs 
at various developmental stages in different 
species. Thus, in rats and guinea pigs, the 
critical period for hormone action spans a few 
days before and after birth, while in the rela
tively precocious rhesus monkey, the equiv
alent critical period spans several weeks 
during the first trimester of pregnancy (Goy 
and McEwen, 1980, Handa et al., 1988; Sholl 
et al., 1989). The temporal relationship be
tween the critical periods of CNS develop
ment and gonad development is known only 
for a few rodents in which the critical CNS 
development seems to follow differentiation 
of the Leydig cells and onset of testosterone 
secretion. 

The timing of critical periods also varies 
depending on the functional and structural 
parameters in question (Gorski, 1984). In 
guinea pig females treated with testosterone, 
for example, masculinization precedes defe
minization, and the critical period for mascu
linizing behaviour begins sooner than that 
for masculinizing gonadotrophin regulation 
(Goy and McEwen, 1980). In the species stud
ied so far, all of these reproductive functions, 
as well as brain structures, seem to have their 
critical periods of development before or 
around the time of birth, but sensitivity to 
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exogenous factors does not appear to be lim
ited to this period (Gorski, 1986). However, 
organization of some non-reproductive sex
ually dimorphic brain functions (McEwen, 
1983), such as taste preference in rats, occurs 
considerably later, i.e. at puberty (Shapiro 
and Goldman, 1981). 

Sexual dimorphism of brain function 

In normal female mammals, rising oestro
gen levels trigger the cyclic release of 
gonadotrophin-releasing hormones from the 
hypothalamus and these, in turn, stimulate 
the release of two gonadotrophins, luteiniz
ing hormone (LH) and follicle-stimulating 
hormone (FSH), from the pituitary gland. LH 
and FSH stimulate ovarian maturation and 
trigger ovulation. The positive feedback of 
oestrogen on gonadotrophin release is absent 
in normal males. However, males will not 
release LH or FSH in response to rising 
oestrogen or testosterone levels. Thus, the 
hormonal response of the pituitary and hypo
thalamus to oestrogen challenge is sexually 
dimorphic. 

Sexual dimorphism is also apparent in 
the sexual behaviour of normal males and 
females (Goy and McEwen, 1980; Goy et al., 
1988). In rodents, the most frequently stud
ied response by females to male mounting 
attempts is a concave arching of the back in 
the lordosis posture (Figure 6.12). 

Lordosis is not part of the normal male's 
behavioural repertoire. They will, however, 
mount receptive females with thrusting while 
females typically do not perform this behav
iour. In other mammals, the behaviour of 
receptive females takes different forms, while 
typical male behaviour usually includes 
mounting of receptive females. Other non
mating behaviour patterns are sometimes 
sexually dimorphic (e.g. urination in dogs, 
flehmen in sheep, taste preference in mice, 
various social situations in primates) and 
these have also been used as assays of func
tional organization of the brain (Quadagno et 

Figure 6.12 Sexually dimorphic behaviour: lordo
sis in the female rat. Normal males do not perform 
this behaviour. 

al., 1977; Goy and McEwen, 1980; Pomerantz 
et al., 1988). The degree to which sexually 
dimorphic behaviour is strictly sex specific 
varies from species to species (Goy and 
McEwen, 1980; J.J. Ford and D'Occhio, 1989). 

When sexual dimorphism involves differ
ent forms of a particular behaviour, rather 
than the absence or presence of the behav
iour, it is useful to distinguish the masculiniz
ing (or feminizing) effects of early hormone 
exposure from the defeminizing (or demascu
linizing) effects (Beach et al., 1972). As we 
shall see, the expression of typical female 
behaviour need not preclude male behaviour 
patterns, and vice versa (for review see 
Gorski, 1985a). 

Effects of early exposure to hormones on 
development of sexually dimorphic brain 
functions 

The response of both the developing and 
mature nervous system to hormones, par
ticularly those secreted by the gonadal and 
adrenal glands, is related to the presence of 
receptor sites which mediate hormonal action 
at the level of gene expression (McEwen, 
1988). When abnormal amounts of hormones 
are secreted, when they are secreted at the 
wrong time, or when exogenous hormones or 



pseudohormones are ingested or absorbed, 
the nervous system may respond in abnor
mal ways. This may lead to permanent func
tional and structural changes in the brain 
which are associated with deviation or dys
functions in reproductive function. These 
effects are generally more severe when 
experienced by the developing fetus than by 
the adult. 

One of the important consequences of the 
developmental action of gonadal steroid is 
the programming of the male and female 
brain to respond differently to the same hor
mone (McEwan, 1988). Thus, the brain will 
respond differently to exogenous drugs and 
endogenous neurotransmitter depending on 
the individual's sex as well as the type of 
hormone present. The developing brain
pituitary-gonadal axis in both males and fe
males is sensitive to abnormal concentrations 
of hormones or pseudohormones at critical 
developmental periods. For example, med
roxyprogesterone acetate (MPA), a synthetic 
progestin, produces paradoxical genital ab
normalities in cynomolgus monkeys, i.e. the 
external genitalia of female fetuses are mas
culinized and those of male fetuses are femin
ized (Prahalada et al., 1985a). Adverse effects 
on psychosexual identity and other aspects of 
personality have also been associated with 
prenatal exposure to this drug in humans 
(Ehrhardt and Money, 1967; Reinisch, 1977). 
Thus, a basic understanding of the complex 
events that occur during normal sexual differ
entiation of the nervous system is a prerequi
site to understanding the mechanisms which 
result in perturbed sexual development. 

In rodents such as the rat and hamster, 
exposure to steroid hormones in late fetal life 
and in the first week of post-natal life plays a 
critical role in determining functional re
sponses of the brain in adulthood. Exposure 
to androgen during this period leads to the 
development of masculinized behaviour and 
non-cyclic pituitary function. In the absence 
of androgen, female sexual behaviour pat
terns and cyclic gonadotrophin release occurs 
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(review in Goy and McEwen, 1980; McEwen, 
1983). 

Because masculinization occurs prenatally, 
female rats from litters in which several litter
mates are male are much more likely to show 
mounting behaviour than females from litters 
with 0-1 male. The masculinization of female 
behaviour is greatest in those individuals 
located closest to males in utero, where andro
gen concentration is highest (Clemens and 
Coniglio, 1971; Clemens, 1974; Goy and 
McEwen, 1980; vom Saal, 1989). Similarly, 
females injected with androgens prenatally 
show masculinized behaviour (Ward, 1969). 

Treatment with anti-androgens before 
birth blocks normal masculinization of males 
(Ward and Renz, 1972). There is some evi
dence that dihydrotestosterone (DHT) as well 
testosterone (T) is involved in masculiniz
ation (McEwen, 1983). 

Defeminization of behaviour by androgens 
in rats follows masculinization and occurs 
during the first week after birth. This is also 
when androgens exert their strongest effect 
on gonadotrophin secretion (Arnold and 
Gorski, 1984). Female rats injected with 
testosterone propionate (TP) shortly after 
birth lose the lordosis response and do not 
show cyclic gonadotrophin release, while 
males castrated neonatally can show 
lordosis and do respond positively with 
gonadotrophin-releasing hormone after 
stimulation with oestrogen as adults (Dohler 
et al., 1984a). 

While these results appear to highlight the 
role of testosterone in perinatal organization 
of the rat brain, it has been found that oestra
diol has similar effects, and is in fact more 
effective (per unit weight administered) than 
testosterone in preventing feminization of 
gonadotrophin release and behaviour (Gorski 
and Wagner, 1965; Sutherland and Gorski, 
1972). 

Non-aromatizable androgens such as DHT, 
on the other hand, are not effective in stimu
lating a male pattern of brain organization. A 
widely held hypothesis holds that testoster-
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Figure 6.13 Transformations of testosterone that can occur in brain tissue. 

one is converted in the brain via aromatiza
tion to the oestrogens oestrone and oestra
diol, and that these are the active molecules 
(Figure 6.13) (MacLusky and Naftolin, 1981). 

Since DHT cannot be transformed into oes
trogen in the brain, it is ineffective in in
ducing male brain organization. This 
hypothesis is supported by the following 
observations: (i) androgen-to-oestrogen con
version does occur in the brain; (ii) anti
oestrogens block both testosterone- and 
oestrogen-induced masculinization; (iii) aro
matase inhibitors block masculinization by 
testosterone; (iv) anti-oestrogens attenuate 
defeminization of females by testosterone; (v) 
in Tfm males, who lack androgen receptors, 
normal de feminization occurs in response to 
testosterone produced by the testes; and (vi) 
in cell cultures of mouse hypothalamus, 
neuritic outgrowth, which is typical of males, 

occurs only in cells whose oestrogen recep
tors are intact (Goy and McEwen, 1980; 
MacLusky and Naftolin, 1981; McEwen, 1983; 
Toran-Allerand, 1984a). 

It is then necessary to explain why female 
rats are not masculinized by ovarian oestro
gens which occur at high titres post-natally. It 
has been suggested that alpha-fetoprotein 
protects the developing female rat brain cells 
from excess oestrogens by binding them and 
thus keeping them in the circulation and out 
of the brain (Soloff et aI., 1972; Arnold and 
Gorski, 1984). Alpha-fetoprotein is present in 
large amounts only during gestation and im
mediately after birth, following the time 
course of neural differentiation (Toran
Allerand, 1984b). In rats and mice, it has a 
high affinity for oestrogen, but does not bind 
testosterone. As would be expected under 
the protection hypothesis, synthetic oestro
gens which do not bind to alpha-fetoprotein 



as well as oestradiol are more effective than 
oestradiol in inducing masculinization of the 
female rat brain (Goy and McEwen, 1980). 

However, the alpha-fetoprotein protection 
hypothesis has been questioned. This high 
affinity of alpha-fetoprotein for oestrogen is 
not found in other species such as the guinea 
pig and human (MacLusky and Naftolin, 
1981). Even in the mouse and rat, alpha
fetoprotein has been found within brain cells 
(Benno and Williams, 1978; Toran-Allerand, 
1984b), though it is not made there in mice 
(Schachter and Toran-Allerand, 1982). Thus, 
alpha-fetoprotein may have other functions, 
including transport of oestrogen into the 
brain (Dohler et al., 1984a; Toran-Allerand, 
1984b). Other possible mechanisms for pro
tection from oestrogen may exist, including 
placental barriers and progesterone-mediated 
anti-oestrogen action (McEwen, 1983). 

Sex differences in fetal and neonatal testos
terone titres are small or non-existent (Weisz 
and Ward, 1980); however, on days 18-21 
post conception, titres are higher in males. 
Although these 4 days do not encompass the 
entire period of hormonal organizing action, 
the sex difference in testosterone levels dur
ing this time appears to be critical to sexual 
differentiation (Goy and McEwen, 1980). The 
higher testosterone levels in male fetuses at 
this time may exert a priming effect so that 
males are more sensitive to circulating testos
terone later. The mechanism of priming 
could involve induction of the aromatizing 
enzyme system or of nuclear oestrogen re
ceptors (Goy and McEwen, 1980; Toran
Allerand, 1984b; Goy et al., 1988). 

Androgenic induction of male functional 
brain organization has been most thoroughly 
studied in the rat, but this species is not 
typical (Table 6.10). 

While masculinization and defeminization 
of brain function are distinct events occurring 
at different times and under the influence of 
different hormones in rats, defeminization 
has not been shown in ferrets, rhesus mon
keys or humans. In these species, females 
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Table 6.10 Effects of perinatal administration of 
androgen on female development (Reproduced 
with permission from Goy and McEwen, 1980). 

Dimorphic characteristic" 

Species Ovulation Female Male 
sexual sexual 

behaviour behaviour 

Rat \"\,, \"\,, / 
Mouse \"\,, \"\,, // 
Hamster \" \" // 
Ferret 0 0 // 
Dog ? \"\,, // 
Guinea pig \"\,, \"\,, // 
Sheep \"\,, \"\,, // 
Rhesus 0 ? // 

a Arrows indicate direction and relative ease of obtain
ing effect: 
\" = defeminization; /' = masculanization; 0 = no effect 

treated with androgens during development 
have masculinized behaviour in addition to 
the normal female repertoire later in life, and 
cyclic gonadotrophin release with ovulation 
is retained (McEwen, 1983). Another pri
mate, the marmoset, may show a reduction 
in female reproductive behaviour patterns 
when females are androgenized prenatally 
(Abbott and Hearn, 1979). 

There is also variation among mammals in 
the pathway of androgen metabolism fol
lowed to produce the active molecule which 
induces masculinization or defeminization. 
In rats, both testosterone (or oestrogen) and 
DHT appear to be involved (McEwen, 1983). 
In guinea pigs and rhesus monkeys, how
ever, prenatal treatment with DHT alone can 
organize some aspects of masculine sexual 
behaviour as effectively as does T (Goldfoot 
and van der Werff ten Bosch, 1975; Goy and 
McEwen, 1980). Why these interspecies 
differences exist is not known. Even the 
generalization that organizational and activa
tional pathways are the same within a given 
species is not entirely correct, since some 
elements of male sexual behaviour in ham-
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sters may be activated by non-aromatizable 
androgens which are not effective during 
development (McEwen, 1983). 

(b) Structural aspects of brain sex 

The study of anatomical measures of steroid 
hormone action began well after the studies 
of brain function (Arnold and Gorski, 1984). 
In a seminal paper, Raisman and Field (1973) 
documented a sex difference in the type of 
dendritic synapses in the preoptic area of the 
rat that could be reversed by manipulating 
neonatal androgen levels. Since then, there 
have been numerous reports of sex differ
ences in central nervous system (eNS) anat
omy, and perinatal exposure to steroids has 
been shown to affect axonal growth, den
dritic connectivity (arborization), synapse 
formation, regional nuclear volumes and 
neuronal numbers in the hypothalamus, 
preoptic area, septum, amygdala and spinal 
cord (McEwen, 1983; Toran-Allerand, 1984a; 
L.S. Allen et al., 1989), as well as a number of 
biochemical properties (McEwen, 1983) 
(Table 6.11). 

For the most part, the functional signifi
cance of anatomical markers is not known, 
but they may provide useful models for 
understanding the mechanisms of hormone 
action on brain function. 

Whereas many sexually dimorphic ana
tomical markers were discovered by direct 
inspection of brain tissue, localization of the 
circuitry for steroid-dependent organization 
of brain function has been investigated more 
indirectly as well. For example, by varying 
the site of oestrogen implants in newborn 
female rat brains, Nordeen and Yahr (1982) 
showed not only that masculinizing and 
feminizing implants must be placed in the 
preoptic area and ventromedial nucleus re
spectively, but also that behavioural mascu
linization results from implants in the right 
side of the hypothalamus, while defeminiza
tion of behaviour and gonadotrophin release 
follows implantation in the left side. 

The sexually dimorphic nucleus of the preoptic 
area 

A particularly well-studied sexually dimor
phic brain structure, which is known to re
spond to early hormone exposure, is the 
sexually dimorphic nucleus (SDN) of the 
preoptic area (POA) of rats (Arnold and 
Gorski, 1984, Gorski, 1984). In males, this 
area of high- density neurones is about five 
times larger than in females (Figure 6.14). 

Neuronal density is the same in both sexes, 
so the size difference must reflect a difference 
in cell number. Homologues for this area are 
also found in gerbils, ferrets and guinea pigs 
(Gorski, 1984). The exact function of the 
SDN-POA is not known, but the POA 
appears to playa complex role in many inte
grative processes. In rats, the POA appears to 
be critical for male copulatory behaviour. It is 
also involved in cyclic endocrine regulation in 
females (Gorski, 1984). In primates, on the 
other hand, the POA is not necessary for 
cyclic gonadotrophin release (Ayoub et al., 
1983). 

A change in SDN-POA volume occurs sim
ultaneously with functional masculinization 
of the brain in rats, though the volume does 
not correlate with the degree of expression of 
brain function (Gorski, 1984). SDN-POA size 
is not affected by gonadal steroids in adult
hood. The size dimorphism develops within 
the first 10 days of life, when the adult SDN
POA size is achieved. It is hormones acting at 
this stage of development which influence 
SDN-POA size. In males castrated 1 day after 
birth, SDN-POA size is substantially reduced 
(Tarttelin and Gorski, 1988). If such males are 
treated with TP a day after castration, how
ever, adult SDN-POA volume matches that 
of normal males. Female neonates injected 
once with testosterone propionate or oestra
diol benzoate show increased SDN-POA vol
ume as adults. If TP administration is 
prolonged, adult SDN-POA volume of fe
males may be fully sex reversed (Gorski, 
1984). 
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Table 6.11 Sex differences in the brains of infrahuman mammals (Reproduced with permission from 
McEwen, 1983) 

Description Regiona Species Org?b 

Morphological 
l. Size of nerve cell nuclei and nucleoli Hyp, POA, Hippo, Rat Yes 

cortex, Hab 
2. Size of nerve cell nuclei Hyp, POA Rat Yes 
3. Size of nerve cell nuclei Amygd Squirrel monkey ? 
4. Size of pyramidal neurones Cortex Rat ? 
5. Ratio of synaptic 'types' POA Rat Yes 
6. Dendritic distribution POA Hamster Yes 
7. Size of neuroanatomical 'nucleus' POA Rat Yes 
8. Size of neuroanatomical 'nucleus' Spinal cord Rat Yes 
9. Dendritic branching POA Macaque 

monkey ? 
10. Synaptic 'type' Hyp Rat Yes 
11. Synaptic 'type' Amygd Rat Yes 
12. Bungarotoxin-binding region Amygd Mouse Yes 
13. Vasopressin neurones Septum, Hab Rat ? 
14. Response to septal damage Hippo Rat Yes 
15. Neurovascular contact surface Hyp Rat ? 
16. Lateralization of 2-deoxyglucose uptake Many areas of brain Rat ? 
17. Lateralization of cortical thickness Cortex Rat Yes 

Biochemical 
18. Hypothalamic peptidases Hyp Rat Yes 
19. Cholinergic enzymes POA Rat Yes 
20. Cholinergic enzymes POA, Amygd Rat ? 
2l. Monoamine oxidase Hyp, Amygd Rat ? 
22. Noradrenaline, dopamine levels Many areas Rat ? 
23. Dopamine levels Hyp, POA Rat Yes 
24. Neurotransmitter enzymes Many areas Rat ? 
25. Trace element levels Hyp, pit Rat ? 
26. Glutathione-S-transferase activity Whole brain Rat ? 
27. Muscarinic receptors POA, pit Rat ? 
28. Glucocorticoid receptors Hippo Rat ? 
29. Serotonin level in early development Whole brain Rat Yes* 
30. Monoamine oxidase activity in early Hyp Rat Yes* 

development 
3l. Serotonin synthesis on post-natal day 2 Whole brain Rat ? 
32. Serotonin synthesis in early development Whole brain Rat Yes* 
33. Serotonin, noradrenaline levels in early Various areas Rat Yes* 

development 

Functional 
34. Amygdala projections to preoptic area Amygd, POA Rat Yes 

(electrophysiology) 
35. Release of dopamine, noradrenaline Caudate, Hyp Rat ? 

in vitro 
36. Amphetamine-elicited rotational Rat ? 

behaviour 
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It appears that SDN-POA size is actually 
determined by oestrogen, rather than by 
testosterone. Thus SDN-POA size is the same 
in Tfm rats which lack androgen receptors as 
in normal males. Also, diethylstilboestrol, 
which does not bind to alpha-fetoprotein, can 
cause complete sex reversal of SDN-POA size 
in females if administered throughout the 
perinatal period, just as does TP (Dohler et 
al., 1984b). 

The spinal nucleus of the bulbocavernosus muscle 

A second well-studied sexually dimorphic 
part of the central nervous system that re
sponds to perinatal gonadal hormones is the 
spinal nucleus of the bulbocavernosus 
muscle (SNB) in rats (Arnold and Gorski, 
1984, Breedlove, 1984). 

In males, this nucleus is an easily visible 
compact structure, while in females it con
tains only a third as many motoneurones, 
which are smaller (Figures 6.15 and 6.16). 

The SNB system has an advantage over the 
SDN-POA system in that the functional cor
relates of the morphological dimorphism are 
known. The SNB, located in the spinal cord, 
consists of motoneurones innervating the 
levator ani (LA) and bulbocavernosus (BC) 
muscles in males. In rodents, these muscles 
occur only in males, where they attach to the 
base of the penis and mediate penile reflexes 
important in copulatory plug formation, 
which ensures effective copulation (Breed
love, 1984). 

Unlike the SDN-POA, sexual dimorphism 
of the SNB in rats is mediated by androgens 
and not by oestrogens. This clearly indicates 
that sexual differentiation of brain mor
phology occurs by different mechanisms de
pending on the particular structure. SNB 
motoneurones are unable to accumulate 
oestrogens, but do accumulate DHT and 
testosterone. However, only the accumu
lation of testosterone is sexually dimorphic. 
In addition, there are androgen receptors in 
the levator ani muscle (Jung and Baulieu, 

1972), so that the muscles themselves must 
be considered as a potential site of hormone 
action, along with or instead of the moto
neurones (Breedlove, 1984). 

Tfm males lacking androgen receptors 
have female-type SNBs and lack the levator 
ani and bulbocavernosus muscles. Similarly, 
when normal males are treated with anti
androgens prenatally and castrated as neo
nates, their adult SNB system is completely 
sex reversed. If females are treated with 
testosterone propionate or DHT propionate 
(DHTP) perinatally, the SNB system is mas
culinized. However, masculinization does 
not occur if oestrogen is used, even in higher 
doses (Breedlove, 1984). 

(c) Mechanisms of sexual differentiation of 
the central nervous system 

The discovery of hormone-sensitive morpho
logical parallels of sexually dimorphic brain 
functions has focused attention on cellular 
mechanisms of sexual differentiation which 
affect the structure of neural circuits and, 
thus, ultimately lead to dimorphic brain func
tion. Experimental manipulations have 
shown that hormonal action of eNS sexual 
differentiation depends both on the time 
course of exposure to hormones (see next 
section on critical periods below) and on the 
dose of hormone administered (Toran
Allerand, 1984a; Handa et al., 1985; Sholl et 
al., 1989). 

Morphological dimorphism could result 
from hormonal effects on the rate or period of 
neurogenesis, on the pattern of neuronal 
differentiation, on cell migration patterns, or 
on cell survival. These effects may be direct, 
in that hormones act on the dimorphic 
neurones themselves, and/or indirect, in that 
the targets and afferents of those neurones 
are affected (Arnold and Gorski, 1984). 
Gonadal hormones may influence several 
developmental processes directly, or may 
trigger one such process which affects many 
others in a cascading manner (Figure 6.17) 



Table 6.11 continued 

Description 

37. Electrical stimulation of rotational 
behaviour 

38. Lateralization of dopamine levels 
39. Turning preferences and postural 

asymmetry 
40. Amphetamine-stimulated activity 
41. Haloperidol-induced catalepsy 
42. Release of dopamine into hypophyseal 

portal blood 
43. Activity of tuberoin-fundibular dopamine 

nerones 
44. Sensitivity of tuberoin-fundibular 

dopamine neurones to prolactin 
45. Electrical responses of neurones to 

oestradiol and testosterone 
46. Behavioural and thermal response to 

pargyline and tryptophan 
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Regiona 

Caudate 

Hyp 

Hyp 

Hyp 

Hyp,Amygd,Hippo 

Species 

Rat 

Rat 
Rat 

Rat 
Rat 
Rat 

Rat 

Rat 

Rat 

Rat 

Org?b 

? 

? 
? 

? 
? 
? 

Yes 

? 

? 

? 

a Abbreviations: Amygd, amygdala; caudate, caudate nucleus; Hab, habenula; hippo, hippocampus; Hyp, hypo
thalamus; Pit, pituitary; POA, preoptic area. 
bOrg? - Is there evidence for an organization effect? ?, unknown; Yes, some positive evidence available; Yes', sex 
differences are transient during development. 

Figure 6.14 Photomicrographs (at same magnification) of coronal sections through the rat brain at the 
level of the centre of the sexually dimorphic nucleus of the preoptic area (SDN-POA) of the male (A), 
female (B) and the female exposed to testosterone propionate (TP) for a prolonged period during 
perinatal development (C). AC, anterior commissure; OC, optic chiasm; SCN, suprachiasmatic nucleus; 
V, third ventricle. (Reproduced with permission from Gorski, 1983.) 
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Figure 6.15 Photomicrographs of the fifth lumbar segment of the spinal cord of a female (left) and male 
rat. The spinal nucleus of the bulbocavernosus (SNB) is an easily recognized, discrete nucleus in the 
male only. The arrows indicate the anatomical limits of the SNB in males (right). This region, 200-
400 mm ventral to the central canal and within 250 mm of the midline, was examined in male and female 
fifth and sixth lumbar spinal segments, within which all densely staining cells were deSignated SNB cells 
for comparison between treatment groups and the two sexes. (Reproduced with permission from 
Breedlove, 1984). 

(Arnold and Gorski, 1984; Toran-Allerand, 
1984b). 

Data on the development of the SDN-POA 
and SNB suggest that the first hypothesis, 
differential neurogenesis, is unlikely since 
neurogenesis stops before the hormones are 
present and can exert their effects (Breedlove, 
1984; Gorski, 1984). The possibility that 
hormones act to redifferentiate neurones has 
also been discounted for SNB development 
since labelling experiments show that 
motoneuronal differentiation occurs before 

androgen-induced SNB formation (Breed
love, 1984). Hormonal influence on migration 
patterns has been proposed to account for 
sexually dimorphic SDN-POA development, 
and current evidence suggests that this is a 
possible explanation: for example, steroid 
hormones may influence neuronal death be
fore neurones finish their migration to the 
SDN-POA (Gorski, 1984). The hypothesis 
that hormones mediate cell death is perhaps 
the most widely favoured, although evidence 
is circumstantial. It is generally accepted that 



more neurones are produced than survive 
development, that survival depends on the 
establishment of appropriate connections, 
and that the growth of neuronal processes 
can be stimulated by oestrogen (Gorski, 
1984). Thus, hormonal mediation of cell 
death would occur indirectly via the effects 
of hormones on neuronal development. 
Supporting this hypothesis is the observation 
that the time course of (non-SNB) moto
neurone cell death coincides with sexual dif
ferentiation of the SNB. Studies are currently 
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under way in which the incidence of dying 
(pyknotic) SNB cells in relation to SNB devel
opment is examined. 

Steroid hormones may act on biochemical 
features of neurones as well as morphological 
ones (McEwen, 1983). For example, the ex
pression and concentration of neurotrans
mitters may differ between the sexes. Such 
biochemical differences may lead to differen
tial sensitivity of male and female neural tis
sue and enzyme systems to hormones later in 
life. 

Figure 6.16 Photomicrographs of transverse sections of the fifth lumbar spinal segment from a male 
(left) and female rat. The arrows point out the anatomical region occupied by the SNB in normal male 
rats. The spinal cord on the left lacks a coherent nucleus because this male was treated prenatally with 
an anti-androgen and was then castrated at birth. The spinal morphology is within the range of normal 
female rats in this male which, like females, does not possess the SNB target muscles BClLA. The spinal 
cord on the right is from a female which was injected with 1 mg of DHTP on days 1, 3 and 5 of life. In 
adulthood, this female possesses an SNB which innervates the muscles BClLA. (Reproduced with 
permission from Breedlove, 1984.) 
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Figure 6.17 The cascade hypothesis. Morphogenetic consequences of early stimulation of neuritic 
growth by steroid could elicit a cascade of cellular events affecting subsequent aspects of target neural 
differentiation to result in the sexual dimorphism of brain structures. Different scenarios are also 
possible (Arnold and Gorski, 1984). (Reproduced with permission from Toran-Allerand, 1984b.) 

Regardless of exactly which changes in 
neural anatomy and biochemistry are affec
ted by steroid hormones in development, it is 
clear that the hormone receptors are a critical 
component of the system. The identity and 
concentration of these receptors in early 
development varies with time, location in the 
brain and sex (i.e. exposure to hormones) 
(Figure 6.18) (McEwen, 1983; Sholl et al., 
1989). 

Furthermore, dimorphic receptor profiles 
in adults, which may lead to dimorphic brain 
function, have been shown to depend on 
perinatal exposure to particular hormones at 
particular times (Rainbow et al., 1982; 

Weiland and Barraclough, 1984; Gorski, 
1985b). 

(d) Female differentiation of the eNS: a 
default process? 

Although female organization of the eNS is 
often assumed to occur in the absence of 
stimulation of male differentiation, there is 
evidence that the organization of the female 
brain is also an active process requiring 
exposure to steroid hormones. Roles for 
testosterone (Gorski, 1984) and progesterone 
(Shapiro and Goldman, 1981) have been 
suggested, but most emphasis has been 



placed on the role of oestrogen (Dohler et al., 
1984a; Toran-Allerand, 1984b). Dohler et al. 
(1984a) have criticized the assumptions on 
which the 'female by default' hypothesis was 
based. According to these authors, and con
trary to what is widely assumed, oestrogen is 
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Figure 6.18 Developmental time course of gona
dal steroid receptors in female rat brains. Receptor 
levels are expressed as fmol per mg of cytosol 
protein, are plotted against age in days before or 
after birth. Brain structures are denoted by letters 
(see key); note that they were studied individually 
(oestradiol) or as tissue pools (e.g. hypothalamus
preoptic area-septum-amygdala (HP AS) and 
hypothalamus-preoptic area-septum (HPS». 
Androgen receptors were measured with [3H)tes
tosterone and were isolated by DNA-cellulose 
chromatography. Oestrogen receptors were 
measured with [3H)R-2858 (moxestrol) by the 
Sephadex LH-20 gel filtration method. Progestin 
receptors were measured with [3H)R-5020 by the 
LH-20 method. Arrows denote critical period for 
defeminization. (Reproduced with permission 
from McEwen, 1982.) 
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available to the developing nervous system of 
female rats, either from the reservoir bound 
by alpha-fetoprotein (which can be found 
within brain cells) or from the mother. In 
addition, large numbers of oestrogen recep
tors are present in certain CNS regions where 
aromatizing enzymes are absent (Toran
Allerand, 1984b). 

Direct evidence supporting the role of 
oestrogen per se comes from cases where oes
trogen levels during development were 
experimentally reduced (Dohler et al., 1984a; 
Toran-Allerand, 1984b): 

1. Females treated post-natally with tamoxi
fen, an oestrogen antagonist, develop 
permanent anovulatory sterility, without 
masculine behaviour. 

2. The presence of ovaries post-natally is 
known to influence feminization of recep
tive behaviour later in life. 

3. Ovariectomy of neonatal females, but not 
adult females, changes the asymmetry in 
the cerebral cortex to a typical male 
pattern. 

4. Neonatally gonadectomized males and 
females develop female-type non
reproductive behaviour when treated 
with small (sub-masculinizing) amounts 
of oestrogen. 

5. Cultured female hypothalamic cells show 
abnormally reduced neuritic development 
when the culture medium lacks 
oestrogen. 

If oestrogen does play an active role in female 
differentiation of the brain, the question re
mains how this one hormone can induce both 
feminization and masculinization. Dohler et 
al. (1984a) have proposed a quantitative effect 
which states that moderate levels of oestro
gen, provided by maternal and placental tis
sues and bound to alpha-fetoprotein, cause 
female development of the brain. High levels 
of oestrogen, derived from aromatization of 
androgen (and perhaps acting synergistically 
with androgen), induce masculinization. An 
even higher threshold must be met for defe-
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Figure 6.19 Relation between differentiation of the gonads and the anatomical differentiation of human 
male and female embryos. (Reproduced with permission from J.D. Wilson et al., 1981.) 

minization. This quantitative effect would 
depend not only on the titre of oestrogen at 
anyone time, but also on the duration of its 
presence during critical periods of 
development. 

6.6.3 MORPHOLOGY OF SEXUAL 
DIFFERENTIATION 

Inmost instances, differentiation of the geni
tal tract proceeds craniocaudally, thus affect
ing the gonads and the ducts first and the 
external genitalia last. One notable exception 
to this is in the bovine fetus, where the onset 
of penile development is the first sign of male 
differentiation (Vigier et al., 1976). Figure 6.19 
summarizes some of the morphologic fea-

tures of the developing reproductive system 
in the human. 

(a) Gonads 

Even though the genetic sex of an individual 
is determined at fertilization, the repro
ductive systems of both sexes go through an 
early indifferent stage of development during 
which time the gonads remain morpho
logically indistinguishable until testicular 
differentiation occurs (Gondos, 1985). It is 
generally accepted that the indifferent gonad 
is a consortium of somatic and germinal cells 
composed of primordial germ cells, which 
(according to most human embryology text
books) migrated from the yolk sac to the 
future gonadal ridge (Witschi, 1963). More 
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Figure 6.20 Schematic drawing of a 3-week human embryo (left) showing the primordial germ cells in 
the wall of the yolk sac, close to the attachment of the allantois. Schematic drawing of a transverse 
section through a 6-week human embryo (right) showing the primary sex cords and the developing 
mesonephric and paramesonephric ducts . 

recent evidence from the mouse indicates 
that the primordial germ cells are derived 
from the epiblast, at the posterior end of the 
primitive streak (McLaren, 1992). Here they 
intermix with epithelial cells and underlying 
mesenchymal cells of mesodermal origin 
(Figure 6.20). 

The origin and lineage of somatic cells con
tributing to the development of the gonad 
remained a point of interest and controversy 
for many years (Jost, 1985; Wartenberg, 
1985). There is a large body of data that 
supports the view that epithelial cells are 
derived from the coelomic epithelium, which 
forms a layer of cells over the gonadal ridge 
(K.L. Moore, 1982; Sadler, 1985; Yoshinaga et 
al., 1988). However, there are several studies 
in the mouse, rabbit and sheep which indi
cate that the blastema cells of the gonad have 
a nephric origin (Fraedrich, 1979; Kinsky, 
1979; Upadhyay et al., 1979; Wartenberg, 
1979, 1981; Zamboni et al., 1979). 

The primordial germ cells are large, spheri
cal to ovoid cells that can be identified histo
chemically by their high alkaline phosphatase 
and glycogen content. The presence of the 
primordial germ cells in the newly formed 
gonadal ridge stimulates the coelomic epi
thelium to multiply and invade the develop-

ing gonad. Cords of cells, called the sex 
cords, containing epithelial cells and primor
dial germ cells, form and give rise to the testis 
and ovary. 

In the male gonadal ridge, under the influ
ence of the Y chromosome, the contact be
tween the primordial germ cells and somatic 
cells occurs earlier than in the female gonadal 
ridge and leads to formation of seminiferous 
tubules rather than follicles (Jirasek, 1976, 
1977; Ohno, 1979). This occurs between 42 
and 52 days of gestation or developmental 
stages 18-20 (O'Rahilly, 1983) and is thought 
to be mediated by the H-Y antigen, a gene 
product of the Y chromosome. It coincides 
with the acquisition of anti-Mullerian activity 
of the male gonad (Tran et al., 1977). The 
process of gonadal differentiation and repro
ductive tract development has been studied 
most extensively in the human. More limited 
studies in several other species, i.e. dog, 
mouse, rat, rabbit, sheep, suggest that the 
basic processes are similar in mammals. 

Male 

In the human, during the seventh week of 
development, the presence of the male sex 
chromosome causes the genital ridge to se-
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crete testosterone, which induces testicular 
development as well as development of other 
internal and external reproductive organs 
(Saenger, 1984; Condos, 1985). At the same 
time, the development of the female genital 
organs is suppressed. Because of the prolifer
ation of the mesenchyme the sex cords of the 
genital ridge become separated from the 
adjacent coelomic epithelium. The tunica 
albuginea, a fibrous layer located between 
the coelomic epithelium and the sex cords, 
forms from a condensation of the newly 
formed mesenchyme. During the fourth 
month in the human the V-shaped sex cords 
form the seminiferous tubules. The free ends 
of these tubules, the straight tubules, join 
together to become the rete testis. After cana
lization, the tubules join with the remnants of 
the mesonephric tubules, the future efferent 
ductules of the testis. The remaining part of 
the internal duct system, the epididymis, the 
vas deferens, the seminal vesicles and the 
ejaculatory ducts are formed from the meso
nephric duct. 

The primordial sex cells in the seminiferous 
tubules form the spermatogonia and the sex 
cord cells give rise to the Sertoli cells (Tran et 
ai., 1977). Both H-Y antigen and anti
Mullerian hormones are secreted by the 
Sertoli cells. Initially, groups of primordial 
germ cells and differentiating Sertoli cells be
come surrounded by a basal lamina within 
the fetal testis. At this time the germ cells are 
randomly distributed among the numerous 
Sertoli cells (Condos and Hobel, 1971). The 
interstitial cells or Leydig cells, which are 
already secreting testosterone, are mesenchy
mal in origin. Leydig cells first appear at 
about 60 days of gestation, and by 14-18 
weeks make up more than half the volume of 
the testis (Pelliniemi and Niemi, 1969). 
Seminiferous tubules remain as solid cords 
until puberty; at that time, in response to 
stimulation by the pituitary gonadotropic 
hormone, there is a proliferation of spermato
gonia, an increase in size of the Sertoli cells 
and a lumen is formed in the tubules. 

Jost (1972) and Jost et al. (1973) found that 
the first event to occur in the differentiation 
of the rat testes was the emergence of the 
primordial Sertoli cells, which then aggre
gated into seminiferous cords. This process 
of aggregation occurred in a period of a few 
hours, between 13 days 7 hours and 13 days 
23 hours. Both electron microscopic and in 
vitro studies confirmed this initial observation 
(Magre and Jost, 1980, 1984; Magre et aI., 
1981; Agelopoulou et aI., 1984). A similar pro
cess of seminiferous cord formation occurs in 
rabbits (Jost et aI., 1985). 

Female 

In the female the absence of testosterone 
from the fetal testes induces the development 
of the ovary and other female genital organs. 
The female gonad differentiates later than 
that of the male (Figure 6.19); the first mor
phological signs of ovarian differentiation 
occur in the human in the eighth gestational 
week. The sex cords are broken up into cell 
clusters by the proliferating mesenchyme. 
However, a thick tunica albuginea does not 
form as in the male. The primordial germ 
cells differentiate into oogonia, which 
undergo mitotic division to form primary 
oocytes beginning in the third month of preg
nancy. The primary oocytes are surrounded 
by a single layer of cells, the granulosa cells, 
which are derived from the epithelial cells of 
the sex cords. The primary oocytes, together 
with the surrounding granulosa cells, are 
known as primordial follicles. It is believed 
by some authorities that many of the primor
dial follicles are killed and that a secondary 
proliferation of sex cords from the coelomic 
epithelium occurs. These sex cord cells again 
become associated with pre-existing primor
dial germ cells, and additional primordial fol
licles are formed. The ovarian stroma is 
derived from the mesenchyme surrounding 
the follicles. 

The morphologic development of the 
human fetal ovary is much slower than that 



of the testis. By 20 weeks of fetal age, more 
than 3 months after the start of testicular 
development, the ovarian germ cell popu
lation reaches a peak of approximately seven 
million cells. This population then decreases 
to two million cells at term as a result of 
atresia and of cessation of mitotic activity 
(T.G. Baker, 1963). 

The mechanisms responsible for gonadal 
sex differentiation are still unknown 
(J.D. Wilson et al., 1981; Saenger, 1984; 
Gondos, 1985). Since testicular differentiation 
precedes ovarian differentiation in all mam
malian species studied so far, a specific 
inductive factor in the male may be respon
sible. However, the identity of such a factor, 
or factors, has not been determined, 
although there is evidence that Sertoli cells 
may trigger testicular development without 
further development of the Y chromosome 
(Burgoyne, 1988) 

(b) Duct system 

In the undifferentiated state two sets of 
paired ducts, the Wolffian and Mullerian 
ducts, are present in all embryos of either 
sex, and will give rise to major portions of the 
male and female reproductive tracts (Figure 
6.21). 

Male 

Differentiation of the duct system in the male 
is characterized by regression of the 
Mullerian ducts, retention of the Wolffian 
ducts and their subsequent differentiation. 
The primordia for male sex accessory organs, 
particularly the Wolffian ducts, originate 
from the embryonic kidney, the mesoneph
ros. The contribution from the mesonephros 
is incorporated into the genital system after 
the definitive kidney, the metanephros, 
develops. 

In the human, the W olffian ducts develop 
dorsolateral to the pronephric blastema, the 
forerunner of the mesonephros, and lateral to 
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somites 8-13 (Torrey, 1954). They grow cau
dally, reaching the hindgut (cloaca) in human 
embryos at 28-30 gestational days (GD). The 
mesonephric nephrons and caudal tubules 
degenerate but the cranial mesonephric 
tubules are retained as the vasa efferentia, 
which connect the rete testis to the epididy
mis. The portion of the Wolffian duct that 
becomes the epididymis undergoes extensive 
lengthening and convolution. Later the distal 
segment of the Wolffian duct develops a thick 
muscular layer and becomes the ductus (vas) 
deferens (Figure 6.21). 

Only limited information on the cellular 
differentiation of the male reproductive sys
tem is available. At the ultrastructural level, 
in the differentiating rat epididymis, cis
ternae of the granular endoplasmic reticulum 
form numerous specializations resembling 
intracytoplasmic confronting cisternae (Flick
inger, 1969). The apical cell surfaces form 
numerous cylindrical microvilli, separated by 
areas covered by a thickened plasma 
membrane and dense material applied to its 
cytoplasmic side. Agranular endoplasmic re
ticulum increases in the apical region of the 
cell. In the sheep embryo, cilia appear in the 
epididymis near term and maturation is 
marked by an increase in the size of the Golgi 
complex and in the glycogen content of the 
cells. Lysosomes are also very common 
(Tiedemann, 1971). Mucus secretion from the 
epididymis is evident in the human fetus 
from 25 weeks of gestation onwards (Zondek 
and Zondek, 1965). 

The seminal vesicle originates as a dilation 
of the terminal portion of the vas deferens in 
70-day human fetuses (Jirasek, 1971) and in 
18- to 19-day-old rat fetuses (Flickinger, 
1970). The part of each Wolffian duct be
tween the seminal vesicle and the urethra 
becomes the ejaculatory duct. In the rodent, 
development of the seminal vesicle is com
pleted post-natally and is characterized by 
the appearance of primary and secondary 
epithelial cell branching and the abundant 
deposition of glycosaminoglycan cell matrix 



608 Normal and abnormal embryo-fetal development in mammals 

in the cell membrane between the branches 
(Cunha and Lung, 1979). 

The fine structure of the undifferentiated 
Wolffian duct has been described in the rat 
(Flickinger, 1969), the mouse (Dyche, 1979) 
and the sheep (Tiedemann, 1971) and more 
recently in the human (Lawrence et aI., 1992). 
The columnar cells, which make up the duct 
walls, contain moderate amounts of granular 
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The onset of Mullerian duct degeneration 
in the male embryo begins at the end of the 
bisexual stage of development. In the human 
embryo, at 55-56 gestational days (GD), the 
first signs of regression appear in the area 
where the ducts are closest to the caudal pole 
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Figure 6.21 Development of the male and female internal genitalia from the Mullerian and Wolffian 
ducts of the indifferent stage. In the male, the prostate is an outgrowth of the urogenital sinus and is not 
derived from the Wolffian duct. In the female, the lower part of the vagina is formed from the urogenital 
sinus. 



of the testis and cross the caudal ligament. 
This ligament is invaded by an acid muco
polysaccharide substance secreted by the 
fetal testis (Jirasek, 1977). Regression pro
gresses in a craniocaudal sequence, sparing 
only the cranial portion, which persists to 
form the appendix testis, and the caudal tips, 
which remain as vestigial structures, the 
prostatic utricle (Figure 6.22). 

In the human embryo the Mullerian duet is 
completely regressed in embryos 60-62 GD 
and in the rat by GD 20. While it is recog
nized that extensive cytolysis is a normal 
feature of both Mullerian and Wolffian duct 
development, the extrusion of whole dege
nerated cells from the duct early in regression 
appears to be unique to the involution of the 
Mullerian duet. Involution may also induce a 
process called 'puffing' in the periduetal mes
enchymal cells, which become joined by 
junctions resembling desmosomes. Their 
morphology is different from those mes
enchymal cells surrounding the duet earlier 
in gestation. 

Female 

Female sex differentiation lags behind that of 
the male (Figure 6.19), although sex determi
nation occurs at the same time in both sexes. 
Major events affecting the function of the 
female reproductive organs occur during fetal 
development. For example, 8-week-old hu
man female Mullerian duets, which are 
nearly fully formed, no longer respond to 
anti-Mullerian hormone. It is at this exact 
time that the W olffian duets begin to de
generate in female embryos (Josso et al., 
1977). Similar responses are observed in the 
IS-day rat fetus (Picon, 1969). The Wolffian 
duets contribute mesenchymal tissue to the 
uterine wall (Witschi, 1970) and the lower 
portions contribute to vaginal formation 
(Forsberg, 1965). 

Female genital development in mammals is 
characterized by retention of the Mullerian 
ducts and their subsequent differentiation 
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into Fallopian tubes, uterus and upper vagina 
(Figure 6.21). In the 37-40 GD human em
bryo, Mullerian or paramesonephric duets 
first appear as clefts lined by coelomic epi
thelium lateral and parallel to the W olffian 
duets. Caudal to this cleft, a solid bud of 
epithelial cells burrows progressively into the 
mesenchyme in a caudal direction. By the 
eighth week in the human the solid tip of the 
Mullerian duets lies in the pelvis and has 
crossed ventral to the Wolffian duets to 
assume a medial position. As the epithelial 
bud increases in length, a lumen first appears 
in its cranial-most end, where it is continuous 
with the coelomic cavity, and gradually ex
tends caudally until the paired ducts reach 
the urogenital sinus. For a short time two 
lumina persist but the medial septum, under 
normal conditions, disappears shortly after 
fusion. The unfused cranial portions of the 
Mullerian duets become the paired Fallopian 
tubes and the fused portions become the 
uterus and upper vagina. The caudal tips of 
the Mullerian ducts, the Mullerian tubercle, 
cause an elevation of the dorsal wall of the 
urogenital sinus and give rise to sinusal tis
sue. Mullerian duets do not open into the 
urogenital sinus until much later in develop
ment, when canalization of the vagina 
occurs. In the rat, at the end of the indifferent 
stage, the Mullerian duct is formed of tightly 
packed, wedge-shaped columnar cells with 
basal nuclei, many free ribosomes and a 
supranuclear Golgi apparatus (J .M. Price et 
al., 1977). 

Fallopian tube differentiation includes for
mation of fimbriae, folding in the ampullary 
region and acquisition of cilia and secretory 
capability by the epithelial cells. The fallopian 
tubes differentiate from the cranial portions 
of the Mullerian ducts and the caudal 
portions give rise to the uterovaginal canal 
(Figure 6.21). The uterotubal junction is 
demarcated by a dramatic increase in diam
eter of the uterine segment. The oviduet of 
the human and guinea pig is well developed 
at term, but in laboratory rodents tubal differ-
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Figure 6.22 Differentiation of the urogenital sinus in male and female fetuses. In females, the vaginal 
cord develops between the urogenital sinus and the Mullerian ducts, and gains direct access to the 
perineum. In males, the utricular cord cavitates, to form the prostatic utricle, the male equivalent of the 
vagina, which opens between the vasa deferentia, just beneath the neck of the bladder. (Reproduced 
with permission from Josso, 1981.) 



entiation is completed after birth (D. Price et 
aI., 1968). 

Fusion of the Mullerian ducts to form the 
uterovaginal canal is complete by 66-68 GO 
in the human fetus (O'Rahilly, 1977). The 
cervix makes up the distal two-thirds of the 
fetal uterus with a slight curvature develop
ing between the future cervical and fundic 
parts of the uterus at mid-gestation and the 
future ostium appearing by 100 GO (Bulmer, 
1957). The endometrial and endocervical 
linings are derived from Mullerian duct 
epithelium and the adjacent mesenchyme 
contributes to the formation of the uterine 
muscular and connective tissue layers (Wits
chi, 1970). The basic structure of the uterus is 
established early in development. The cervi
cal portion is larger than the body throughout 
fetal development. The proportions charac
teristic of the adult do not appear until the 
post-natal period. Mucin secretion in the 
endocervical canal occurs as early as 25 weeks 
of gestation and functional changes occur at 
this time resembling those elicited by oestro
gen stimulation in the adult uterus. 

The development of the vagina, and espe
cially the origin of its epithelium, has been 
debated extensively in the embryological 
literature. There is still no general agreement 
regarding the relative contributions of these 
sources (O'Rahilly, 1977; J.G. Wilson, 1978). 
The current views are that the upper vagina 
and ectocervix develop from the Mullerian 
duct system as the caudal portion of the uter
ovaginal canal. The lower portion of the 
vagina is derived from the urogenital sinus. 

During· early development of the utero
vaginal canal, the vaginal plate, a cord-like 
separation, forms between its lower portion 
and the cranial portion of the urogenital sinus 
(Figure 6.22). The hymen delineates the bor
der between the vagina and urogenital sinus. 
By the fifth month of pregnancy, the fetal 
uterovaginal canal is patent and there is 
access to the exterior (O'Rahilly, 1977). 

The epithelial lining of the vagina under
goes changes as it differentiates. During the 
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time of vaginal plate formation, the cephalic 
portion is lined by a cuboidal epithelium. 
After differentiation of the vaginal plate, this 
epithelium, believed to be of Mullerian 
origin, degenerates and is replaced by a 
glycogen-rich, enzyme-poor, stratified 
squamous epithelium from the urogenital 
sinus, which joins with the columnar epi
thelium of the uterus just outside its external 
os (Bulmer, 1957; Forsberg, 1965; Gondos, 
1985). This process begins late in the first 
trimester of pregnancy and is not completed 
until late in the fetal period. The dual origin 
of the vagina is exemplified by the abnormali
ties observed in patients with atresia of either 
Mullerian ducts or the distal vagina (Ulfedder 
and Robboy, 1976). There has been a re
newed interest in the normal sequence of 
vaginal differentiation with the induction of 
vaginal abnormalities after prenatal exposure 
to diethylstilbestrol (A. Herbst et aI., 1971; 
Robboy et aI., 1977; R.F. Gasser, 1985). 

(c) Urogenital sinus 

The urogenital sinus is separated from the 
rectum when a transverse septum, the uror
ectal septum, divides the cloaca into the rec
tum dorsally and the urogenital sinus 
ventrally. The division of the cloaca begins in 
human embryos at 35-38 GO and is com
pletedby 51-53 GO Oirasek, 1971). After it is 
established, the urogenital sinus is divided 
into an upper pelvic portion and a lower 
phallic portion, which is in close association 
with the genital tubercle. The fused tips of 
the Mullerian ducts are separated from the 
dorsal wall of the urogenital sinus by a solid 
mass which may receive contributions from 
Mullerian, W olffian and sinusal epithelium, 
although there is still considerable contro
versy regarding this point (Bulmer, 1957; 
Glenister, 1962; Forsberg, 1965; O'Rahilly, 
1977). 

In the male, the external genitalia arise in 
relation to the phallic portion of the definitive 
urogenital sinus (Gondos, 1985). The prostate 
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gland also develops in conjunction with the 
pelvic portion of the urogenital sinus with 
contributions from the primitive urethra. The 
prostate gland first appears as epithelial 
buds, extending laterally from the urogenital 
sinus near the Mullerian tubercle in human 
fetuses 61-63 GD (Figure 6.21) (Glenister, 
1962). Mesenchymal differentiation precedes 
bud development, forming solid branch
ing cords which develop a lumen followed 
by formation of tubules and alveoli. 
Ultrastructurally, the prostatic cells first 
resemble those of the stratified urethral 
epithelium. After lumen formation some 
apical cells become structurally polarized and 
the appearance of floccular material in the 
apical cytoplasmic granules indicates 
the onset of prostatic secretory activity 
(Kellokumpu-Lehtinen et al., 1979). 

Prostatic maturation in the rat is not far 
advanced at birth and most acini are still solid 
(Flickinger, 1970). The rat fetal prostatic and 
sinusal cells look similar and are character
ized by confronting cisternae in the granular 
endoplasmic reticulum. Masculinization of 
the urogenital sinus involves regression and 
lack of descent of the vaginal anlage, closure 
of the urogenital folds, growth of the phallus 
and formation of the penile urethra (Figure 
6.22). 

In the female, the urogenital sinus gives 
rise to the lower two-thirds of the vagina, 
including the endodermal portion of the 
vaginal epithelium (Cunha, 1975; O'Rahilly, 
1977). The urethral and the bulbourethral 
glands are also derived from the epithelium 
of the urogenital sinus. The lower part of the 
urogenital sinus forms the vestibule. 

(d) External genitalia 

At the indifferent stage of development the 
genital tubercle, a midline elevation, and the 
laterally located genital folds surround the 
urogenital membrane. The urogenital mem
brane ruptures, allowing the urogenital sinus 
to open onto the surface. An additional pair 

of swellings, the genital swellings, appear 
lateral to the genital folds (Figure 6.23). 

Male 

Lengthening of the anogenital distance 
marks the beginning of masculinization of 
the external genital organs in humans (Jira
sek, 1971) and probably in other mammals as 
well. By the end of the first trimester the 
genital tubercle becomes elongated and is 
transformed into the cylindrical-shaped 
penis. The genital swellings develop into 
rounded scrotal folds which migrate caudally 
and then fuse below the base of the penis 
(Figure 6.23). The definitive urethral groove 
extends forward on the ventral aspect of the 
penis. The lining of the penile urethra is 
derived mainly from the endodermal portion 
of the urogenital sinus. The perineal raphe 
results from fusion of the urethral folds. The 
prepuce forms from a fold of skin at the base 
of the glans and the bulbourethral glands 
arise from the penile urethra as endodermal 
derivatives. The erectile tissue, the corpus 
spongiosum and the corpus cavernosa, 
develops within the mesenchymal core of the 
penis. Formation of the penis is completed by 
100 GD in the human, but no appreciable 
difference exists between the penis and 
clitoris until the 16th gestational week (Feld
man and Smith, 1975). Paradoxically, penile 
growth occurs mainly between 20 weeks' ges
tation and term, a time when serum testoster
one levels are declining. 

Female 

The changes in the female are less extensive 
than in the male, and development of the 
external genitalia begins in the 8-week-old 
fetus. The genital tubercle does not continue 
to enlarge as in the male and is bent caudally, 
forming the clitoris. The lateral portions of 
the genital (labioscrotal) swellings enlarge to 
form the labia majora, and the urethral folds 
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Figure 6.23 Differentiation of the external genitalia in males and females from identical primordia. 
(Reproduced with permission from J.D. Wilson et ai., 1981.) 

which flank the urogenital orifice persist as 
the labia minora (Figure 6.23). 

6.6.4 HORMONAL REGULATION 

Jost (1947, 1953) was the first to elucidate the 
fundamental mechanism of sexual differen-

tiation. No stimulation is known to be 
required for female differentiation while dif
ferentiation of the male genital tract is con
trolled by the fetal testis; in the absence of the 
fetal testis feminization occurs passively. Jost 
(1972) established that the castrated mam
malian embryo of either sex develops as a 
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female, while male development is induced 
only in the presence of specific signals from 
the fetal testis. 

The sexual differentiation of most mam
mals is thought to be hormonally mediated as 
a consequence of the genetic determination 
of gonadal sex. There is recent evidence that 
a marsupial mammal (Macropus eugenii) 
undergoes extensive sexual dimorphism pre
ceding any form of gonadal morphological 
differentiation (Wai-Sum et al., 1988). Thus, 
the conventional view that all somatic sexual 
dimorphisms in mammals are a consequence 
of gonadal hormone secretion requires 
further study, especially the effects of sex
linked genes (Jost and Magre, 1988). 

(a) Role of testosterone 

In the rabbit and human fetal testis, testoster
one synthesis begins shortly after the onset of 
histological differentiation of the seminifer
ous tubules and at the time the Leydig cells 
appear (J.D. Wilson and Siiteri, 1973; Siiteri 
and Wilson, 1974). Testosterone, the main 
androgen produced by the male fetal testis 
(J.D. Wilson and Siiteri, 1973), has two 
known functions in the developing embryo. 
In the testis it has a local function promoting 
maturation of the seminiferous tubules. 
Systemically, after it is secreted into the fetal 
circulation, it has an essential function in 
Wolffian duct virilization and differentiation 
of the male genital tract. Five different gen
etic defects have been identified in man 
which illustrate the essential role of testoster
one in the embryological development of the 
male genital tract (Bongiovanni, 1978; 
J.G. Wilson, 1978; Saenger, 1984). These 
defects are discussed later (section 6.7) under 
abnormal development of the genital tract. 

There is considerable experimental evi
dence to demonstrate the role of the fetal 
testis in W olffian duct development. If rabbit 
male fetuses are castrated, removing the 
source of testosterone, the Wolffian ducts 
regress unless testosterone is implanted (Jost, 

1947). A similar response occurs in vitro in 
both rabbit and rats (Josso, 1970). Under simi
lar circumstances female W olffian ducts can 
be induced to persist, but only within their 
'critical period' for sex differentiation. 

In rabbits, rats and man the undifferen
tiated Wolffian ducts lack 5a-reductase, an 
enzyme which enables conversion of testicu
lar testosterone into its 17-hydroxylated 
derivative, dihydrotestosterone (Dill) 
(J.D. Wilson and Lasnitzki, 1971; Siiteri and 
Wilson, 1974). After sexual differentiation, 
5a-reductase levels rise as a consequence of 
androgen-mediated differentiation. The con
version of testosterone to dihydrotestoster
one leads to masculinization of the urogenital 
sinus and external genital organs by means of 
DHT -androgen receptor protein interactions. 
Androgen receptors from fetal rat W olffian 
ducts bind more readily with DHT than 
testosterone (Gupta and Block, 1976); this is 
also true of androgen receptors elsewhere in 
the body. In 14.5-day male and female rat 
fetuses the number of binding sites is similar 
but later increases in males. The presence of 
functional androgen receptors is now con
sidered to be an absolute requirement for 
male sexual differentiation (Mowszowicz et 
al., 1989). 

At present there is considerable knowledge 
regarding the mechanisms of androgen 
action in the post-natal period. However, 
very little is known about what happens in 
the embryo because of its small size, which 
makes it difficult to study (J.D. Wilson et al., 
1981). Studies of single-gene mutations in 
animals and humans that cause resistance to 
androgen action and inhibition of male geni
tal system development indicate that andro
gens act similarly during pre- and post-natal 
life (Griffin and Wilson, 1977, 1980). 

(b) Role of Mullerian inhibiting substance 

In addition to a stimulatory effect on the 
W olffian duct system, the fetal testis has an 
inhibitory effect on Mullerian duct develop-



ment. This was first demonstrated in mam
mals by Jost (1947) in the rabbit fetus. He 
found that Mullerian ducts were refractory to 
high levels of testosterone and produced a 
specific inhibitor of the Mullerian duct which 
differed from testosterone. Since this initial 
critical observation, Picard et al. (1978) have 
demonstrated that the fetal testis contains an 
incompletely characterized glycoprotein with 
anti-Mullerian properties. This substance, or 
factor, is known as the anti-Mullerian hor
mone (AMH) or the Mullerian inhibiting fac
tor and acts in the male to cause regression of 
the Mullerian ducts. AMH is formed by the 
Sertoli cells in the seminiferous tubules and is 
about 70000 molecular weight (Blanchard 
and Josso, 1974; Donahoe et al., 1977). 
Mullerian duct regression begins soon after 
differentiation of the seminiferous tubule. 
The formation of this inhibiting substance 
constitutes the first endocrine function of the 
embryonic testis (J.D. Wilson et al., 1981). 
Although the mechanism by which AMH 
acts is unknown, recent evidence suggests 
that it may playa role in germ cell maturation 
(Hirobe et al., 1992). Support for the concept 
that Mullerian regression is an active process 
comes from the human genetic disease (per
sistent Mullerian duct syndrome) in which 
genetic and phenotypic males have Fallopian 
tubes and a uterus, and the male Wolffian 
ducts are also present (Sloan and Walsh, 
1976). This disease is inherited as a recessive 
trait, either autosomal or X-linked, and re
sults from either a failure to produce AMH or 
an inability of the tissue to respond to the 
hormone. One of the main features of this 
disease is the failure of the testis to descend, 
particularly the transabdominal movement of 
the testis. This suggests that AMH plays 
an important role in testicular descent (J.D. 
Wilson et al., 1981; J.D. Wilson, 1989). 

(c) Role of oestrogens 

The embryo is exposed to a wide array of 
hormones as it develops in the uterus. In 
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contrast to androgens, the role of oestrogens, 
especially in the development of the genital 
system, is largely unknown. Oestrogen 
synthesis occurs in both male and female 
embryos prior to implantation, and this oes
trogen may be essential to the process of 
implantation itself. Between 6 and 8 weeks of 
gestation both the ovaries and the testes of 
human embryos initiate characteristic endo
crine function. Thus, the ovary acquires the 
capacity to secrete hormones at the same time 
as the testes (George and Wilson, 1978). If 
the synthesis or response to oestrogens is 
blocked, normal implantation may be pre
vented, resulting in early embryonic death. 
As yet no mutations have been characterized 
that result in either deficient oestrogen syn
thesis or unresponsiveness to its action 
(J.D. Wilson et al., 1981). Later in pregnancy, 
oestradiol formation is initiated in the embry
onic or early fetal ovary before its histological 
differentiation occurs. Oestrogen has also 
been shown to modify the Mullerian duct 
system experimentally, and oestrogen recep
tors have been demonstrated in Mullerian 
ducts of fetal rats and guinea pigs late in 
gestation. However, normal development 
occurs in castrated females, indicating that it 
is not an oestrogen-dependent process. The 
local action of oestradiol may playa role in 
the histological differentiation of the ovary, 
and exposure to diethylstilboestrol (DES), an 
exogenous oestrogen, alters sexual differen
tiation (McLachlan and Newbold, 1987). 
Aside from this, the role that oestrogen plays 
in the development of either sex is not yet 
known. 

6.7 ABNORMAL DEVELOPMENT 

6.7.1 MAJOR MALFORMATIONS OF THE 
REPRODUCTIVE SYSTEM 

(a) Human pseudohermaphroditism 

Female pseudohermaphroditism (FPH) is a 
form of phenotypic sex reversal. Human fe-
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Table 6.12 Critical periods of organogenesis in animals (Reproduced with 
permission from Schardein, 1976) 

Species 

Hamster, golden 
Mouse 
Rat 
Rabbit 
Ferret 
Cat 
Dog 
Guinea pig 
Pig 
Sheep 
Monkey, rhesus 
Monkey, baboon 
Armadillo 
Human 
Cow 
Horse 

Mean duration 
of gestation 

(days) 

16 
19 
21 
31 
43 
63 
63 
68 
114 
150 
168 
175 
225 
278 
284 
336 

Critical perioda 

(days) 

4-14 
7-16 
9-17 
8-21 
8-28 

5--58; 5-15 (most favourable) 
1-48; 8-20 (estimated) 

11-20 
12-34 
14-36 

20-45; 22-30 (most susceptible) 
22-47 
1-30 

20--55 
8-25 

? 

a Period of embryological organogenesis or period of known susceptibility to 
teratogens. 

male pseudohermaphrodites are genetic, XX 
karyotype and gonadal females with nor
mally developed but hypoplastic internal 
genitalia (Table 6.13). 

The genitalia are ambiguous, i.e. male or 
female sex cannot be determined, or they are 
masculinized to a variable degree. A female 
fetus becomes masculinized if exposed to ex
cessive androgens in utero. The androgens 
may be derived from the fetus itself, from a 
maternal source or from an external source 
operating via the mother (Polani, 1981a). The 
degree of masculinization is time dependent. 
If androgen exposure occurs before the 12th 
week of gestation the degree of masculiniz
ation may be so great that the urethral open
ing is penile. On the other hand, if androgen 
exposure occurs after the 12th week of ges
tation, when the vagina has already been 
separated from the urethra, only hypertro
phy of the clitoris will occur (Saenger, 1984; 
Reindollar et al., 1987). These individuals 

may be fertile and bear young once the 
source of the androgens has been removed. 

Congenital adrenal hyperplasia is the most 
common cause of female pseudohermaphro
ditism, causing variable degrees of viriliza
tion of the external genitalia. Female 
pseudohermaphroditism is caused by three 
different forms of congenital adrenal hyper
plasia, 3f3-hydroxylated dehydrogenase 
deficiency, 21-hydroxylase deficiency and 11-
hydroxylase deficiency (New et al., 1981). The 
external genitalia are normal in male fetuses 
exposed to excess testosterone from congeni
tal adrenal hyperplasia. The female fetus 
with congenital adrenal hyperplasia is born 
with a normal uterus and Fallopian tubes 
because it does not possess a testis. Anti
Mullerian hormone is not produced. Thus, 
female genital abnormalities are present only 
in the external genitalia which is androgen 
responsive. The fact that the Wolffian duct 
undergoes complete involution in these cases 
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Figure 6.24 Synthesis of mineralocorticoids, glucocorticoids and sex steroids. (Reproduced with per
mission from Saenger, 1984.) 

suggests that for normal Wolffian duct devel
opment the level of androgen is higher than 
that produced in congenital adrenal hyper
plasia. 

In cases of male pseudohermaphroditism 
(MPH) the individual with a 46XY karyotype 
has testes and possesses ambiguous external 
and internal genitalia or the genitalia re
semble a female. Male pseudohermaphrodi
tism can result from abnormalities in 
testosterone synthesis, testosterone metab
olism or androgen action (Saenger, 1984; 
Reindollar et al., 1987). Five distinct auto
somal recessive disorders have been ident
ified that result in reduced testosterone 
synthesis, caused by a deficiency in one of 
the five enzymes required for conversion of 
cholesterol to testosterone (Figure 6.24). 

In three of these disorders, which involve 
deficiencies of cholesterol desmolase (Kirk-

land et al., 1973; Bongiovanni, 1978), 313-
hydroxysteroid dehydrogenase (Bongio
vanni, 1962; Schneider et al., 1975; Pang et al., 
1983) and 17a-hydroxylase (New, 1970; 
Tourniaire et al., 1976), cortisol as well as 
testosterone is deficient. 

The clinical appearance of patients with 
these enzyme deficiencies is quite variable 
(C.R. King and Pernoll, 1984). The pheno
types range from the male with mild hypos
padias to an apparent female with marked 
ambiguity. The Mullerian system is absent in 
these males because embryonic production of 
anti-Mullerian hormone is not affected by 
errors in androgen synthesis. The W olffian 
system and the external genitalia are virilized 
to a variable degree. 

In two of the disorders there are enzyme 
defects involving deficiencies of 17,20-des
molase (Zachmann et al., 1972; Goebelsmann 
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Figure 6.25 (A) Suggested selective roles of testosterone and dihydrotestosterone in normal male sexual 
differentiation. (B) Findings in males with inability to convert testosterone to dihydrotestosterone due to 
5 a-reductase deficiency. Testosterone-dependent structures are normal, although testes are not de
scended and dihydrotestosterone-dependent structures are not developed. A blind vaginal pouch is 
frequently present. (Reproduced with permission from Saenger, 1984.) 

et al., 1976; Zachmann et al., 1982) and 17-
hydroxysteroid dehydrogenase (Goebels
mann et al., 1973; Givens et al., 1974; Virdis et 
al., 1978; Levine et al., 1980) that primarily 
affect testosterone synthesis by the testes. 
Patients with 17-a-hydroxysteroid dehydro
genase deficiency are thought to be normal 
prior to puberty, however a blind-ending 
vaginal pouch without Mullerian derivatives 
is usually present (Goebelsmann et al., 1973). 
Inguinal testes are usually present and 
gynaecomastia may develop from the peri
pheral conversion of weak androgens to 
oestrogens. 

Male pseudohermaphroditism resulting 
from abnormal testosterone metabolism in
volves a deficiency of Sa-reductase and is the 
first inherited abnormality of steroid metab
olism to be recognized in which the defect 
resides in target tissues (Imperato-McGinley 
et al., 1974). The deficiency is an autosomal 
recessive defect, and causes abnormally low 
conversion of testosterone to DHT, the 
androgen responsible for masculinizing the 

external genitalia of the male fetus (Figure 
6.25). Deficiency in Sa-reductase leads to 
pseudohermaphroditism in males who are 
born with ambiguous genitalia (Saenger, 
1984). The clitoris is enlarged and often has a 
ventral urethral groove. A urogenital sinus is 
present and either a single orifice or separate 
urethral and vaginal orifices are present, de
pending upon the degree of masculinization. 
At puberty, the clitoris and the testes enlarge 
and the testes descend into the labioscrotal 
folds. A male phenotype develops, the voice 
deepens, and frequent erections occur. 
Because DHT does not play a role in female 
sexual differentiation or pubertal maturation 
homozygous females have a normal pheno
type and are fertile (R.E. Peterson et al., 
1977). See Table 6.13. 

(b) Animal pseudohermaphroditism 

The spontaneous incidence of this condition 
has been reported only occasionally for ani
mals, especially when compared with con-
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ditions such as freemartinism, which are 
much more common (Benirschke, 1981). Both 
male and female pseudohermaphroditism 
have been observed in dogs (Phillips et al., 
1939; Fralick and Murray, 1948; Schultz, 1962; 
Curtis and Grant, 1964; McFeely and Biggers, 
1965; Murti et al., 1966; McFeely et al., 1967) 
and are apparently more common in cocker 
spaniels. In 48 cases of canine intersex, 16 
were found in cocker spaniels (Hare, 1976). 
Of these, nine were male pseudohermaphro
dites with either scrotal or inguinal testes 
with ambiguous genitalia and 78XX karyo
types. Rieck (1973) reported on a fema~e 
pseudohermaphroditic co~ wi~~ atrophIc 
ovaries. Bruere et al. (1969) IdentifIed a male 
pseudohermaphrodite with ~o~al 54XY 
chromosomes. The external gerutaha were fe
male and testes were present in the ovarian 
positions but no uterus was present. 
Although intersex is common in goats (Koch, 
1961) only a small number of pseudoher
maphrodites have been reported (Basrur and 
Coubrough, 1964). The caprine male p~eud?
hermaphrodite is an example of an. a~~al In 
which testes develop in an XX IndIVidual 
lacking a Y chromosome (N.W. King, 1978). 
The presence of the homozygous autosomal 
dominant gene for polledness (absence ?f 
horns) in genetic female goats also results In 
male pseudohermaphroditism, or, some
times, true hermaphroditism (Eaton, 1943; 
Soller et al., 1969). The European roe deer has 
a relatively high incidence of both pseudo
and true hermaphroditism (Koch, 1961). 
Benirschke (1981) examined the autopsy re
ports of 3000 mammals from the San Diego 
Zoo and found only three intersex states. All 
three animals, a Nubian goat, a Himalayan 
goat and a Uganda kob, possessed character
istics of male pseudo hermaphrodites with 
testes and external genitalia which were 
ambiguous or female. 

(c) True hermaphroditism 

This is a relatively rare condition in humans. 
Abnormal differentiation of both external and 
internal genitalia also occurs and the gonads 
are usually classified as ovary-testis or 
ovotestes-{)vary (Van Niekirk, 1981). In the 
true hermaphrodite ovarian and testicular 
tissue coexist. Approximately 80% of indi
viduals studied have 46XX karyotypes, 10% 
have 46XY and 10% have mosaicism. 
Assigning sex may be difficult except where 
ovarian and testicular tissues are aligned end
to-end; in these individuals differentiation is 
straightforward (Saenger, 1984; Reindollar et 
al., 1987). In true hermaphrodites the fetal 
testis may inhibit Fallopian tube develop
ment but development of the uterus is not 
suppressed. The testicular tissue is defectiv.e 
in secreting androgens and the anti
Mullerian factor. This deficiency in testicular 
function leads to inadequate virilization of 
the external genitalia and the failure to inhibit 
Mullerian duct development. 

The cause of true hermaphroditism is still 
unclear. In those cases with a 46XY karyo
type, there may be chimerism or mosaicism 
which is undetected; in 46XX sex chromo
some mosaicism, Y-X interchange, Y
autosome translocation and single-gene mu
tation are possible causes (Wachtel et al., 
1976). In patients with 46XX the immunolo~
cal detection of H-Y antigen suggests that In 
many individuals X-Y interchange or a Y
autosome translocation may, in fact, take 
place. Additional support for t~s theory 
comes from two patients with a mInute addi
tional band on the short arm of one of the X 
chromosomes. The involvement of a Y
chromosome translocation that is too small 
for cytological detection may account for 
testicular differentiation in true hermaphro
dites with a 46XX karyotype (Saenger et al., 
1976; Wachtel et al., 1976). 

Clinically, sex designation should be based 
on the appearance of the external genitalia 
(Saenger, 1984). With regard to surgical cor-



rection, in patients with an end-to-end 
arrangement of the ovary and testis, the 
ovarian tissue may be saved but in those 
individuals with an ovotestis the entire struc
ture must be removed (Van Niekirk, 1974). 
Breast development and virilization may 
occur at puberty if the ovotestis is left in 
place. Menstruation occurs in two-thirds of 
the patients with a uterus (J.L. Simpson, 
1976). 

Only two true hermaphrodites have been 
reported in primates. Sullivan and Drobeck 
(1966) reported that the external and internal 
organs in a female rhesus monkey were nor
mal except for the presence of bilateral typical 
ovotestes. The cortex of the ovaries contained 
primordial ova and the central portions con
tained closely packed tubules and some inter
stitial tissue. Sex chromatin-positive cells 
were also identified. Much earlier Harlan 
(1826) described a 2-year-old Bornean orang
utan, though his description of hair colour 
suggests that this animal was in fact a gibbon 
(Ruch, 1959). The penis had a hypospadic 
groove, and a vulva, vagina and a bifid 
scrotum were present. The testes were 
undescended, the epididymis was present 
but the seminal vesicles were absent. A nor
mal uterus, uterine tubes and ovaries were 
present. Ruch (1959) states that this animal 
was mistakenly reported as hermaphrodite 
and was probably a normal female. The long 
pendulous nature of the clitoral skin in spider 
monkeys, a normal feature of the external 
genitalia in this species, is misleading and 
intersexuality is often erroneously suspected. 

True hermaphrodites have been observed 
in cats but at a low incidence (Centerwall 
and Benirschke, 1973; Benirschke, 1981). 
In the dog, true hermaphrodites are more 
commonly reported but only a few cases 
have been documented chromosomally 
(Benirschke, 1981). True hermaphrodites 
have been reported in beagles, terriers, 
setters, cocker spaniels and in unspeci
fied breeds (N. W. King and Garvin, 1964; 
Vandevelde, 1965; McFeely et al., 1967; 
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Gerneke et al., 1968; Pullen, 1970; Selden et 
al., 1978; Dain and Walker, 1979). The most 
common chromosomal complement ob
served in these studies was XX and a smaller 
number of XXY cells. True hermaphrodites 
are also rare in cattle (McFeely et al., 1967; 
Dunn et al., 1968, 1970) and great care must 
be taken to distinguish them from free
martins by employing genetic techniques. 

True hermaphrodites have not been 
reported in horses but a variety of aneuploid 
states, mainly, the 63XO condition, is rela
tively common (Benirschke, 1981). A review 
by Giovanni and Cribiu (1978) on chromo
somal and sex anomalies in horses included a 
total of 23 cases reported in the literature. 
True hermaphroditism, with ovotestis or 
unilateral testis as well as uteri and Barr 
bodies, has been reported in pigs (Johnston et 
al., 1958). Basrur and Kanagawa (1971) found 
one of three true hermaphrodites to be an 
XXlXY whole-body chimaera. The two others 
had bilateral ovotestes, uterus and female 
external genitalia and were 38XX. Maik (1969) 
found XX lymphocytes in 25 intersex pigs, 
including many who were true hermaphro
dites. True hermaphroditism among goats is 
uncommon (Koch, 1961). This is somewhat 
surprising since the frequency of genital 
defects is common (Benirschke, 1981). 
Genital anomalies in artiodactyla have been 
occasionally observed (Benirschke, 1981). 

True hermaphrodites are uncommon in 
rats, hamsters and guinea pigs. In the rat at 
least one ovotestes was observed in those 
reported as true hermaphrodites (D.C. John
son, 1966; Kikuchi et al., 1977; N.W. King, 
1978), and only one true hermaphrodite has 
been reported in the rabbit (Sheppard, 1943). 
A few spontaneous true hermaphrodites 
have been observed in other strains of mice 
(Lyon, 1969; N.W. King, 1978). 

(d) Testicular feminization 

Testicular feminization (TF) is a form of 
male pseudohermaphroditism in which the 
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gonads are testes and are frequently found in 
the inguinal canal, and the external genitalia 
are those of a normal female. In testicular 
feminization the karyotype is 46XY. Under 
the influence of the Y chromosome, the 
gonads differentiate as testes and secrete 
testosterone and dihydrotestosterone (DHT). 
The condition is rare, inherited and is deter
mined by a recessive gene. There is no re
sponse to testosterone or DHT because of a 
receptor defect caused by a gene mutation on 
the X chromosome (Migeon et al., 1981a; 
Brown and Migeon, 1986) and phenotypic 
females develop. In these female fetuses the 
testis secretes an anti-Mullerian hormone and 
there is a suppression in development of the 
Fallopian tubes, uterus, and upper third of 
the vagina (Migeon et al., 1981b). 

Testicular feminization may be detected at 
birth by the presence of inguinal hernia or 
after puberty by primary amenorrhoea. At 
puberty, the external genitalia are unambigu
ously female, the clitoris is normal in size and 
the breasts are normally developed. The 
vagina usually ends blindly, and may be 
shortened, depending on the relative contri
bution of the Mullerian ducts and the uroge
nital sinus to its formation (Migeon et al., 
1981b). Typical of prolonged cryptorchidism, 
spermatogenesis does not occur. 

Androgen production in these cases is nor
mal or may be higher than normal (Griffin 
and Wilson, 1980). The higher levels of 
androgen are probably secondary to elevated 
levels of luteinizing hormone, which may 
be due to a deficient feedback regulation 
caused by resistance to androgen at the 
hypothalamic-pituitary level. Higher levels 
of androgen result in the testes producing 
more oestrogen, which contributes to the 
appearance of normal female secondary sex 
characteristics at puberty. The resistance to 
androgen is caused by abnormalities of the 
androgen receptor. At least two genetic vari
ants exist; the receptor-negative variant is 
characterized by undetectable DHT binding 
to the cytosol of fibroblasts and is caused by 

absence of the receptor protein or by changes 
in the structure of the receptor, resulting in a 
temperature-dependent loss of affinity for 
the steroid. The presence of unstable recep
tors has been observed in both complete 
and incomplete testicular feminization. The 
receptor-positive variant has both normal 
cytoplasmic and nuclear binding of DHT. It 
may represent a defect that is distal to the 
receptor, i.e. the generation site of specific 
messenger RNA in the nucleus (Amrhein et 
al., 1976; Griffin, 1979). These two variants 
are important, especially in patients with in
complete testicular feminization. An infant 
with XY karyotype and inguinal testes and 
complete female external genitalia with 
undetectable androgen binding may be 
expected to feminize spontaneously at pu
berty. On the other hand, an infant with 
normal androgen binding may not be com
pletely insensitive to androgens and may viri
lize at puberty (Saenger et al., 1980). 

Testicular feminization is less common in 
most animal species (Benirschke, 1981). Nes 
(1966) described a form of testicular feminiz
ation in cattle. Shaver (1967) described two 
female intersexes in rabbits with apparently 
normal XY karyotypes. They possessed testes 
containing spermatogonia but the seminifer
ous tubules lacked lumina. The Mullerian 
ducts were absent and the vaginas ended 
blindly, thus they can be interpreted to rep
resent cases of testicular feminization. This 
syndrome has been characterized in the rat 
(Bardin et al., 1970) and in the mouse (Lyon 
and Hawkes, 1970) with male pseudoher
maphroditism. King-Holtzman rats also have 
features resembling testicular feminization 
with normal male karyotypes (Allison et al., 
1965). The pattern of inheritance in the rat is 
the same as that for man (Benirschke, 1981). 
It affects males only and is transferred as an 
X-linked recessive character or possibly as a 
sex-limited autosomal dominant trait (Stanley 
and Gumbrech, 1964). In these cases the scro
tum does not form, the testes are in the ingui
nal position and spermatogonia are present. 



The affected rats resemble some human cases 
of testicular feminization in that they show 
some resistance to androgen (Lyon et al., 
1981). In mice with testicular feminization the 
karyotype is XY and they are positive for H-Y 
(Lyon and Hawkes, 1970). The mice have 
blind vaginas, no uteri and the epididymides 
and vasa deferentia are small or absent. The 
testes, located in the inguinal region, contain 
spermatogonia and the trait is X linked. 

Freemartinism, the most common form of 
sex differentiation altered by hormones, 
occurs most often in cattle and, much less 
commonly, in sheep, goats and pigs (Noden 
and deLahunta, 1985). The gonad of the ster
ile intersex female twinned to a normal male 
displays various forms of testicular organiz
ation and has an XX karyotype. This con
dition results from an anastomosis of the 
extraembryonic chorioallantoic blood vessels 
of the twins about a week before gonadal 
differentiation and allows for passage of fetal 
hormones and blood cells from one twin to 
another. Primary germ cells may also pass 
between twins and localize in the gonad but 
their fate is unknown. The gonadal sex rever
sal of freemartins is due to the passage of a 
substance promoting testicular development, 
presumably H-Y antigen, from the develop
ing male twin to the female twin (N oden and 
deLahunta, 1985). Even though seminiferous 
tubules develop in the genetically female 
testes, spermatogenesis does not occur, prob
ably because XX germ cells cannot form sper
matocytes. Inhibition of the paramesonephric 
duct and differentiation of the mesonephric 
duct are variable. Male duct differentiation is 
most advanced in the region most proximal 
to the gonad as a result of production of 
androgens from the sex-reversed freemartin 
gonad. The external genitalia of the freemar
tin calf are predominantly female, although 
there is usually some evidence of virilization 
due to the circulating androgens. It is of inter
est to note that, even though twin marmoset 
monkey fetuses of opposite sex often share a 
common circulation as a result of placental 
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blood vessel fusion, the normal development 
of the female fetus is unimpaired. 

Both chima eric and mosaic animals offer 
interesting opportunities for the study of 
more than one genotype within one organ
ism. In a mosaic animal, because of mitotic 
non-disjunction or chromosomal loss, all 
genotypes originate from a single zygotic 
genotype. The expression of trisomy and the 
accompanying abnormalities depend on 
when during cleavage non-disjunction occurs 
and where the affected cells are located. 

Chima eric animals also have more than 
one genotype but they are derived from two 
or more zygotic genotypes and they can be 
produced by transplanting tissue or blasto
meres from one animal to another. Chimaeric 
animals are valuable models for the study of 
placental function and maternal-fetal inter
actions. The most common naturally occur
ring chimaeras are believed to be due to 
fusion of zygotes with fertilized polar bodies 
or by the fusion of two cleavage-stage em
bryos (Noden and deLahunta, 1985). 
Numerous other disorders of sexual develop
ment occur in animals and man but they are 
beyond the scope of this book (Benirschke, 
1981; Polani, 1981a,b). 

6.7.2 EXPERIMENTAL TERATOLOGY 

General conditions for the occurrence of mal
formations have become evident from the 
numerous studies that have been conducted 
in laboratory animals as experimental models 
or for the purpose of testing the safety of 
drugs and chemicals for human use or ex
posure. From these studies principles of the 
science of teratology have been formulated 
(J.G. Wilson, 1973; J.G. Wilson and Fraser, 
1977; Persaud et al., 1985; Schardein, 1985) 
which provide useful guidelines in deter
mmmg susceptibility to teratogenesis. 
Susceptibility to teratogenesis is dependent 
upon an interplay of the following: species, 
stage of prenatal development, dosage, route 
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of administration and teratogenic mechan
isms. 

(a) Species 

All species are not equally sensitive to terato
genesis by a given teratogen. Some of these 
species differences are due to genetic factors 
but such things as variability in litter re
sponse observed even in inbred animals is 
not attributed· only to genetic factors. 
Observed species differences may also result 
from differences in the intrinsic sensitivities 
of the target tissues and pharmacokinetic 
differences that determine the crucial 
concentration-time relationships in the em
bryo. These include maternal absorption, dis
tribution, protein binding, metabolism and 
excretion as well as placental transfer (Nau, 
1987). Kalter (1968) reported that inter- and 
intra-species variability in teratogenic re
sponse may be manifested in the following 
ways: 

1. An agent that is teratogenic in some 
species may have little or no teratogenic 
effect in others. 

2. A teratogenic agent may produce similar 
defects in various species, but the defects 
will vary in frequency. 

3. A teratogenic agent may induce certain 
defects in one species that are completely 
different from those induced in other 
species. 

Numerous examples exist to amplify the 
point of inter- and intra-species variability. 
Man and higher primates are highly vulner
able to thalidomide, rabbits react in a some
what similar fashion, but require a higher 
dosage; most other animals, including rats, 
are more resistant to thalidomide teratogene
sis. Mice are generally susceptible to the in
duction of cleft palate by cortisone, hamsters 
and guinea pigs less so, and rats are usually 
refractory to this action. Aspirin at doses suf
ficient to induce cleft lip and other defects in 
mice have no effect in guinea pigs and mon-

keys (Trasler, 1965; Tanimura, 1972; Kromka 
and Hoar, 1973). 

There are also genetic differences within 
given strains or breeds of the same species 
which influence teratogenesis. As an 
example, cortisone induced cleft palate 100% 
of the time in the AIJ strain of mouse, while 
only 20% of the fetuses in the C57 Bl/6} strain 
had cleft palate exposure to a similar dosing 
regimen (Kalter, 1968). Both the maternal and 
fetal genotypes play an important role in the 
response to cortisone through cleft palate 
induction. Other factors which are variables 
in strain susceptibility to teratogenic agents 
are maternal parity and weight, fetal weight, 
number of young, maternal basal metabolic 
rate, size and constitution of the placenta, 
intrauterine associations, fetal and maternal 
production of hormones and maternal utiliz
ation of vitamins and other essential sub
stances (Schardein, 1976). 

(b) Stage of prenatal development 

It is generally accepted that drugs and chemi
cals must be administered during organogen
esis in order to induce teratogenesis. The 
importance of this principle can be appreci
ated by the fact that in thalidomide teratoge
nesis it was the time of treatment rather than 
the dosage that was the decisive factor 
G.G. Wilson, 1972). The organogenic period, 
the critical period for teratogenesis, varies 
among the species and is partly dependent 
upon the length of gestation (Table 6.12). It 
has been generally held that the conceptus is 
resistant to production of malformations dur
ing the predifferentiation period, i.e. the time 
from fertilization to the onset of organ differ
entiation (Figure 6.26). 

However, there is growing evidence from 
studies in rodents that chemical exposure 
during preimplantation can cause subtle non
lethal mutations that result in shifts in the 
developmental programme of the embryo. 
The deleterious effects can range from intra
uterine mortality to growth retardation 



and frank malformations (see review by 
Iannaccone et al., 1987). Additionally, expo
sure to developmental toxins (e.g. alcohol 
and hyperthermia) during the period of gas
trulation has been associated with brain and 
facial anomalies in experimental animals and 
humans (Webster et al., 1988). 
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changes and a particular organ is developing 
most rapidly. In the human this occurs dur
ing the third and eighth weeks of gestation 
(Figure 6.27). 

Ironically, the period of greatest susceptibi
lity begins before pregnancy is usually diag
nosed or is even suspected by many women. 
Following organogenesis, 9 weeks to term, 
the fetus becomes progressively less suscep
tible to teratogenesis. The most important 

The time of greatest teratogenic insult 
usually corresponds to the time when the 
embryo is undergoing marked morphological 
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Figure 6.26 Periods of susceptibility to teratogenesis. (Reproduced with permission from Sadler, 1985.) 
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Figure 6.27 Susceptibility to teratogenesis for organ system (solid bar denotes highly sensitive periods). 
(Reproduced with permission from Sadler, 1985.) 

features of the fetal period are marked histo
genetic changes, rapid growth and functional 
maturation. 

Administration of drugs that are dissolved, 
absorbed, metabolized and excreted rapidly 
can be confined to the period of organogen
esis. This is the way most drugs are routinely 
tested. However, the activity of drugs that 
are absorbed or metabolized more slowly 
may occur outside the organogenic period 
and result in absence of a teratogenic effect. 
This factor explains why some drugs and 
chemicals administered outside (before or 
after) the critical period have shown teratoge
nic activity, and it also constitutes one of the 
common pitfalls in teratogenic testing. 

(c) Dosage 

The dosage of a potential teratogenic agent is 
very critical with regard to susceptibility to 
teratogenesis. In most instances the dosage 
of a teratogenic agent is within a narrow zone 

between that which will kill the fetus and that 
which has no discernible effect. It is only 
those doses that are sufficient to interfere 
with specific developmental events that are 
teratogenic, thus all doses are not teratoge
nic. The embryo is usually more susceptible 
to drugs than the adult; this is mainly be
cause of the specific vulnerability of certain 
embryonic cells that is no longer present in 
the corresponding adult cells. Exposure of 
the embryo to greater concentrations of the 
drug than the adult is also possible. This may 
be due to the lack of development of the 
necessary enzymes in the embryo which are 
necessary for detoxification (Tuchmann
Duplessis, 1970). 

There is considerable controversy concern
ing the relationship of embryolethality and 
malformation. Several authorities state that 
these two manifestations of abnormal devel
opment are different degrees of reaction to 
the same stimuli, with the rate of embryonic 
death and the rate and severity of malforma-



tions increasing in a somewhat parallel 
fashion as the dosage is increased (J.G. Wil
son, 1959; Beck and Lloyd, 1963). These same 
authorities also state that the embryo has a 
threshold to dosage, above which irreparable 
alterations occur, resulting in malformation, 
or, secondarily, death. Other investigators 
claim that the correlation between embryo
lethality and malformation does not always 
exist, nor are these two manifestations of ter
atogenicity necessarily related (Tuchmann
Duplessis 1965, 1970; Gebhardt 1970; Kalter 
1980; J.G. Wilson 1980). 

In experimental settings, and probably in 
situations where accidental exposure to an 
environmental teratogen might occur, a suit
able dosage of a teratogen usually results in 
the production of some normal offspring, 
some malformed offspring and some dead or 
resorbed offspring. Depending on the agent 
and the conditions of exposure, less common 
patterns of response may involve the pro
duction of intrauterine death in the absence 
of malformations (Neubert et al., 1980) (see 
section 6.7.4, Teratogenicity of environemt
nal agents) or vice versa. Experimentally, the 
selection of the proper dose level is, thus, of 
paramount importance. Teratogenicity, as in 
other toxicological studies, is governed by 
dose-response relationships. The response 
curve is usually quite steep and is of great 
significance in determining a true teratogenic 
effect. 'No effect' levels also have been 
shown for teratogens that have undergone 
realistic testing, however there is usually 
no relationship between teratogenicity 
and chemical structure or pharmacological 
properties of a drug. 

(d) Route of administration 

The route of administration of the teratogenic 
agent can influence the outcome of the ex
periment. For teratological testing it is 
usually recommended that the route (oral, 
parenteral, etc.) employed in human thera
peutic use be used. The differences which 
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occur in teratogenic response in many experi
mental studies are often due to the different 
routes of administration of the teratogenic 
agent. These responses are mostly related to 
differences in absorption and concentration 
of the drug, duration of exposure and speed 
of release, or to differences in metabolic fate 
and the nature of the metabolites reaching 
the embryo. As an example, hypervitamino
sis A, a potent teratogenic procedure in ani
mals, requires oily solutions of the vitamin to 
be effective orally. 

To determine teratogenic mechanisms a 
number of unique methods of administering 
drugs have been employed. Turbow and 
Chamberlain (1968) used intra-amniotic 
injections to determine the direct effect of 
6-aminonicotinamide on rat embryos. Wilk 
(1969) placed a millipore filter containing 
small amounts of chlorcyclizine directly on 
the amniotic sac or placenta of rats to demon
strate that the drug had a local action. 
W.J. Scott (1970) injected the diuretic drug 
acetazolamide into the yolk sac andlor deci
dua capsularis or into the exocoelom to pro
duce the typical forelimb defect seen when 
given the drug orally. 

6.7.3 TERATOGENICITY OF SEX STEROIDS 

Little is known about the mechanisms of tera
togenic action even though there is a wealth 
of information on the embryonic and fetal 
effects of drugs and chemicals in laboratory 
animals. J.G. Wilson (1973) has presented a 
sequence of metabolic and developmental 
events which may account for most abnormal 
development (Figure 6.28). 

Hypothetically a sequence of molecular 
events occurs between the primary teratoge
nic insult and the final morphological defect; 
increased attention has been directed 
towards elucidating teratogenic mechanisms 
using a variety of experimental approaches, 
including in vitro culture and pharmacokine
tics (McLachlan et al., 1987, Welsch 1987). 
Beckman and Brent (1984) have summarized 



628 Normal and abnormal embryo-fetal development in mammals 
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Figure 6.28 Schematic summary of initial cellular reactions and different types of pathogenesis converg
ing into a final common pathway. (Reproduced with permission from J.G. Wilson, 1973.) 

the mechanisms of action of known develop
mental toxins which may account for their 
embryopathy in humans. 

Sex steroids 

For the last several decades there has been 
much concern over the association between 
exogenous hormone therapy and a variety of 
birth defects. Worldwide clinical use of fe
male sex hormones includes oral contracep
tion, treatment for habitual or threatened 
abortion, management of dysmenorrhoea 
and dysfunctional uterine bleeding, anti
neoplastic therapy and, formerly, pregnancy 
testing. 

Sex steroidal hormones, natural and syn
thetic, delivered singly or in combination, 
have been studied in several species of lab
oratory rodents, lagomorphs and non-human 
primates. Although there is a relatively wide 
range of embryotoxic effects reported for 
both the natural and synthetic oestrogens, 
there is no definable pattern; it appears that 
embryo or fetal death is common but terato
genicity very rare (Table 6.14). 

These results reflect the known abortifa
cient effect of these compounds (McLean
Morris and van Wagenen, 1973; Neumann et 
al., 1974). Genital tract abnormalities, includ
ing feminization of male fetuses and mascu
linization of female fetuses, have been 
reported in rodents exposed to some of these 
compounds during the period of sexual dif
ferentiation (Table 6.14). 

Diethylstilboestrol (DES) has also been 
associated with genital tract anomalies in sev
eral test species. No one species precisely 
mimics the human response to in utero DES 
exposure which includes anatomical anomal
ies in the upper vagina, cervix and uterus, 
adenosis and clear cell adenocarcinoma in 
exposed females and oligospermia, vario
coeles, epididymal cysts, cryptorchidism and 
testicular hypoplasia in exposed males 
(W.B. Gill, 1988; Rotmensch et al., 1988). 
Similar reproductive anomalies in treated off
spring of mice, rats, hamsters and rhesus 
monkeys have been observed (Khera, 1984; 
Walker, 1984; Hogan et al., 1987). 

While little or no teratogenicity has been 
reported in laboratory studies involving pre-
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Table 6.14 Developmental toxicity of oestrogens in laboratory animals 

Compound Species Developmental Reference 
toxicity" 

Oestradiol Mouse GT Raynaud (1958), Jean (1966) 
dipropionate 

Mouse NGT Raynaud (1942) 
Mouse, rat E,NGT Jean and Jean (1970), Jean (1971) 
Rat E,GT Greene et al. (1940) 
Rhesus monkey N van Wagenen and Morse (1944), 

McLean-Morris and van Wagenen (1966) 

Oestradiol 17-beta Mouse GT Kimura (1975) 
Rat E Bodyazhina and Roganova (1966) 
Rabbit E McLean-Morris and van Wagenen (1956) 

Oestradiol benzoate Mouse E,NGT Nishihara (1958) 
Rat E Freire (1955) 
Rat GT Bengmark (1958) 

Oestradiol valerate Rat E,NGT Ornoy (1973) 

Oestriol Rhesus monkey N McLean-Morris and van Wagenen (1973) 

Oestrone Mouse E,NGT Nishihara (1958) 
Rat E Bodyazhina and Roganova (1966) 
Rhesus monkey N van Wagenen and Morse (1944) 

Ethinyloestradiol Rabbit E McLean-Morris and van Wagenen (1966) 

Mestranol Rabbit E Saunders and Elton (1967) 
McLean-Morris and van Wagenen (1966) 

Diethylstilboestrol Mouse GT Newbold and McLachlan (1982) 
(DES) 

Rat GT Vorherr et al. (1979) 
Guinea pig N Davies et al. (1985) 
Hamster GT T.M. Wilson et al. (1986) 
Rabbit E McLean-Morris and van Wagenen (1966) 
Rhesus monkey GT Hendrickx et al. (1979), L.D. Johnson 

(1984) 
Cebus monkey GT L.D. Johnson et al. (1981) 

a N, no effect; E, embryolethality; GT, genital teratogenicity; NGT, non-genital teratogenicity. 

natal administration of progesterone or its 
hydroxy analogue, the effects of in utero ex
posure to synthetic progestins include 
embryolethality, genital defects and/or non
specific malformations in non-genital organs 
(Table 6.15). 

Persistence of Wolffian ducts, clitoral 
hypertrophy, increase in anogenital distance, 
fusion of labioscrotal folds and inhibition of 
normal vaginal, oviductal and ovarian devel
opment are among the defects that have been 
reported in masculinized female fetuses. 



630 Normal and abnormal embryo-fetal development in mammals 

Table 6.15 Developmental toxicity of progestins in laboratory animals 

Compound Species Developmental Reference 
toxicitya 

Progesterone Mouse N Gabriel-Robez et al. (1972) 
Rat N Nalbandov (1958), Coyle et al. (1976) 

E Piotrowski (1971), Bartholomeusz 
and Bruce (1976) 

Rabbit GT Piotrowski (1969, 1971) 
Rhesus monkey N Wharton and Scott (1964) 

Hydroxyprogesterone Mouse E Seegmiller et al. (1983) 
caproate 

Rat N H. Jung and Peters (1967) 
Rhesus monkey N Courtney and Valerio (1968) 
Rhesus and cyno- E Hendrickx et al. (1987a) 

molgus monkey 

Norethindrone Rhesus monkey E,GT Wharton and Scott (1964) 
Rat GT Goldman and Bongiovanni (1967), 

Neumann et al. (1964) 

Norethynodrel Mouse E, GT, NGT Gidley et al. 1970 
Rat N Peterson and Edgren 1965 

E,GT Roy & Kar 1967 

Norethandrolone Rat E Neuweiler and Richter (1964) 

Norgestrel Rat E Dasgupta et al. (1973) 

Medroxyprogesterone Mouse N Andrew and Staples (1977) 
acetate (MP A) E,NGT Eibs et al. (1979) 

Rat N Andrew and Staples (1977) 
Bruce and Bartholomeusz (1976) 

GT Suchowsky and Junkman (1961) 
Leamer et al. (1962), Neumann et al. 

(1974) 
Rabbit E,NGT Andrew and Staples (1977) 

N Bruce and Bartholomeusz (1976) 
Cynomolgus monkey GT,NGT Prahalada et al. (1985a) 
Baboon GT, NGT Prahalada et al. (1985b) 

Chlormadinone 
acetate Mouse, rabbit E,NGT Takano et al. (1966) 

Ethynodiol diacetate Rat N Saunders and Elton (1967) 
Rabbit E Saunders and Elton (1967) 

a N, no effect; E, embrylethality; GT, genital teratogenicity; NGT, non-genital teratogenicity. 
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Table 6.16 Developmental toxicity of progestin-oestrogen combinations in laboratory animals 

Compound 

Norethynodrel and 
mestranol 

Norgestrel and 
ethinyloestradiol 

Ethynodiol diacetate 
and mestranol 

Norethisterone and 1 % 
mestranol 

Norethynodrel and 2% 
mestranol 

Progesterone and 
oestradiol benzoate 

Hydroxyprogesterone 
caproate and oestra
diol benzoate 

Species 

Mouse 

Rat 

Rat, rabbit 

Mouse, rabbit 

Mouse 

Rat 

Rhesus and cyno-
molgus monkey 

Rat 

Hydroxyprogesterone Rhesus monkey 
caproate and 
oestradiol valerate 

Norethindrone acetate Rhesus monkey 
and ethinyloestradiol 

Developmental Reference 
toxicitya 

N Abbatiello and Scudder (1970) 

N Edgren and Clancy (1968) 

N Saunders and Elton (1967) 

E Takano et al. (1966) 

E Takano et al. (1966) 

E,NGT Harkert and Von-Kreybig (1979), 
H. Jung and Peters (1967) 

E Hendrickx et al, (1987b) 

E H. Jung and Peters (1967) 

E Hendrickx et al. (1987a) 

E Prahalada and Hendrickx (1983) 

Rhesus monkey and E 
baboon 

Hendrickx et al. (1987b) 

Hendrickx et al. (1987b) Cynomolgus monkey E, GT 

a N, no effect; E, embryolethality; GT, genital teratogenicity; NGT, non-genital teratogenicity. 

Observed feminization effects include per
sistence of Mullerian ducts, hypospadias, 
cryptorchidism, testicular atrophy, arrested 
spermatogenesis and inhibition of prostate 
development in exposed males. 

Studies using various sex steroid combi
nations have shown few or no teratogenic 
effects in non-genital organs and embryo
lethal effects only at the highest doses admin
istered (Table 6.16). 

Genital organ malformations (i.e. mascu
linization of female fetuses) have been ob
served at excessive doses of norethindrone 
and ethinyloestradiol administered to cyno
molgus monkeys (Hendrickx et al., 1987b). 

In summary, the animal studies involving 
prenatal administration of natural or syn
thetic progestins and oestrogens alone, or in 
combination, have elicited embryolethality 
and malformations of the genital system with 
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no apparent effect on non-reproductive 
organs. The lack of clear association between 
exogenous hormone exposure during human 
pregnancy and non-genital teratogenicity 
(Schardein, 1980; J.G. Wilson and Brent, 
1981; Wiseman and Dodds-Smith, 1984; Katz 
et al., 1985) is supported by the animal data. 

It is evident from the data presented above 
that a number of sex hormones (i.e. oestro
gens, diethylstilboestrol and some synthetic 
progestins) interfere with normal genital 
system development. J.G. Wilson and Brent 
(1981) have attributed the alterations ob
served in both animal and human intersexes 
to the prenatal influence of hormones which 
are heterologous to the fetal genetic sex. 
Thus, intersexuality (masculinization or fem
inization) consists of partial or complete 
retention of duct derivatives and external 
genitalia characteristic of the opposite sex as 
well as some degree of suppression of normal 
reproductive organ development. This per
turbation in the fetal hormone-target organ 
relationship is considered a specialized tera
togenic response. Until recently, little con
sideration had been given to the effects of 
steroid hormones and brain development 
(McEwen, 1987). Rodent studies indicate that 
abnormal levels of systemic gonadal hor
mones during brain differentiation may lead 
to permanent functional and structural 
changes in the brain which are associated 
with reproduction dysfunction (Arai et al., 
1988). Future studies will expand our knowl
edge in this area, especially the action of 
environmental chemicals on brain develop
ment and behaviour. 

Although the mechanism of hormonal
induced effects on prenatal sexual maturation 
is not well-understood, the possibilities 
include: 

1. disruption of normal steroid synthesis 
andlor metabolism; and 

2. interference with the normal steroid
receptor interaction. 

Studies designed to explain the paradoxical 

effect of medroxyprogesterone acetate (MPA) 
on differentiating male and female external 
genitalia have shed some light on this topic. 
Three enzyme inhibition mechanisms have 
been proposed as possible mechanisms of 
MPA action: 

l. inhibition of 3~-hydroxysteroid dehydro
genase, which results in an abnormal 
biosynthetic pathway leading to absence 
of androgen in male fetuses and pro
duction of weak androgens capable of vir
ilizing the female fetus (Goldman and 
Bongiovanni, 1967); 

2. blockage of 5a-reductase which is essen
tial for conversion of testosterone to 
dihydrotestosterone (Voight and Hsia, 
1973); 

3. direct inhibitory action on testicular ster-
oidogenesis (Rosenthal et al., 1983). 

That MP A might elicit its effects via inter
action with receptors for sex steroids has also 
been proposed. Receptor studies in rats 
(Cupceancu and Neumann, 1969) indicate 
that MPA may have weak androgenic 
activity. This could result in the occupancy of 
androgen receptors and subsequent blocking 
of more potent endogenous androgens to 
produce an anti-androgenic (i.e. feminizing) 
effect in males. Conversely, a weak androgen 
receptor stimulation in females might be suf
ficient to produce virilization. 

6.7.4 TERATOGENICITY OF 
ENVIRONMENTAL AGENTS 

Drugs and other environmental chemicals 
have been studied in various animal species 
to determine their embryotoxic potential (see 
reviews by Hemminki and Vineis, 1985 and 
F.M. Sullivan and Barlow, 1985; Schardein 
and Keller, 1989). The focus of this section 
will be on a review of the data on embryo
toxic effects of some of the environmental 
chemicals in animals and humans. 

The toxic potential of metals is of special 
concern since these compounds may be bio-
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Table 6.17 Developmental toxicity of metals in laboratory animals 

Compound Species 

Mercuric oxide Rat 
Mercuric acetate Hamster 
Methylmercury Mouse 

hydroxide 
Methylmercury Cat 

chloride 
Lead acetate Hamster 
Lead nitrate Hamster 

Rat 
Lead chloride Hamster 
Tetraethyllead Rat 

Rat, mouse 
Tetramethyllead Rat 
Trimethyllead Rat 
Cadmium chloride Rat 
Chromium trioxide Hamster 
Manganese chloride Hamster 
Nickel (carbonyl) Rat 
Nickel (chloride) Mouse 
Selenium (sodium Mouse 

selenite) 
Tellurium Rat 

Teratogenicitya 

+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 

Developmental 
toxicityb 

E,M 
E,Gr,M 
E,Gr,M 

E,M 

M 
M 
M 
M 
E,Gr 
E,Gr 
E,Gr 
E,Gr 
E,M 
E,M 
E 
Gr,M 
E,Gr,M 
Gr 

M 

Reference 

Rizzo and Furst (1972) 
Gale and Ferm (1971) 
Su and Okita (1976) 

Khera (1973) 

Ferm and Carpenter (1967) 
Ferm and Carpenter (1967) 
McClain and Becker (1975) 
Ferm and Carpenter (1967) 
McClain and Becker (1972) 
Kennedy et al. (1975) 
McClain and Becker (1972) 
McClain and Becker (1972) 
w. Chernoff (1973) 
Gale (1978) 
Ferm (1972) 
Sunderman et al. (1979) 
Lu et al. (1979) 
Nobunaga et al. (1979) 

Garrow and Pentschew 
(1964) 

a Schardein (1985): +, teratogenic; -, non-teratogenic. 
b E, embryolethality; Gr, growth retardation; M, malformation. 

concentrated and enter the food chain 
whether they occur naturally or are released 
into the environment as industrial contami
nants. To date, mercury is the only environ
mental metal that has been firmly established 
as being teratogenic in humans. This com
pound was responsible for 'fetal Minamata 
disease' in Japanese infants born to mothers 
exposed to mercury-containing fish between 
1954 and 1960. Similar incidences of fetal 
neurological dysfunction associated with ma
ternal ingestion of methylmercury have been 
reported in the USA and Iraq (J. G. Wilson 
and Fraser, 1977). The developmental toxicity 
of various mercuric compounds has been 
confirmed in laboratory studies using rats, 
hamsters, mice and cats (Table 6.17). 

While lead has been determined teratoge-

nic in laboratory animals, its primary devel
opmentally toxic effect in humans is fetal 
wastage rather than malformations. The risks 
are less well defined following exposure to 
other heavy metals during human pregnancy 
(Schardein, 1985). Studies in laboratory 
animals have shown variable embryotoxic 
responses to miscellaneous metallic com
pounds following treatment during organo
genesis (Table 6.17). 

Much attention has been directed to the 
potential toxicity of the widely used and che
mically diverse group of pesticides used to 
control unwanted insects, fungi and plants in 
the environment. Studies in laboratory ani
mals testing the embryotoxicity of various 
fungicides, insecticides and herbicides have 
produced different effects on intrauterine 
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development which may be related to the 
highly variable experimental parameters in
cluding route, level and duration of dosage. 
A small number of these studies is summar
ized in Table 6.18 and the reader is referred to 
Schardein (1985) for a more complete listing. 

The embryotoxic potential of many pesti
cides is speculative since adverse effects in 
laboratory animals have often been produced 
at or near maternal toxic levels and consider
ably above likely environmental levels 
(J.G. Wilson and Fraser, 1977). 

Despite the widespread concern over 
the potential embryotoxicity of dioxin
contaminated 2, 4, 5-trichlorophenoxyacetic 
acid (2,4,5-T) following its use as a defoliant 
in Vietnam between 1961 and 1969, repeated 
attempts to validate the teratogenicity of this 
herbicide in humans in various parts of the 
world have not been successful (J.G. Wilson 
and Fraser, 1977; Schardein, 1985). This com
pound has been tested for teratogenic poten
tial in multiple studies and the results have 

not been clear-cut. This may be due, in large 
part, to the quantity of dioxin (TCDD) pres
ent as a contaminant in the manufactured 
chemical which is thought to impart much of 
the toxicity of 2,4,5-T (Schardein, 1985). 

Polybrominated and polychlorinated bi
phenyls (PBBs and PCBs) are regarded as 
potentially important environmental conta
minants because of their extensive use as 
lubricants and heat transfer agents as well as 
ingredients of paints, varnishes and synthetic 
resins. Studies in mice, rats and non-human 
primates have resulted in varying degrees of 
embryotoxicity with the major effects mani
fested as embryo or fetal death and intra
uterine growth retardation (Table 6.18). A 
clear association between these compounds 
and malformation rates in humans is yet to be 
established. 

Carbon monoxide (CO) is a major environ
mental pollutant due to air pollution from 
industrial complexes and vehicular traffic as 
well as to cigarette smoking. The most com-

Table 6.18 Developmental toxicity of pesticides and pollutants in laboratory animals 

Compound Species Teratogenicitya Developmental 
toxicityb 

Reference 

Ethylene oxide Mouse + E,M Kimmel and LaBorde (1979) 
Rat Gr Snellings et al. (1979) 

Tetrachlorophenol Rat N Schwetz et al. (1974a) 
Chlordecone Mouse E,M Chernoff and Rogers (1976) 

(Kepone) Rat + E,Gr,M N. Chernoff and Rogers 
(1976) 

Rosenstein et al. (1977) 
Sodium arsenite Mouse + E,Gr,M Hood (1972) 
Pentachlorophenol Rat + E,M Schwetz et al. (1974b) 
Acrylonitrile Rat + E,Gr,M Murray et al. (1978a) 
Polybrominated Mouse + Gr,M Corbett et al. (1975) 

biphenyls 
Rat + E,Gr,M Beaudoin (1977) 

Polychlorinated Rat E Kato et al. (1972) 
biphenyls Primate E,Gr J.R. Allen and Barsotti (1976) 

Carbon monoxide Rabbit N Schwetz et al. (1979) 
Rabbit E,Gr Astrup et al. (1972) 

a Schardein (1985): +, teratogenic; -, non-teratogenic. 
b E, embryolethality; Gr, growth retardation; M, malformation; N, no effect. 
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Table 6.19 Developmental toxicity of plastics and solvents in laboratory animals 

Compound Species Teratogenicitya Developmental 
toxicitl 

Reference 

Styrene Mouse, 
hamster E Kankaanpaa et al. (1980) 

Rat E,Gr Ragule (1974) 
Murray et al. (1978b) 

Rabbit Gr Murray et al. (1979a) 
Vinylidene chloride Mouse E,Gr RD. Short et al. (1976) 

Rat E,Gr,M RD. Short et al. (1976) 
Rat Gr Murray et al. (1979b) 
Rabbit E,Gr Murray et al. (1979b) 

Acrylic acid Rat + M AR Singh et al. (1972a) 
Methacrylates Rat + E,M AR Singh et al. (1972a) 
Phthalates Rat + E,M AR Singh et al. (1972b) 

Rabbit N J.A Thomas et al. (1979) 
Benzene Mouse +/- M Watanabe et al. (1968) 

Mouse +/- Gr Murray et al. (1979b) 
Carbon disulphide Rat + E,Gr,M Tabacova et al. (1978) 
Methyl ethyl ketone Rat + Gr,M Schwetz et al. (1974c) 
Toluene Mouse + E,Gr,M Nawrot and Staples (1979) 

Rat E,Gr,M Hudak et al. (1977) 
Ethylene glycol Rat, mouse + E,Gr,M c.J. Price et al (1985) 

a Schardein (1985): +, teratogenic; +/-, equivocally teratogenic; -, teratogenic. 
b E, embryolethality; Gr, growth retardation; M, malformation; N, no effect. 

mon embryotoxic effects that have been 
associated with CO poisoning during preg
nancy are fetal death and adverse neurologi
cal signs in surviving offspring. Studies in 
laboratory animals have not shown consist
ent teratogenicity of this environmental agent 
(Table 6.18). 

The possible embryotoxicity of solvents is 
of concern because of their widespread 
industrial and household use as well as their 
generally high rates of absorption via the 
skin, lungs and digestive tract. Although 
associations have been made between several 
industrial solvents, particularly benzene and 
chlorinated hydrocarbons, and birth defects, 
the data are too inconsistent to draw defini
tive conclusions regarding the teratogenicity 
of these compounds. However, the develop
mental toxicity of several solvents tested in 
laboratory animals (Table 6.19) is suggestive 
of their embryotoxic potential in humans. 

Most of the animal studies conducted testing 
agents used in the production of plastics (e.g. 
styrene and vinylidene chloride) have not 
verified their embryotoxicity (Table 6.19). 

Careful analysis of the human data has not 
yet indicated a causal association of these 
agents with birth defects (Schardein, 1985). 

In summary, the value of animal teratoge
nicity testing to reduce human exposure to 
hazardous agents during pregnancy is justi
fied by the fact that all human teratogens also 
induce some form of developmental toxicity 
in at least one test species. The protocols 
originally established by the US Food and 
Drug Administration (FDA, 1966) and the 
World Health Organization (WHO, 1975) rec
ommend two test species; the rat and the 
rabbit are most commonly used, although the 
mouse is often a substitute for either of these 
species. The role of the non-human primate 
in teratological research is particularly valu-
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able where equivocal results are experienced 
in these commonly used laboratory species, 
when the drug/chemical is likely to be used 
during pregnancy and for human-derived 
biotechnical products which often are not 
bioactive in non-primate species (Hendrickx 
and Binkerd, 1990). 

Although the practical aspects of current 
testing procedures do not require alteration, 
incorporation of pharmacokinetic and metab
olism data is strongly advised in order to 
account for species differences in teratogenic 
susceptibility (N.A. Brown and Fabro, 1983). 
This information provides quantitative esti
mates of hazard in teratogenicity tests 
and facilitates risk extrapolation. Further, the 
evaluation of all manifestations of abnormal 
development in animal studies, i.e. malfor
mations, embryolethality, growth retardation 
and functional alteration, is essential due to 
species-specific responses to prenatal insults 
(Schardein and Keller, 1989). The guidelines 
recently published by the US Environmental 
Protection Agency (1986) clearly address 
these four end-points in the assessment of 
developmental toxicity. The incorporation of 
maternal toxicity evaluation in test protocols 
has also received increased support, particu
larly with regard to the risk assessment pro
cess (Kimmel et al., 1986). Thus, multiple 
factors must be taken into consideration 
when extrapolating the evidence of animal 
studies to the human situation. 

6.8 CONCLUDING COMMENTS 

In this chapter we have covered the maternal 
recognition of pregnancy during embryo im
plantation in primates, together with the 
regulation of the corpus luteum to the extent 
currently understood in primates. We then 
explored the normal and abnormal embryo 
fetal development in mammals, giving em
phasis to primate systems, including the 
rates of development and the factors in
ducing abnormal differentiation. These fac
tors may be genetically derived; may result 

from disorders at fertilization or synchroniz
ation of the embryo maternal dialogue during 
early pregnancy; or may be the consequences 
of teratogenic agents introduced inadver
tently from therapy or environmental 
hazards. An experimental approach to 
understanding the effects of teratogens can 
help us to avoid their use and can also give us 
new probes that clarify the regulation of 
embronic and fetal development. 

The term reproductive health normally 
covers the treatment of infertility and the 
regulation of fertility. In the broader context 
it. covers also the maturation of gametes and 
the well-being of the embryo and fetus to 
birth together with the understanding of how 
these stages are perturbed by both intrinsic 
and extrinsic factors. 

Our basic knowledge in this field requires 
considerable extension at present as a whole 
new dimension is opening up. The regulat
ory mechanisms of reproduction at molecular 
and cellular levels in real embryo-fetal time 
can now be approached. The new productive 
technologies, which include in vitro matu
ration of oocytes (KM. Moore and Trounson, 
1977), in vitro fertilization (Edwards, 1980), 
storage of games and embryos from a range 
of species by cryopreservation (Whittingham, 
1971; Wilmut, 1972; Summers et al., 1987), 
embryo transfer to the same or closely related 
species (Hearn and Summers, 1986) and the 
manipulation of embryos to produce twins, 
clonal products, transgenic cells or indi
viduals through microinjection and stem cell 
transfer, open up new prospects for signifi
cant improvements to the reproductive 
health of animals and man. 

The work of Surani (1986) and others is 
now opening up a greater appreciation of the 
interplay between maternal, paternal and 
embryonic genomes as well as the regulation 
of totipotency and pluripotency in embryos 
through a definition of cell lineage and the 
role of stem cells in rodents Oohnson et al., 
1986). At present we are still at the early 
stages of extending this knowledge to pri-



mate systems. Oocyte development and ferti
lization in vitro was reviewed by Boatman 
(1987), and there is now a range of species in 
which embryo culture, storage, transfer and 
successful development to birth have been 
achieved, for example the cynomolgus mon
key (Balmaceda et al., 1986), the baboon 
(Pope et al., 1984), the rhesus monkey (Bavis
ter, 1987) and the marmoset money (Sum
mers et al., 1987). Non-human primate 
systems will be essential for the future devel
opment of gene therapy or the cloning and 
accelerated production of new models for the 
disorders of early pregnancy. 

More recently, our understanding of the 
genetic regulation of the maternal to embryo 
transition, the transcription, expression and 
secretion of embryo signals and of differen
tiation signals is being clarified. The pro
spects for gene injection, the repair of genetic 
deficiency and the precise isolation and trans
fer of genes are now real. The development 
of new cell and whole-animal analogues for 
human disease requires markers in in vivo 
and in vitro systems to increase the efficiency 
of monitoring and screening both the suc
cessful integration of genes and the physio
logical consequences of such manipulation. 

Among the applications that will flow from 
such fundamental knowledge are novel diag
nostics in molecular medicine, new develop
ments in agriculture and animal science, 
including cloning of livestock (Fehilly et al., 
1984; reviewed by Polge, 1985), and the po
tential for industrial exploitation in high
value enzymes, reagents and biotechnologi
cal systems. 

Looking to the future, a greater efficiency 
in our exploitation of the regulatory mechan
isms of embryo-fetal development promises 
improved health and a greater choice in fer
tility regulation. The next 50 years will see a 
doubling of the human population from 5 to 
10 billion, raising fundamental ethical and 
practical questions about genetic diversity 
and species survival. A balance in human 
and animal populations, with greater expec-
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tation of health, of which reproductive health 
is an important part, will be a vital need in 
achieving a solution. 
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7.1 INTRODUCTION 

The earliest mammals were all small, noctur
nal insectivorous creatures, and it appears 
that the basic mode of mammalian repro
duction remained unchanged from the time 
of the origin of mammals in the late Triassic 
(about 200 million years ago) until the dis
persal of the Gondwanan continents in the 
middle Cretaceous (95-110 million years 
ago). This meant that there was no land fau
nal communication between Africa and the 
Antarctic-Australia-India complex except via 
South America after the earliest Cretaceous 
(Lillegraven et al., 1979). The major adaptive 
radiations of the advanced therian mammals 
occurred during the middle Cretaceous, so 
that by the late Cretaceous (75-80 million 
years ago) the Eutheria and Metatheria were 
~lready distinct and largely geographically 
Isolated (Archer, 1984; Tyndale-Biscoe and 
Renfree, 1987). Whilst marsupials are true 
mammals in every sense, and in endocrine 
terms have the same range of hormones, 
these hormones are sometimes used in 
different ways (Amoroso et al., 1980) - for 
example, prolactin inhibits the marsupial 
corpus luteum, whereas it is luteotrophic in 
some eutherian mammals. This commun
ality of hormones but diversity of actions 
between the mammalian groups clearly 
demonstrates the validity of Medawar's 
(1953) aphorism that it is not hormones that 
have evolved, but rather the uses to which 
they are put. 

There are about 250 living species of 
marsupials representing about 6% of the 
mammalian fauna (Kirsch, 1977), distributed 
widely in South America, Australia and New 
Guinea, but we have detailed endocrine 
knowledge of only a small number of these 
(Tyndale-Biscoe and Renfree, 1987). Most 
information on marsupial reproduction in 
the past has been based on wild-caught 
specimens, but the establishment of self
sustaining laboratory colonies of several 
species now makes possible more conven-

tional laboratory studies (Renfree and 
Tyndale-Biscoe, 1978; Tyndale-Biscoe and 
Janssens, 1988; Hinds et al., 1990a). Each 
family grouping of marsupials shares a 
common and distinctive reproductive pat
tern, with each species displaying modifi
cations of the basic pattern in relation to its 
own constraints of size, diet and habitat 
(Tyndale-Biscoe, 1984; Lee and Cockburn, 
1985). The majority of marsupials are 
polyoestrous, and, compared with eutherian 
mammals, have relatively uniform gestation 
periods that range between 12 and 36 days. 
This means that pregnancy is remarkably 
short even for the largest marsupials but 
since they have such a prolonged and sophis
ticated lactation, the young marsupial when 
weaned is as developed as any eutherian at 
the same stage. 

There has recently been a great burgeoning 
of knowledge about marsupial reproduction, 
and the whole of marsupial reproductive 
physiology and development has been 
reviewed (Tyndale-Biscoe and Renfree, 
1987). Several major reviews on various 
aspects of reproduction have also been 
published (Tyndale-Biscoe et al., 1974, 1986; 
Renfree, 1982, 1983; Tyndale-Biscoe, 1984, 
1986, 1989; Renfree et al., 1987, 1989; Renfree 
and Short, 1988; Renfree 1992, 1993). 

Two decades ago there was scarcely any 
knowledge about the endocrinology of mar
supials, although it was recognized that the 
corpus luteum is of central importance, and 
that progesterone is present in red kangaroo, 
wallaroo and opossum corpora lutea 
(Lindner and Sharman, 1966; Cook and 
Nalbandov, 1968; and Short and Sharman , 
(unpublished observations) cited in J.G. 
Smith et al., 1969). Plasma progesterone was 
measured subsequently in the possum (Thor
burn et al., 1971) and the tammar (Lemon, 
1972). Today, most is known of the repro
ductive endocrinology of the tammar wal
laby, Macropus eugenii, in which all of the 
major reproductive hormones have been 



studied. In this chapter, endocrinology will 
provide the linking theme between preg
nancy, parturition and lactation. Details of 
marsupial breeding biology, anatomy, devel
opment, male reproduction, seasonal breed
ing and the evolution of reproduction can all 
be found in Tyndale-Biscoe and Renfree 
(1987) and the excellent chapter in Volume 1 
of this edition by Tyndale-Biscoe (1984). 

7.2 PATTERNS OF REPRODUCTION 

Most marsupials are seasonal breeders and 
produce relatively small young, ranging from 
the honey possum, Tarsipes rostratus, which 
delivers the smallest neonate weighing less 
than 5 mg at birth (Renfree, 1980a), to the 
largest, the kangaroos, which deliver neo
nates weighing around 800 mg. Although the 
maternal investment in pregnancy is very 
small and much less than that of eutherian 
mammals, this is more than made up for 
during the long lactation. Marsupials may be 
monoestrous or polyoestrous, and in most 
species lactation controls reproduction by 
preventing either ovulation or post-blastocyst 
development. In seasonally breeding mar
supials the animals may become either anoes
trous or reproductively quiescent at the end 
of the season, regardless of whether lactation 
continues. The shortest gestation period is 
9.5 to 12 days in Sminthopsis macroura (Gem
mell and Selwood, 1993), followed by 121/2 
days, as found in bandicoots (Lyne, 1974) 
and opossums (Hartman, 1923, 1928). The 
longest gestation periods so far described are 
amongst kangaroos, being 36 days in the grey 
kangaroo, Macropus giganteus (reviewed in 
Tyndale-Biscoe, 1984), and 44 days in 
Matchie's tree kangaroo, Dendrolagus mats
chiei (L.R. Collins, personal communication). 
In the macropodids pregnancy may be ex
tended even further by embryonic diapause. 
Detailed tables of the breeding biology of 
marsupials have been provided extensively 
in Tyndale-Biscoe and Renfree (1987), and a 
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summary table showing the gestation periods 
of some commonly studied species is given 
here (Table 7.1). 

The oestrous cycle of marsupials is very 
similar to that of the Eutheria. The histologi
cal changes in the uterus and ovary during 
the follicular and luteal phases resemble 
those seen in many other mammals (see 
Pilton and Sharman, 1962; Sharman and 
Berger, 1969). The steroid hormones and 
gonadotrophins involved in reproduction in 
eutherian mammals have been measured in 
marsupials, though as we will see later 
particular features of their functions differ 
(Tyndale-Biscoe and Renfree, 1987). Ovula
tion is spontaneous in all marsupials and in 
most species occurs within 2 days of oestrus. 

The marsupial oestrous cycle varies in 
mean length from 22 to 42 days, the average 
being 28 days (Tyndale-Biscoe, 1973) (see 
Table 7.1). However, in some didelphids, 
such as the woolly opossum, Caluromys phi
lander, which has a cycle of 38 days (Perret 
and Atrementowicz, 1989), it may range up 
to 40 days (Godfrey, 1975; Fadem and Rayve, 
1985). The life of the corpus luteum is not 
prolonged by the presence of a conceptus, 
although in the Peramelidae (bandicoots) the 
corpus luteum persists during lactation 
(Hughes, 1965; Gemmell, 1979). Because 
pregnancy is shorter than the oestrous cycle 
in all except the swamp wallaby, Wallabia bico
lor, the histological changes of pregnancy and 
the oestrous cycle are similar (Figure 7.1), 
and the young are born, depending on the 
species, at different stages of the luteal and 
follicular cycle (Figure 7.2). 

The timing of birth and oestrus can be 
altered experimentally, suggesting that ges
tation and oestrous cycle activity need not be 
closely linked (Clark, 1968). In the American 
opossums Didelphis virginiana and Marmosa 
mitis, as in many monovular and polyovular 
Australian species, the young are born 
towards the end of the luteal phase, and the 
mother's return to oestrus is suppressed by 
the sucking stimulus. By contrast, in the 
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Table 7.1 Duration of the oestrous cycle, gestation and litter size and occurrence of embryonic diapause 
for a few selected species of marsupial. (Condensed from Tyndale-Biscoe and Renfree, 1987) 

Species 

Didelphidae 

Didelphis virginiana 
Monodelphis domestica 

Dasyuridae 

Dasyurus viverrinus 
Antechinus stuartii 

Tarsipedidae 

Tarsipes rostratus 

Phalangeridae 

Trichosurus vulpecula 

Peramelidae 

Perameles nasuta 
Isoodon macrourus 

Macropodidae 

Potorous tridactyl us 
Bettongia gaimardi 
Macropus giganteus 
Macropus fuliginosus 
Setonix brachyurus 
Macropus eugenii 
Macropus rufogriseus 
Macropus rufus 

Oestrous 
cycle 
(days) 

25.5 
32.3 

37 
Mon

oestrous 

25.7 

21 (10-34) 
26.5 (9-34) 

42 
23.2 

45.6±9.8 
34.9±4.4 

28 
30.6 
31.9 

34.8±0.6 

N, no; Y, yes; RPY, removal of pouch young. 

Gestation 
(days) 

12.5 
13.5 

19 

27 

17.5 

12.5 
12.5 

38 
21.1 

36.4±1.6 
30.6±2.6 

27 
29.3 
29.4 

33.2±0.2 

Diapause RPY to birth 
(days) 

N 
N 

N 

y 

y 

N 

N 
N 

y 
y 
y 
N 
Y 
Y 
Y 
Y 

26 

? 

Never 

?(>90) 

26 

29 
18 

28-32 
Never 

25 
26.4±1 

27.8 
31.3±0.4 

Litter 
size 

3--13 
3--14 

5.8 

2.4 

1 

2.4 
3.4 

1 
1 
1 
1 
1 
1 
1 
1 

Birth 
weight 
(mg) 

130 
100 

12.5 

16 

5 

200 

287 
180 

330 
300 
740 
828 

440 
450 
817 

macropodids, the single-pouch young 
reaches the pouch at the end of the pro
oestrous phase, and ovulation and fertiliz
ation occur post-partum (Figure 7.2). In most 
of the Macropodoidea, the fertilized egg 
enters a dormant phase at the blastocyst 
stage at about the eighth day post coitum, 
and during this period of embryonic dia
pause both the blastocyst and the corpus 
luteum remain quiescent as long as the suc-

king pouch young is present. If the pouch 
young is removed (RPY), the quiescent 
blastocyst reactivates and pregnancy ensues. 
In M. eugenii, and in Bennett's wallaby, M. 
rufogriseus rufogriseus, photoperiodic influ
ences maintain the diapause in the second 
half of the year after the winter solstice (see 
Figure 7.3), and reactivation occurs spon
taneously after the longest day. 

Marsupial reproductive strategies have 



Patterns of reproduction 681 

Figure 7.1 Histology of the corpus luteum and uterine endometrium of the tammar wallaby during 
gestation after removal of the pouch young (RPY). (a-c) Sections of the corpus luteum (all at same 
magnification: scale bar 5 /Lm) showing the hypertrophy and hyperplasia of luteal cells after RPY, and 
their subsequent degeneration with pyknotic nuclei by day 25 of the 26.5 days' gestation. (a) Day 2 RPY; 
(b) day 17 RPY; (c) day 25 RPY. (d-f) Sections of the endometrium (all at same magnification: scale bar 
0.05 mm). (d) Uterine glands in endometrium on day 0 RPY. (e) Uterine glands on day 17 RPY and (f) on 
day 27 RPY. At mid-pregnancy, the uterine glands are noticeably expanded, with tall columnar 
epithelial cells surrounding the enlarged gland lumina (L). By day 27, immediately after birth, the cells 
have darkly staining, basal nuclei although the gland lumina contain residual secretion. 
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Figure 7.2 The relationship of marsupial oestrous cycles to pregnancy. In species such as the polyovular 
American opossum (Didelphis virginiana) (top) belonging to group 1 reproductive pattern (see text), birth 
occurs toward the end of the uterine secretory phase, and the presence of the numerous young in the 
pouch prevents the pro-oestrus phase (dark bar) and the development of any new follicles. Should the 
sucking young be lost, animals return to oestrus about 7 days later, with the subsequent pregnancy 
taking only 12.5 days. In the macropodids, such as the monovular tammar wallaby (Macropus eugenii) 
(bottom), with the group 3 reproductive pattern, gestation occupies the whole length of the oestrous 
cycle, and ovulation occurs within a day of the birth of the single young. Sucking of the pouch young 
prevents development of the new conceptus beyond the blastocyst stage (dark bar) (arrows show the 
relative times of ovulation and fertilization). (Redrawn from Renfree, 1980b.) 

been divided into four categories by Tyndale
Biscoe and Renfree (1987). These are: 

Group 1: Polyovular, polyoestrous species in 
which the gestation period is considerably 
shorter than the oestrous cycle and coincides 
with the luteal phase; post-partum oestrus 
and ovulation are suppressed during lacta
tion. This pattern seems to be common to the 
possum families, Petauridae, Phalangeridae, 
and to the majority of the carnivorous groups, 
the Polyprotodonta as well. Tyndale-Biscoe 
(1984) concludes that it represents the basic 
marsupial pattern from which the other pat
terns have been derived. The evidence from 
carnivorous Dasyuridae suggests that the 
monoestrous pattern of the brown marsupial 
mouse Antechinus and Phascogale has been de
rived from a polyoestrous pattern as special 
adaptations of seasonal breeding. 

Group 2: Polyoestrous, polyovular marsupials 
with an ultra-short gestation occupying less 

than the luteal phase, which is prolonged into 
lactation. In addition there is a well-developed 
chorioallantoic placenta (the bandicoot famil
ies Peramelidae, Thylacomyidae). 

Group 3: Monovular, polyoestrous species in 
which the gestation period is almost the same 
length as the cycle and extends into the fol
licular phase so that post-partum oestrus and 
ovulation occur. During lactation further 
development is arrested, and if fertilization 
occurs the embryo remains as a unilaminar 
blastocyst of about 100 cells in embryonic 
diapause. Most of the kangaroo and wallaby 
family Macropodidae share this pattern, with 
the exceptions of M. giganteus, M. fuliginosis, 
M. parma, M. parryi and D. matschiei, which 
follow an essentially group 1 pattern. In two 
species, M. eugenii and M. rufogriseus rufogri
seus, a photoperiodic seasonal control of dia
pause has been superimposed on the 
lactational one after the winter solstice. 
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Figure 7.3 The annual cycle of reproduction in the tammar, in the southern hemisphere. Most females 
give birth towards the end of January or early February, a month or so after the summer solstice on 
December 21122. Within 8 h of birth the females come into oestrus, mate and the fertilized egg develops 
into a 100-cell blastocyst. The blastocyst remains in diapause until the summer solstice. The pouch 
young leaves the pouch around October, and if it is a female may conceive shortly thereafter. The 
conceptus immediately enters diapause and the female does not go into active pregnancy until the 
following solstice. (From Tyndale-Biscoe and Renfree, 1987, with permission.) 

Group 4: Polyoestrous, polyovular, with a 
very prolonged pre-luteal phase and ges
tation, which includes a long period of embry
onic diapause after a post-partum oestrus. It is 
unclear as to whether diapause is controlled 
by lactation or is obligatory. The small possum 
families Burramyidae (except Burramys which 
has the group 1 pattern), Acrobatidae and 
Tarsipedidae fall into this group. 

7.3 EARLY PREGNANCY: OVULATION, 
CLEAVAGE AND THE EARLY BLASTOCYST 

Folliculogenesis overlaps with the last half 
of pregnancy in macropodid marsupials, and 
the sequence of events is best known for the 
tammar. The follicular cycle begins around 
mid-pregnancy, when progesterone concen
tration is high. Graafian follicles are evident 
in the ovary from about day 23 of pregnancy 
after removal of the pouch young (RPY), and 
reach their maximum size at post-partum 
oestrus (Harder et al., 1984). The concen-

tration of progesterone in the peripheral 
circulation and in the uterine branch of the 
ovarian vein draining the corpus luteum falls 
precipitously at birth, or more slowly after a 
non-pregnant cycle (Hinds and Tyndale
Biscoe, 1982a; Towers et al., 1986), but oestra
diol 1713 peaks in the peripheral circulation 
and in the ovarian branch of the ovarian vein 
draining the ovary with the Graafian fpllicle 
(Harder et al., 1984; Shaw and Renfree, 1984) 
about 8-10 h post-partum (Figures 7.4 and 
7.5). 

This peak of oestradiol coincides with be
havioural oestrus, and removal of the 
Graafian follicle prevents oestrus and the 
luteinizing hormone (LH) pulse which fol
lows the oestradiol rise by about 7 h (Harder 
et al., 1985; Horn et al., 1985). Similarly, inter
ference with the LH pulse by immunization 
prevents folliculogenesis and the ovulation 
which usually occurs about 30 h post-partum 
(Short et al., 1985). In the brush possum oes
tradiol is measurable on the day of oestrus 
but not at other times (Curlewis et al., 1985), 
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and c.A. Horn (unpublished results) has 
found a transient LH pulse on this day. In the 
opossum, peak values of oestradiol are 
detected immediately and up to 4 days before 
oestrus (Harder and Fleming, 1981) (Figure 
7.5). However, in the kowari Dasyuroides byr
nei, ovulation occurs ~ days post-oestrus 
but there is a pulse of LH 12 days before 
oestrus (Fletcher, 1983). 

Ovulation, which, as far as is known, is 
spontaneous in all marsupials, occurs in most 
marsupials 1-2 days after oestrus, though it 
occurs up to 10 days later in three dasyurids 

180001 l. \ 
\\1 

4000 

(Hill and O'Donoghue, 1913; Woolley, 1966; 
Selwood, 1980; Fletcher, 1983). Marsupial 
oocytes have no surrounding cumulus or cor
ona cells but are covered by a thin zona pellu
cida of about 4 J.Lm in the opossum Didelphis 
virginiana (Rodger and Bedford, 1982a) and 
3 J.Lm in the dunnart Sminthopsis (Breed and 
Leigh, 1988) (Figure 7.6). 

Mucoid material is deposited around the 
zona soon after the egg enters the oviduct. 
This mucopolysaccharide layer, which in
creases in thickness as the egg moves down 
the oviduct, acts as a secondary block to 
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Figure 7.4 Concentrations (mean ± SEM) of progesterone and oestradiol-17f3 in the peripheral circu
lation (0 - 0), the ovarian vein draining the ovary with the corpus luteum (e - - - e) and the ovarian vein 
draining the ovary bearing the Graafian follicle (e _ e) through late pregnancy, parturition, and post
partum oestrus in the tammar wallaby. Data for oestradiol from Harder et al., 1984. (Redrawn from 
Tyndale-Biscoe et al., 1986.) 
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Figure 7.5 (a) Concentrations (mean ± SEM) of oestradiol and progesterone in the peripheral circulation 
of Didelphis virginiana during the oestrous cycle (e _ e) and gestation (0 _ 0). Data from Harder and 
Fleming (1981). (b) Concentrations (mean ± SEM) of plasma oestradiol in Macropus eugenii between days 
o and 30 after removing pouch young. Note that, after day 24, the values are synchronized to the time of 
birth rather than to day after RPY. There are two significant rises in oestradiol: at day 5, coincident with 
the progesterone peak, and one day after birth, coincident with oestrus and mating. Data from Shaw 
and Renfree, 1984. (From Tyndale-Biscoe and Renfree, 1987, with permission). 

polyspermy (Rodger and Bedford, 1982a; 
Selwood, 1982; Breed and Leigh, 1988; Breed 
et al., 1989). The primary block to polyspermy 
may be due to a release of cortical granules 
beneath the vitelline membrane, as found in 
eutherians and observed in Didelphis (Rodger 
and Bedford, 1982a) and in an unfertilized 
Sminthopsis egg (Breed and Leigh, 1988). 
Fertilized Sminthopsis eggs lack these cortical 
granules but the block to polyspermy appears 
to be inefficient (Breed and Leigh, 1990). 
Fertilization can therefore only be effected by 
spermatozoa which have already reached the 
fimbria (Rodger and Bedford, 1982b; Rodger, 
1990), and in the tammar they are at this 
location 24 h post coitum (p.c.) (Tyndale-

Biscoe and Rodger, 1978). Oestrus must 
therefore precede ovulation by at least this 
time if fertilization is to occur before the 
mucin layer is too thick. Transport down the 
oviduct is also rapid, and all marsupial ferti
lized eggs are transported to the uterus in 
less than a day, while the keratinous shell 
membrane secreted by cells in the lower ovi
duct and utero-tubal region is laid down over 
the mucoid coat (Tyndale-Biscoe and 
Renfree, 1987). The first cleavage division 
usually takes place within the uterus between 
30 and 40 h post-ovulation (Figures 7.6 and 
7.7), and the six or seven cleavage divisions 
which lead to the blastocyst stage are com
plete by day 4 in the opossum Didelphis, day 5 
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in the brush-tailed possum Trichosurus, day 8 
in the brown antechinus Antechinus stuartii 
and quoll Dasyurus viverrinus and day 8-9 in 
the tammar (Tyndale-Biscoe and Renfree, 
1987). 

In the common dunnart, Sminthopsis mac
roura, the time taken to reach the expanding 

complete unilaminar blastocyst of about 32 
cells is just less than 4 days (Selwood, 1987). 
In this and in the fat-tailed dunnart, s. crassi
caudata, there is an arrest of 24 h at the four 
cell stage, while in Antechinus stuartii 
cleavage is arrested for 4 days at the four 
cell stage (Selwood, 1980, 1981, 1986, 

Figure 7.6 Cleavage stages and blastocyst formation in a dasyurid, Sminthopsis crassicaudata. 
(a) The fertilized egg. The two pronuclei (arrows) can be seen through the yolk mass (Y) that has started 
to accumulate at one pole of the vitellus. Many sperm tails are visible in the mucoid layer (M). S, shell; Z, 
zona pellucida. (b) An embryo with four rounded blastomeres. The yolk mass (Y) lies at one pole of the 
embryo. An imperfection in shell deposition is found at this pole, which lies at the top of the figure. (c) 
An embryo at the 16-cell stage viewed from the non-yolky pole. The roof of the blastocyst is completely 
lined by cells over the transparent yolk mass, which is not in focus in the blastocoele. (d) An incomplete 
blastocyst of about 16 cells. The blastocyst is viewed from the open non-yolky hemisphere looking into 
the blastocoele. An imperfection in the shell deposition lies to one side of the embryo. (Photographs 
kindly provided by Dr Lynne Selwood.) 
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1987; Selwood and Young, 1983; Selwood 
and Santhananthan, 1988). Whilst these first 
cleavage events are occurring, there are no 
remarkable changes in the circulating ster
oids in the tammar, opossum, brush possum, 
brown antechinus or quoll (Harder and 
Fleming, 1981; Hinds and Tyndale-Biscoe, 
1982a; Curlewis et al., 1985; Hinds, 1989a; 
Hinds and Selwood, 1990), and indeed in S. 
macroura and S. crassicaudata addition of pro
gesterone to the medium does not improve 
culture success of cleavage-stage eggs. As 

in eutherian mammals, the cleaving egg 
appears to be autonomous, and this is sup
ported by evidence of blastocyst formation in 
quokkas, tammars and brush possums ovar
iectomized at the time of the first cleavage 
(Tyndale-Biscoe, 1963a, 1970; Sharman and 
Berger, 1969; Shorey and Hughes, 1973a), 
and by in vitro culture studies (Selwood, 
1987). 

In the majority of marsupials the concen
trations of progesterone steadily increase 
during early pregnancy and, as noted above, 

Figure 7.7 Early cleavage stages in an acrobatid, the feather-tailed glider, Acrobates pygmaeus (a and b), 
and a macropodid, the tammar wallaby, Macropus eugenii (c and d). (a, b and c) Four-cell embryos; (d) 20-
cell embryo. Sm, shell membrane; mu, mucoid coat with embedded spermatozoa (s); and Zp, zona 
pellucida. In both species there is a considerably thicker mucoid layer than in the dasyurids (see Figure 
7.6), and much less yolk. a and b to same scale; c and d to same scale. 
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formation of the blastocyst does not appar
ently require any specific stimulus. However, 
continued development and expansion of the 
blastocyst requires the continued secretion of 
progesterone at least to day 10 in the brush 
possum (Sharman, 1965a) and the opossum 
(Renfree, 1974), but only to day 8 in the 
quokka and tammar (Tyndale-Biscoe, 1963a, 
1970). In these last two (macropodid) species, 
it is significant that this is after an early, 
transient pulse of progesterone which occurs 
at day 3-4 in the quokka and day 5-7 in the 
tammar (Cake et al., 1980; Hinds and 
Tyndale-Biscoe, 1982a). This period also co
incides with increased growth of the endo
metrium and increased uterine secretions, 
and will be discussed in detail in the section 
'Maintenance of pregnancy'. In the absence 
of this transient pulse of progesterone, em
bryos at the blastocyst stage enter embryonic 
diapause. 

7.4 EMBRYONIC DIAPAUSE 

Blastocyst growth in mammals that do not 
have embryonic diapause occurs by rapid cell 
division and fluid accumulation. Although 
diapausing blastocysts can also accumulate 
fluid, there appears to be little or no mitotic 
activity and therefore little or no new cell 
proliferation (Daniel, 1970; Renfree, 1978). In 
mammalian blastocysts dormancy occurs 
when the embryo is 200-400 cells with the 
exception of the badger (900-2000), macropo
did marsupials and rodents (80-100 cells) and 
tarsipedid, burramyid and acrobatid mar
supials, in which the blastocysts are up to 
2000 cells (Renfree, 1981a; S. Ward and 
Renfree, 1988; S. Ward, 1988). With the one 
exception of M. fuliginosus, all species of the 
two subfamilies of the Macropodidae that 
have been investigated exhibit the phenom
enon of diapause (Tyndale-Biscoe et al., 1974; 
Renfree, 1981a). During diapause the blasto
cyst size (shell diameter) varies from 0.25 to 
0.33 mm (M.J. Smith, 1981) and the diameter 
of the trophoblast of four macropodid species 

varies little - from 0.20 to 0.25 mm (Tyndale
Biscoe, 1963b; Renfree and Tyndale-Biscoe, 
1973; Tyndale-Biscoe and Renfree, 1987). The 
macropodid blastocyst in diapause is in
variably unilaminar and consists of 70-100 
uniform cells in which mitoses are never seen 
(Figures 7.8 and 7.9). Blastocysts in diapause 
are always associated with a quiescent corpus 
luteum. 

The Macropodidae are monovular and 
polyoestrous marsupials, and gestation is 
longer than the oestrous cycle in all except 
Wallabia bicolor, the swamp wallaby (Tyndale
Biscoe and Renfree, 1987). Some species have 
long oestrous cycles, so that birth occurs be
fore the pro-oestrous phase is initiated, and 
sucking prevents further development (see 
Figure 7.2). In these species (M. giganteus, M. 
parma, M. parryi and Aepyprymnus rufescens), 
diapause usually occurs after fertilization in 
late stages of pouch life (Calaby and Poole, 
1971; Maynes, 1973; Tyndale-Biscoe, 1973; 
Moors, 1974; Poole and Catling, 1974; 
Tyndale-Biscoe et al., 1974). M. fuliginosus, as 
mentioned above, does not ever have dia
pause since the lactational inhibition of 
ovarian activity is complete and the pro
oestrous phase of the cycle is suppressed 
throughout pouch life. If the suppression 
fails, as it occasionally does, the resulting 
conception can occur during lactation but 
there is no delay and the neonate is born into 
a pouch still occupied by a larger young and 
it dies within a few days (Poole, 1975). This 
supports Sharman's (1965a) idea that the 
prime importance of diapause in macropo
dids is to prevent occupation of the pouch by 
two young of different ages, an event that 
would occur regularly since oestrus and ovu
lation are not normally inhibited post
partum. This is equivalent to the prevention 
of superfetation by ovulation inhibition dur
ing pregnancy in eutherians. 

In the remaining macropodids, gestation 
extends into the post-luteal and pro-oestrous 
phases without suppressing follicle growth, 
so that ovulation occurs a few days after par-
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Figure 7.S Living macropodid marsupial blastocysts in embryonic diapause. (a and b) Tammar, 
Macropus eugenii; (c) Potoroo, Potorous tridactylus; and (d) Quokka, Setonix brachyurus. (a) A mid-focused 
photograph shows the unilaminar layer of trophoblast (T) cells, surrounded by a thin zona pell1.lcida 
(Zp), a thick mucin layer (mu) and shell membrane (Sm). (b) A surface focus of the same embryo at the 
same magnification shows the numerous spermatozoa trapped in the mucoid coat. (c) and (d) are 
focused at a similar level to (a). Sm, shell membrane; Sp, spermatozoa; mu, mucoid layer; Zp, zona 
pellucida; T, trophoblast. (c courtesy of Dr G. Shaw; d courtesy of G.!. Wallace.) 
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turition in these species (e.g. Setonix brachyur
us, Macropus eugenii, Macropus rufogriseus, 
Megaleia rufa, Bettongia lesueur, Thylogale billar
dierii, and Potorous tridactyl us; Tyndale-Biscoe 
and Renfree, 1987). Sucking prevents the full 
development of the corpus luteum, and if 
fertilization has occurred post-partum the 
embryo is retained as a unilaminar blastocyst 
in diapause (Sharman, 1955a,b; Hughes, 
1962; Sharman, 1965b; Tyndale-Biscoe, 
1963b, 1968; Calaby and Poole, 1971; Rose 
and McCartney, 1982; Figures 7.8 and 7.9). 

In addition to the lactational inhibition of 
the blastocyst and corpus luteum, in at least 
two species, the tammar Macropus eugenii and 
the Bennett wallaby Macropus r. rufogriseus, 
the quiescent blastocyst and corpus luteum 
persist for several months after weaning 
(Sharman and Berger, 1969), and resume 
development after the summer solstice 
(Berger, 1966; Renfree and Tyndale-Biscoe, 
1973; Tyndale-Biscoe et al., 1974; Merchant 
and Calaby, 1981; Tyndale-Biscoe and 
Renfree, 1987). 

Until recently, amongst marsupials dia
pause was thought to be restricted to the 
macropodids, but Tyndale-Biscoe (1973) was 
the first to suggest that Hill's (1900) obser
vations on Acrobates were consistent with the 
occurrence of diapause. Confirmation has 
now been provided for three non
macropodid families: the Tarsipedidae, a 
monospecific family consisting only of 
Tarsipes rostratus (the honey possum) (Ren
free, 1980a, 1981a; Renfree and Calaby, 1981; 
Wooller et al., 1981); Burramyidae (the pygmy 
possums), Cercartetus concinnus (Clark, 1967); 
Cercartetus nanus and C. lepidus (Ward, 1988), 
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and Acrobatidae, Acrobates pygmeaus (the 
feather-tailed glider) and Distoechurus penna
tus (the feather-tailed possum) (S. Ward and 
Renfree, 1988; S.Ward, 1988). Graafian fol
licles are found in the ovaries of females with 
newborn young, and sperm from a post
partum oestrus mating are found in the 
reproductive tract (Figure 7.10). 

In these small possums the diapause 
blastocyst is very large (1-2 mm) and consists 
of about 2000 cells in Acrobates and Tarsipes 
(Figure 7.11). 

In contrast to the macropodids, there is a 
period of slow growth (for about 30 days) of 
both the blastocyst and corpus luteum early 
in the diapause (Renfree, 1981a; S. Ward and 
Renfree, 1988) (Figure 7.12). 

Nothing is yet known of the endocrine con
trol of diapause in these small possums but it 
does not appear to be under lactational con
trol (Renfree et al., 1984a; S. Ward and 
Renfree, 1988). It may be related to the birth 
of the previous offspring or to nutritional or 
ecological factors. Since these species have a 
seasonal pattern of reproduction, S. Ward 
(1988) has suggested that nutrition and avail
ability of nectar and pollen-bearing flowers 
may be an important controlling factor. 

7.5 INITIATION AND MAINTENANCE OF 
DIAPAUSE 

Blastocysts in diapause are always associated 
with a quiescent corpus luteum, and in the 
quokka the blastocyst degenerates when the 
corpus luteum disappears from the ovary 
(Sharman and Berger, 1969) and when the 
peripheral plasma progesterone levels are 

Figure 7.9 Transmission electron micrograph of one cell of a 100-cell quiescent tammar blastocyst taken 
from the uterus of a lactating female. The shell membrane has the characteristic three layers, with the 
mucin coat separating it from the zona pellucida. The individual trophoblast cells are flattened along the 
inner surface of the shell, with elongate nucleii. Convoluted tight junctions join adjacent trophoblast 
cells. No sperm fragments are seen in this micrograph (x5500). The scale bar shows the width of the 
shell membrane as 0.0085 mm. j, junctional complex; m, mitochondrion; n, nucleus; 5, shell membrane; 
z, zona pellucida. 
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Figure 7.10 Folliculogenesis in the ovaries of three small possums. (a) The feather-tailed glider, Acrobates 
pygmaeus. Section of the whole ovary of a female with a large Graafian follicle (Gf) and enclosed oocyte 
(Oc), together with a surface section of another follicle (F), numerous primary follicles and a mature 
corpus luteum (CL). Note the absence of obvious regions of interstitial tissue. (b) The honey possum, 
Tarsipes rostratus. Section of the whole ovary of a female with a follicular oocyte (Oc). Three Graafian 
follicles (Gf) and three secondary follicles are evident, but there appears to be relatively little discrete 
interstitial tissue. No corpora lutea are visible in this section. (c) The monitos del monte, Dromiciops 
australis. Section of the ovary showing several developing follicles and numerous primary follicles (P) in 
the cortex. No corpora lutea are visible and, as in (a) and (b), no discrete interstitial tissue is present. 
[c kindly provided by Dr P. Temple-Smith and the Corporacion Nacional Forestal (CONAF) Chile, 
which gave him permission to collect Dromiciops specimens.] 

very low (G.!, Wallace, personal communi
cation). The corpus luteum, however, is not 
required to maintain diapause because 
blastocysts can remain apparently viable for 
at least 4 months after ovariectomy or lutec
tomy (Tyndale-Biscoe and Hearn, 1981). In 
the brush-tailed, bettong it appears that the 
corpus luteum may have an inherent lifespan 
of about 80 days and is not influenced by 
either sucking or season (M.J. Smith, 1989). 

As noted in the previous section, the cor
pus luteum is not necessary for entry into 
diapause, and its removal at day 2 p.c. allows 
the one-cell fertilized uterine egg to progress 
to the blastocyst stage (Sharman and Berger, 
1969). Tyndale-Biscoe (1979) has shown that 
the 6-7 cell divisions required to reach the 
unilaminar blastocyst stage of 80-90 cells 

takes 6-8 days from fertilization, which is 
about 7 days from oestrus. This is twice as 
long as cleavage and blastocyst formation in 
the opossum and bandicoot (Hartman, 1928; 
Lyne and Hollis, 1976). Expansion of tammar 
blastocysts in non-lactating females has 
occurred by day 9 (Figure 7.13), and endome
trial weights have also increased by this time, 
with a distinct change in endometrial pro
teins occurring at day 8 p.c. (Tyndale-Biscoe, 
1979, 1986). 

Thus the inhibitory influence of the suc
king stimulus begins to take effect before day 
8 p.c. This has been further investigated by 
removal of the sucking young at daily inter
vals from birth, and measuring the interval to 
the next birth (Tyndale-Biscoe, 1986). In non
lactating females, in which there is no dia-
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Figure 7.11 Diapause. Blastocysts of two small possums, the feather-tailed glider, A. pygmaeus, and the 
honey possum, T. rostratus. (a) Living 1.7-mm-diameter blastocyst from uterus of a lactating female A. 
pygmaeus, containing approximately 2000 cells. N, trophoblast nuclei. (b) Living 1.2-mm-diameter 
blastocyst from the uterus of a lactating female, T. rostratus. There can be variation in size between the 
2-3 blastocysts in each uterus, but most have reached this size by day 30 of pouch life and undergo little 
further expansion until the end of lactation (see Figure 7.12). Sm, shell. 

pause, the interval from oestrus to birth is 29 
or 30 days, but the interval from RPY to birth 
remains constant at 26.4 days on day 4 or 5 
after oestrus. The sucking inhibition thus be
gins on day 4 or 5 post oestrus. In the absence 
of any sucking stimulus, there is a transient 
pulse of progesterone on days 6 or 7 post 
oestrus (Hinds and Tyndale-Biscoe, 1982a). 
Two days after the progesterone pulse there 
is an increase in the weight of the endo
metrium and a change in the composition of 
the uterine secretions, and expansion of the 
blastocyst. The interval from the progester
one pulse to birth is relatively constant at 
21-22 days, regardless of whether or not the 
female is lactating (Tyndale-Biscoe and 
Renfree, 1987) (see Figure 7.14). 

One interesting variant on this general con
trol mechanism for the entry into diapause 
occurs in the pubertal tammar (and, presum
ably, Bennett's) wallabies in which seasonal, 

photoperiodic influences can act directly 
without the presence of any sucking stimu
lus. Young females leaving the pouch in 
October and early November during seasonal 
quiescence may ovulate, mate and develop a 
conceptus to the 100-cell blastocyst stage 
(Andrewartha and Barker, 1969; Tyndale
Biscoe and Hawkins, 1977). This blastocyst 
then enters embryonic diapause and it re
mains quiescent until the subsequent sum
mer solstice in late December (Berger and 
Sharman, 1969a). 

7.6 REACTIVATION AFTER DIAPAUSE 

7.6.1 THE ROLE OF THE SUCKING STIMULUS 

It is clear from the studies summarized above 
that the influence of the sucking stimulus is 
all-important in the maintenance of lactatio
nal quiescence in all but pubertal animals, at 
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least amongst macropodids (Tyndale-Biscoe 
and Renfree, 1987). Not surprisingly, it is the 
neural stimuli from the teat that is of primary 
importance, and denervation of the mam
mary gland in the tammar causes immediate 
reactivation of the diapause blastocyst even 
though lactation continues (Renfree, 1979). 
However, development does not resume im
mediately on removal of the sucking stimu
lus, in that no changes can be seen in the 
blastocyst before day 8, and no change in the 
corpus luteum before day 4. Birth does not 
occur 21-22 days after RPY, which is the time 
taken from the early progesterone pulse in 
non-lactating females to birth. The actual 
time taken is around 5 days longer than this. 

After removal of pouch young, there is a 
critical period after day 2 and before day 4 
when ovariectomy or excision of the corpus 
luteum is followed by a resumption of blasto-
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cyst growth, but subsequent collapse, and by 
a failure of the endometrium to become 
secretory (Berger and Sharman, 1969b). 
Ovariectomy or lutectomy before this stage 
blocks reactivation, and after this stage 
allows fetal development to full term (Berger, 
1970; Tyndale-Biscoe, 1970; I.R. Young and 
Renfree, 1979). Similarly, lutectomy at day 3 
RPY results in a failure to produce a neonate 
but a new ovulation occurs instead 18-23 
days after RPY (Fletcher and Renfree, 1988). 
When reactivation is stimulated by exogen
ous progesterone, which by-passes the cor
pus luteum, the fetus takes 3 days less to 
reach full term than after RPY (Figure 7.14) so 
it has been assumed that the corpus luteum 
takes 3 days to reactivate after sucking stimu
lus withdrawal (Renfree and Tyndale-Biscoe, 
1973; Tyndale-Biscoe, 1979). Recently we 
have investigated the precise time for which 
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Figure 7.12 Blastocyst growth during lactation in (a) the pygmy possum, Cercartetus concinnus, and (b) 
the honey possum, Tarsipes rostratus, shown in relation to size of young in the pouch. Based on data 
from Bowley (1939), Clark (1967) and Renfree (1980a). The duration of pouch life (solid line) and suckling 
after pouch exit (broken line) are indicated below: 0, oocyte in follicle; c, cleaving eggs; m = mitotic 
figures observed. (From Tyndale-Biscoe and Renfree, 1987, with permission.) 
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Figure 7.13 Growth of the embryo of M. eugenii before and after lactation. (a) Growth of the conceptus 
after oestrus uninhibited by the presence of (.) a sucking pouch young compared with (e) lack of 
growth in the presence of a neonatal young. • represents the mean day of transient pulse of 
progesterone in non-lactating animals; e, mean values for pregnant animals ovariectomized (lower 
point) or sham operated (higher point) on day 2 by Sharman and Berger (1969). (b) Growth of the 
diapausing blastocyst stimulated by 10 days of progesterone injection (0) or (c) after RPY (e). Il, start of 
progesterone treatment: &, mean day of transient pulse of progesterone after RPY. Time of birth of 
treated animals shown in top panel a: ... (day 29 after oestrus), b: \l (day 23 after start of progesterone 
treatment) and c: 'f, (day 27 after RPY). Note the 3-4 day advance in time of birth after progesterone 
treatment compared with RPY. (From Tyndale-Biscoe and Renfree, 1987, with permission.) 
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the sucking stimulus must be withdrawn to 
reactivate the corpus luteum and, if present, 
the diapausing blastocyst, and have found 
once again that 3 days is required. The suc
king stimulus must be absent for at least 72 h 
to allow the corpus luteum to escape inhi
bition (Gordon et al., 1988). If the young is 
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Blastocyst o 
Progesterone 
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Endometrium 

RPY 

Blastocyst 

~ ~ Period necessary for 
~ withdrawal of sucking 
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returned to the teat and reattaches after 72 h, 
reactivation is not inhibited and pregnancy 
proceeds concurrent with lactation. Collec
tively the evidence demonstrates that the cor
pus luteum must be present for 3 days if 
reactivation is to be initiated (see Figure 7.19), 
presumably to mediate the effects of the loss 
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Figure 7.14 Intervals from either exogenous progesterone injection, removal of pouch young or oestrus 
to the withdrawal or onset of sucking inhibition, the early rise in progesterone (progesterone pulse), the 
increase in endometrial wet weight, the first measurable expansion of the blastocyst and birth. Although 
not shown, the progesterone pulse also coincides with an oestradiol-17J3 pulse after RPY. Note that, 
whilst the timing from injection, RPY or oestrus to the early progesterone pulse or to expansion is 
variable, the duration of pregnancy from the pulse is more or less constant and takes 21-22 days 
(Tyndale-Biscoe & Renfree 1987), and from expansion to birth 19 days. Compare also with Figure 7.19. 
Based on data in Renfree (1973a,b); Renfree and Tyndale-Biscoe (1973); Tyndale-Biscoe (1979, 1986); 
Hinds and Tyndale-Biscoe (1982a); Shaw and Renfree (1984); Fletcher and Renfree (1988); Gordon et al. 
(1988). 



of the su'cking stimulus. It also implies that 
nothing irreversible happens on day 1 and 
day 2 after RPY, but that the pituitary - hypo
thalamic axis must be sensitive to the lack of 
the sucking inhibition on three successive 
days. Thls will be discussed further below. 

7.6.2 THE PITUITARY AND REACTIVATION 

The marsupial corpus luteum does not 
depend on a luteotrophic stimulus for reacti
vation and subsequent progesterone se
cretion; but rather needs the withdrawal of 
an inhibitory effect. In the tammar, the 
quiescent corpus luteum undergoes its nor
mal growth and secretory functions after total 
hypophysectomy (Hearn, 1973, 1974, 1975) 
with a transient pulse of progesterone 7 days 
after 'the operation (Tyndale-Biscoe et al., 
1986; Figure 7.15). 

Hearn's (1974) results did not differentiate 
between the anterior and posterior pituitary. 
Sharman (1965a) showed that oxytocin injec
tion (and water!) could prolong quiescence, 
and Tyndale-Biscoe and Hawkins (1977) 
showed that both oxytocin and prolactin 
delay reactivation (see Figure 7.16). 

However, after hypophysectomy only pro
lactin has this effect, and it is now generally 
accepted that during diapause prolactin is the 
inhibitory agent and administration of prolac
tin after removal of the pouch young pre
vents corpus luteum growth (Figure 7.16) 
(Tyndale-Biscoe and Hawkins, 1977; Hinds, 
1989b). Confirmation of the importance of 
prolactin in this process is provided by the 
finding that the corpus luteum contains pro
lactin (Sernia and Tyndale-Biscoe, 1979) but 
not LH receptors (F .stewart and Tyndale
Biscoe, 1982; Figure 7.17). 

However, neither prolactin nor LH has any 
effect on steroidogenesis by luteal tissue in 
vitro, so that once the inhibition is removed 
the corpus luteum resumes its autonomous 
life (Sernia et al., 1980; Hinds et al., 1983; 
Tyndale-Biscoe, 1986). Removal or replace
ment of pouch young in early lactation does 
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Figure 7.15 Responses in the concentrations 
(mean ± SEM) of progesterone in lactating tam
mars subjected to hypophysectomy (n = 4) (solid 
line) or sham hypophysectomy (n = 5) (dotted 
line). Removal of the pituitary released the corpora 
lutea from inhibition and they underwent normal 
development, including a change in secretion rate 
at day 7-8 (7.3 ± 0.2), whereas the sham operated 
females remained in lactational quiescence. 
Stippling indicates normal background plasma 
progesterone concentration during quiescence. 
(Redrawn from Tyndale-Biscoe et al., 1986). 

not cause a marked change in prolactin con
centrations (Hinds and Tyndale-Biscoe, 
1982b; Gordon et al., 1988), and although a 
single injection of the dopamine agonist 
bromocriptine initiates blastocyst reactivation 
(Table 7.2) there is likewise no change in 
prolactin concentration measured in once
daily samples (Tyndale-Biscoe and Hinds, 
1984). Although it remains possible that a 
prolactin pulse may have been abolished but 
not detected by this sampling regimen 
(Hinds and Tyndale-Biscoe, 1985; Tyndale
Biscoe et al., 1986; Gordon et al., 1988), the 
time from RPY to birth is the same as bromo
criptine injection to birth and the time from 
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the progesterone pulse to birth is the same in 
both cases (Tyndale-Biscoe et al., 1986). So 
how can this be resolved with the evidence 
that the sucking stimulus must be removed 
for 3 days? Evidence from experiments on 
seasonal reactivation provide clues to the 
mechanism. Animals induced to reactivate by 
experimental manipulation of photoperiod 
alter the time of secretion of melatonin even 
on the first night of the change, so that there 
is a synchronized melatonin release with the 
dark phase (McConnell et al., 1986). In these 
animals, there is also a loss of an early
morning pulse of prolactin, and this is lost 
some time before day 5 after photoperiod 
change (McConnell et al., 1986). If exogenous 
melatonin is administered 3 h before the 
dark phase in an inhibitory photoperiod of 
15L:9D, thus effectively making it into a per-

Treatment 

None 

Time from RPY to birth (days) 

Figure 7.16 Time to birth or oestrus in Macropus 
eugenii from which the pouch young were 
removed (RPY) and the females variously injected 
three times daily for 7 days (vertical line). The 
apparent gestation period was extended by 7 days 
in the animals treated with oxytocin, prolactin and 
reserpine. Data from Tyndale Biscoe and Hawkins 
(1977). (From Tyndale-Biscoe and Renfree, 1987, 
with permission.) 

missive period of 12L:12D, the prolactin 
pulse is abolished by day 3, but not by day I, 
of this treatment (Tyndale-Biscoe et al., 1986). 
The 3 day lag between removal of the sucking 
stimulus to irreversible reactivation must 
therefore be the time taken for the hypo
thalamic - pituitary axis to adjust to the loss 
of at least three consecutive dawn pulses of 
prolactin, presumably by withdrawal of pro
lactin release. However, bromocriptine does 
not apparently depress peripheral prolactin, 
although it may have abolished a dawn pulse 
(Tyndale-Biscoe et al., 1986). Since Schallen
berger et al. (1981) have demonstrated that a 
single injection of bromocriptine can sup
press prolactin for 6 days in rhesus monkeys, 
it seems likely that it could act for at least the 
required 3 days in wallabies (Gordon et al., 
1988). This has recently been confirmed by 
monitoring the dawn pulse after photoperiod 
change and bromocriptine injection (Hinds, 
1989b,c). The most critical factor for the 
maintenance of quiescence in the tammar is 
not sustained high concentrations of prolac
tin but the occurrence of a transient prolactin 
pulse. Daily injections of ovine prolactin 
maintained quiescence; endogenous pro
lactin induced by thyrotrophin-releasing 
hormone (TRH) also maintained quiescence, 
while half of the tammars treated with 
bromocriptine for 5 days lost their morning 
prolactin pulse and these reactivated. 
Similarly, the prolactin pulse is absent 5 days 
after a change to stimulatory photoperiods. 
Once the inhibitory effects are removed, by 
whatever means, the corpus luteum rapidly 
resumes progesterone production, which in 
turn induces a secretory uterus and blasto
cyst growth. 

7.6.3 REACTIVATION BEFORE THE 
PROGESTERONE PULSE 

The first obvious change in peripheral plasma 
progesterone is the transient pulse on day 5 
or 6, but there is evidence to suggest that 
both uterine and blastocyst reactivation have 
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Figure 7.17 Prolactin (Prl) and luteinizing hormone (LH) receptors in luteal tissue of tammar, red 
kangaroo, brush-tailed possum and pig. Note that the corpora lutea of the two macropodid species 
contain no measurable LH receptors, but all four species have Prl receptors. Data from F. Stewart and 
Tyndale-Biscoe (1982). 

Table 7.2 Response of tammars in lactational and seasonal quiescence to a 
single injection of bromocriptine (5 mg per kg body weight), at different 
months of the year. (From Tyndale-Biscoe et al., 1986) 

Number Number Percentage 
treated reactivateda reactivateda 

Lactational quiescence 
February 5 5 100 
March 5 5 100 
May 9 9 100 
June 5 5 100 

Seasonal quiescence 
June 20 20 100 
July 47 38b 81 
August 12 6 4b 67 
August 26 6 6 100 
September 9 6 2 33 
September 22 16 a a 
October 5 a a 
November 5 1 20 
December 5 a a 
a Reactivation determined by occurrence of progesterone pulse, birth, or oestrus. 
b Reactivation determined only by occurrence of birth; others in these groups may 

have undergone a non-pregnant cycle that was not recorded. 
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already begun by this time. As noted above, 
between a critical period after day 2 and be
fore day 6 after RPY in the quokka (Tyndale
Biscoe, 1963a) in the tammar (Sharman and 
Berger, 1969; Tyndale-Biscoe, 1970; I.R. 
Young and Renfree, 1979) and in the potoroo 
(Bryant and Rose, 1986) ovariectomy is fol
lowed by resumption of blastocyst growth 
and subsequent collapse and by failure of the 
luteal phase to develop in the endometrium. 
Ovariectomy after day 6 does not prevent the 
appearance of a luteal uterus and fetal 
development to full term. In both species 
initiation of reactivation precedes the time 
when an early pulse of progesterone occurs 
(Hinds and Tyndale-Biscoe, 1982a), and yet it 
appears that the corpus luteum is necessary 
to influence blastocyst reactivation, either 
directly or indirectly through increased or 
specific secretion from the uterus (see later 
sections for fuller discussion). 

No gross changes can be observed in the 
blastocyst before day 8 (Renfree and Tyndale
Biscoe, 1973), but a few mitoses can be ob
served in the blastocyst on day 4 (Berger, 
1970). The first significant increase in blasto
cyst diameter occurs by day 8, and a threefold 
increase by day 10 (Renfree and Tyndale
Biscoe, 1973). Between day 5 and day 10, 
the volume has increased 45-fold, and by 
day 15 by about 10 OOO-foid (Tyndale-Biscoe 
and Renfree, 1987). Endometrial protein syn
thesis increases as early as day 4, with a 
significant increase in leucine incorporation 
by the endometrium (Shaw and Renfree, 
1986) and some prealbumins are present in 
uterine exudates at day 4 which are not pres
ent at day 0 (Renfree, 1973b). Metabolic reac
tivation of the blastocyst has occurred by day 
5, as RNA polymerase activity and uridine 
incorporation are significantly higher in day 5 
blastocysts than at day 4 and earlier stages 
(Moore, 1978; Thornber et al., 1981; Shaw and 
Renfree, 1986). Glucose incorporation has 
also increased by day 5 RPY but is most sig
nificant between days 5 and 10 (Pike, 1981). 
These data suggest that a change in uterine 

secretion by day 4 causes embryonic reacti
vation by day 5 (Figure 7.18), which is also 
the day of the progesterone pulse and which 
also coincides with a pulse of oestradiol 
(Shaw and Renfree, 1984, 1986). 

The conclusion must be that an earlier 
change is responsible for triggering reacti
vation of the blastocyst either directly or in
directly via 'the uterus. Most studies conclude 
that the blastocyst is indirectly stimulated by 
the progestational stimulus on the uterine 
secretions (Tyndale-Biscoe, 1970; Renfree, 
1972a, 1973a), a conclusion supported by the 
recent results of Selwood (1987), who found 
that addition of progesterone to the culture 
medium did not improve the in vitro culture 
conditions for Sminthopsis cleaving and 
expanding blastocyst stages. Exogenous oes
tradiol and progesterone can both cause 
increased uterine secretion and an increase in 
RNA polymerase activity in the nuclei of 
blastocyst cells within 48 h of injection 
(Moore, 1978; Shaw and Renfree, 1986). 
Similarly, exogenous steroids can reactivate 
tammar blastocysts and pregnancy proceeds 
to term (Berger and Sharman, 1969b; Renfree 
and Tyndale-Biscoe, 1973). Although both 
progesterone and oestradiol can initiate 
development, only progesterone will sustain 
it (Clark, 1968; Fletcher et al., 1988). 

An increase in uterine sensitivity to pro
gesterone, resulting from either a change in 
progesterone receptor concentrations (see be
low) or from a change in a hormone which 
regulates uterine sensitivity to progesterone, 
could explain the apparent lack of a change in 
progesterone secretion rate (Shaw and 
Renfree, 1986). If prolactin regulates uterine 
sensitivity to progesterone as it does in the 
rabbit (Daniel, 1980; Daniel et al., 1984), the 
removal of the inhibitory effect of sucking by 
day 3 RPY may allow a progestational re
sponse in the uterus before progesterone 
concentrations increase significantly (Shaw 
and Renfree, 1986). 

The conclusion from the preceding section 
is that the first 6 days of blastocyst reacti-



vation is under maternal control (Figure 
7.19). 

The sucking stimulus must be withdrawn 
for 3 days (Gordon et al., 1988), acting per
haps by failure of a single dawn pulse of 
prolactin on three successive occasions. The 
ovary (? corpus luteum only) must be present 
for more than 2 days but less than 4 (? 3) for 
reactivation to occur (Sharman and Berger, 
1969; Berger, 1970). However, for mainten-
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ance of pregnancy ovarian input is required 
to day 6, to allow for the effects of the tran
sient progesterone pulse on days 5-6 from a 
corpus luteum in which cell divisions are first 
seen at day 4 (Sharman and Berger, 1969). 
Changes in uterine secretion and uterine 
metabolism also occur by day 4 (Renfree, 
1973b; Shaw and Renfree, 1986), and blasto
cyst metabolism has increased by day 5 
(Moore, 1978; Thornber et al., 1981; Shaw and 
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Figure 7.18 Uridine (a) incorporation and (b) uptake by individual blastocysts (d.p.m. per embryo) of 
the tammar during the early stage of reactivation. (0) Blastocyst with collapsed trophoblast. Blastocysts 
diameters are shown in (c). (d and e) Leucine incorporation by gravid (. - .) and non-gravid (0 - - - 0) 
endometrium during pregnancy (d.p.m/J.Lg of tissue DNA). Incorporation into (d) secreted protein and 
(e) tissue protein increased between day 0 and day 12. At day 26 gravid uteri were more secretory than 
non-gravid uteri. Tissue incorporation decreased between day 12 and day 26 in both uteri. Data derived 
from Shaw and Renfree (1986). (Redrawn from Shaw, 1983b.) 
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Figure 7.19 Diagrammatic representation of the timing of various maternal and embryo responses 
initiated by removal of the pouch young at day O. The sucking stimulus must be withdrawn for 72 h to 
allow reactivation, and it appears that the ovaries must be present for all of this time. If they are removed 
at day 2, and probably day 3, reactivation is prevented, but at day 4 and day 6 reactivation occurs but 
pregnancy fails. The progesterone (and oestradiol) pulse occurs at days 5-6, after endometrial metab
olism (day 4) and blastocyst metabolism (day 5) have already increased. The ovaries are necessary for a 
successful pregnancy only to day 8, as after removal between days 6 and 8 pregnancy can go to term in 
the absence of the ovary or the pituitary. Endometrial weight has significantly increased by day 6, and 
blastocyst diameter by day 8. Thus, the limit (earliest day 6; latest day 8) of the maternal influence on 
early pregnancy (stippling) is very brief, and the ovary and pituitary only become necessary again for the 
closing stages of pregnancy and parturition. Sucking pouch young effects 0; ovarian influenceD; uterine 
responses!;]; embryo responses~. Based on data from various authors and see text for full references. 

Renfree, 1986). The first gross morphological 
change, blastocyst expansion, is not seen 
until day 8 (Renfree and Tyndale-Biscoe, 
1973) which is the limit of the maternal con
trol as pregnancy can proceed to full term in 
the absence of ovaries, functional corpora 
lutea or pituitary after this time (Tyndale
Biscoe and Renfree, 1987; Tyndale-Biscoe and 
Hinds, 1989). 

7.6.4 SEASONAL REACTIVATION 

A great deal is now known of the endocrine 
control of seasonal reactivation in the tammar 
and in the Bennett's wallaby (Tyndale-Biscoe 
and Renfree, 1987). These two species are 
effectively pregnant for 364 of the 365 days of 
the year, the single non-pregnant day being 
the day it gives birth. In the normal course of 

events, tammar blastocysts reactivate shortly 
(about 20 days) after the summer solstice on 
December 22 (Figure 7.20), and it is now 
known that photoperiodic cues mediated via 
the pineal and its hormone melatonin are 
responsible for this (Renfree et al., 1981; 
McConnell, 1984; McConnell et al., 1986; 
Tyndale-Biscoe et al., 1986), as it is in the 
Bennett's wallaby (Loudon et al., 1985; 
Curlewis and Loudon, 1988, 1989; Loudon 
and Curlewis, 1989). 

Since this has been reviewed extensively 
recently, and only indirectly relates to preg
nancy (Tyndale-Biscoe et al., 1986; Tyndale
Biscoe and Renfree, 1987), only a brief sum
mary will be given here. 

Manipulation of photoperiod has shown 
that seasonal quiescence is superimposed on 
the lactational inhibition of reproduction and 
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Figure 7.20 Changes at reactivation in 201 female Macropus eugenii shot between 20 December 1978 and 
23 January 1979. (a) Weight of the corpus luteum of each animal, showing the onset of growth in early 
January, coincident with the expansion of the reactivated blastocyst. One animal killed on 2 January 
carried two blastocysts and two corpora lutea (~). In animals carrying newborn pouch young on or after 
20 January, the corpora lutea of pregnancy are indicated by x and those resulting from the post-partum 
ovulation are shown by +. (b) Concentrations (mean ± SEM) of oestradiol-17-13 in cardiac plasma from 
143 pregnant and post-partum animals. Note the peak on 3 January and the longer period of elevated 
concentrations at the time of parturition and post-partum oestrus. Six of the animals sampled on 21 and 
22 January carried newborn pouch young. (c) Date of reactivation calculated for 69 of these animals from 
the diameter of reactivated vesicles flushed from uteri between 1 and 20 January and crown-rump 
lengths of fetuses obtained between 14 and 22 January, using the growth curve (see Figure 7.13) derived 
from embryos reactivated after removing pouch young. Data from Flint and Renfree (1982). (From 
Tyndale-Biscoe and Renfree, 1987, with permission.) 
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that tammars experiencing increasing day 
length or long days have an inhibition of 
the corpus luteum (Sadleir and Tyndale
Biscoe, 1977; Hinds and den OUolander, 
1983; McConnell and Tyndale-Biscoe, 1985; 
McConnell et al., 1986, Tyndale-Biscoe et al., 
1986). The evidence is that the pineal is trans
ducing this photoperiodic information and 
the control of seasonal breeding through its 
secretion of melatonin, and the marked circa
dian fluctuations observed are abolished by 
denervation of the pineal, by pinealectomy, 
or by implants or injections of melatonin 
(Renfree et al., 1981; McConnell, 1984; 
Renfree and Short, 1984; Loudon et al., 1985; 
McConnell and Hinds, 1985; McConnell and 
Tyndale-Biscoe, 1985; Gemmell, 1987). As 
noted earlier, it appears that melatonin 
abolishes a marked pulse of prolactin of less 
than 2 h duration which coincides with the 
time of lights on (McConnell et al., 1986), and 
that it does so within 3 days (Tyndale-Biscoe 
et al., 1986). The abolition is permanent once 
the melatonin signal has been read, support
ing the idea that melatonin does not affect the 
pituitary directly but operates through a 
neural mechanism in the hypothalamus 
(Renfree and Short, 1984; Tyndale-Biscoe et 
al., 1986). 

The time taken from a photoperiod change 
to birth or oestrus is longer than RPY to birth 
or oestrus, and yet with melatonin injections 
the prolactin pulse is abolished by the third 
day (Tyndale-Biscoe et al., 1986), as in re
moval of the sucking inhibition (Gordon et 
al., 1988), and if melatonin implants are given 
the shortest time to birth is identical to that of 
RPY to birth (Renfree and Short, 1984). Since 
the time from the progesterone pulse to birth 
is similar (melatonin treatment 21.6 days; 
photoperiod change 23.5 days; natural photo
period change after summer solstice 22.0 
days), the additional days before reaction 
must reflect the time taken for the message to 
be acted upon, and relate to how quickly and 
by how much the melatonin concentrations 
change (Tyndale-Biscoe et al., 1986). Clearly 

these data provide new and exciting infor
mation on how seasonal breeding is con
trolled in mammals. 

7.6.5 CONTROL OF DIAPAUSE IN 
MACROPODIDS 

The control of diapause in macropodid mar
supials is a complex interaction between the 
sucking stimulus, the hypothalamus, the 
pituitary, the corpus luteum and the uterus, 
resulting, in the case of the tammar, in an 11-
month cessation of growth of the 100-cell 
blastocyst. Photoperiodic signals are super
imposed on this system in the second half of 
the year when days are lengthening. Most of 
the steps on the hypothetical pathways have 
now been filled in (Figure 7.21), but the pre
cise sequence of events between day 3 and 
day 6 after RPY needs further study. 

It remains possible that the blastocyst can 
respond directly to pituitary or ovarian hor
mones, but Tyndale-Biscoe's (1970) elegant 
experiments transferring quiescent blasto
cysts to uteri of reactivated, ovariectomized 
recipients strongly suggest that the quiescent 
blastocyst does not require direct ovarian 
stimulation but simply awaits a changed uter
ine milieu. This is also further discussed 
below under 'The uterine endometrium' (sec
tion 7.7.3). 

7.7 MAINTENANCE OF PREGNANCY 

7. 7.1 PITUITARY-OVARIAN INTERACTIONS 

Pituitary - ovarian interactions are known for 
only one species, M. eugenii with additional 
unpublished results on the brush-tailed pos
sum (see Hinds, 1983, 1988; Tyndale-Biscoe et 
al., 1986; Tyndale-Biscoe and Renfree, 1987; 
Tyndale-Biscoe and Hinds, 1989). The mar
supial corpus luteum does not appear to 
depend on a luteotrophic stimulus for pro
gesterone secretion, nor is its activity deter
mined by luteolysins. In M. eugenii the 
previously formed corpus luteum undergoes 



its normal growth and secretory functions 
after total hypophysectomy (Hearn, 1974; 
Tyndale-Biscoe and Hawkins, 1977; Hinds, 
1983). 

Pregnancies also go to term in hypophysec-
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tornized tammars but the fetuses die in the 
uterus (Hearn, 1973, 1974). A similar inde
pendence of the corpus luteum from the 
pituitary is observed in brush-tailed possums 
after hypophysectomy, so it seems that the 
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Figure 7.21 Hypothetical scheme showing the known and suggested pathways for the control of 
quiescence of Macropus eugenii. CL, corpus luteum; GnRH, gonadotrophin releasing hormone; LH, 
luteinizing hormone; E213, oestradiol-1713; FSH, follicle-stimulating hormone; Prog, progesterone; PIF, 
prolactin inhibiting factor; Pd, prolactin; SCG, superior cervical ganglion; SCN, suprachiasmatic nu
cleus. ! Stimulation; ~ inhibition. (Redrawn from Renfree, 1981b.) 
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autonomy of the corpus luteum may be a 
common feature of marsupials (Tyndale
Biscoe et al., 1986). However, functional cor
pora lutea and successful births do occur in 
tammars passively immunized to GnRH 
(Short et al., 1985), confirming that FSH and 
LH are not required for luteal reactivation, 
pregnancy, parturition or lactogenesis in the 
tammar, but that follicular growth and post
partum oestrous behaviour are inhibited in 
the absence of gonadotrophins. Hypophysec
tomy performed at any stage of the oestrous 
cycle or pregnancy prevents growth of fol
licles (Hearn, 1974; Panyaniti et al., 1985). 
Using heterologous radioimmunoassays, two 
gonadotrophic fractions which resemble FSH 
and LH of eutherian mammals have been 
described (Gallo et al., 1978), and LH remains 
low (0.2-1.9 ng/ml) at all times during the 
oestrous cycle or pregnancy except for the 
pre-ovulatory surge of 10-50 ng/ml, which 
lasts for about 12 h (Sutherland et al., 1980; 
Tyndale-Biscoe et al., 1983). In intact females 
FSH is not detectable (Evans et al., 1980), 
although it is detectable in intact males 
(Catling and Sutherland, 1980), but it reaches 
very high concentrations in castrated males 
(Catling and Sutherland, 1980) and ovariecto
mized females 3-8 days after ovariectomy 
(100-600 ng/ml) (Evans et ai., 1980; Hom et 
al., 1985). As in eutherian mammals, gonado
trophins are controlled by oestradiol concen
trations, with low doses exerting a negative 
feedback, but high doses, similar to the levels 
which occur at oestrus, exerting a positive 
feedback on the hypothalamus to induce a 
transient pulse of LH (Hom et al., 1985). The 
corpus luteum also provides a negative feed
back on the pituitary (Tyndale-Biscoe and 
Hawkins, 1977; Evans et al., 1980; Tyndale
Biscoe and Hearn, 1981; Renfree et al., 1982) 
to suppress ovulation, apparently by the se
cretion or release of oestradiol (see Figure 
7.21) and, although as yet no evidence can be 
found for oestradiol-17J3 secretion by the tam
mar corpus luteum in vitro (Renfree et ai., 
1984b), there is now evidence of oestradol 

secretion by the corpus luteum of the quokka 
Setonix brachyurus (Bradshaw and Bradshaw, 
1992). 

By contrast, ovarian cortical tissue does se
crete oestradiol (Renfree et al., 1984b) and has 
a negative-feedback effect on the pituitary 
(Tyndale-Biscoe and Hearn, 1981). 

7.7.2 THE CORPUS LUTEUM 

Development of the embryo past the unilami
nar blastocyst stage begins with expansion of 
the yolk sac to form first a bilaminar and then 
a trilaminar vesicle. In all the species of which 
we have some knowledge of the hormonal 
profile, progesterone increases in concen
tration and the endometrium proliferates. 
Although the importance of luteal secretion is 
unequivocal, the need for it is relatively brief, 
and it is during the first week of pregnancy 
that it is most important. Ovariectomy or 
lutectomy of the tammar, brush-tailed pos
sum, potoroo, quokka and opossum demon
strates that fetal development can proceed to 
full term in the absence of the corpus luteum 
after 8-10 days (Hartman, 1925; Tyndale
Biscoe, 1963a, 1970; Sharman, 1965b; 
Sharman and Berger, 1969; Shorey and 
Hughes, 1973a,b, 1975; Renfree, 1975; I.R. 
Young and Renfree, 1979; Bryant and Rose, 
1986). 

The endocrine role of the corpus luteum 
during pregnancy and the cycle has been best 
defined in macropodids, and in the tammar 
wallaby in particular (Tyndale-Biscoe, 1984; 
Tyndale-Biscoe and Renfree, 1987). Proges
terone has been identified as the main steroid 
in corpora lutea of the tammar (Renfree et al., 
1979; Renfree et al., 1984b), reaching maxi
mum concentrations of 32 ng/mg at day 22 of 
the 27-day gestation when the corpus luteum 
weighs around 60 mg (Figure 7.22). 

The pattern of circulating plasma pro
gesterone is similar in the macropodid 
species so far studied. During lactational or 
seasonal quiescence, peripheral plasma con
centrations are low, around 100-200 pg/ml, 
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Figure 7.22 Hormonal content of the corpus luteum and follicle in the tammar during pregnancy and 
immediately post partum. (a) Wet weight (mg) ± SEM of the corpus luteum and follicle. (b) 
Progesterone concentration (,6.) and content (e) of the corpus luteum and oestradiol content (0) of the 
follicle. (c) Relaxin concentration of the corpus luteum. Progesterone and corpus luteum weight data 
from Renfree et al. (1979); oestradiol and follicle weight data from Harder et al. (1985); relaxin data from 
Tyndale-Biscoe (1981). Steroids were measured by radioimmunoassay; relaxin by the mouse pubic 
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Figure 7.23 Plasma concentrations of progesterone (e - e), oestradiol-17j3 (e - - - e) and LH (NIH-oLH-
23) (e ... e) in tammars before and after excision of the corpus luteum (n=6) and sham excision (n=5) of 
the corpus luteum reactivated by removal of the pouch young (RPY) on day O. The time of operation is 
indicated by the vertical line. Values are mean ± SEM; error bars are not shown when less than the size 
of the symbol. Data from Fletcher and Renfree (1988). 

rising to a transient early pulse which occurs 
at day 3-4 in the quokka and day 4, 5 or 6 in 
the tammar and Bennett's wallaby (Lemon, 
1972; Renfree and Heap, 1977; Cake et aI., 
1980; Hinds and Tyndale-Biscoe, 1982a; 
Walker and Gemmell, 1983a) after reacti
vation of the diapausing blastocyst. Peak con
centrations are reached in late pregnancy 
followed by a precipitous fall at the time of 
parturition (Figures 7.22 and 7.27). 

Follicular size begins to increase by about 
day 23 RPY, reaching the maximum at 
around the time of birth (Figure 7.22). 
Oestradiol content of the follicular fluid also 
increases to reach a peak post-partum 
(Harder et aI., 1985) and peripheral plasma 
levels remain relatively constant throughout 

most of pregnancy (Harder et al., 1984; Shaw 
and Renfree, 1984). However, there is also a 
brief pulse of oestradiol around day 5, coinci
dent with the progesterone pulse (Shaw and 
Renfree, 1984; Figure 7.5). Like the progester
one pulse, it comes too late to be involved in 
the resumption of development after dia
pause, but may be important for providing 
some stimulus to the endometrium. 

The synthesis of progesterone by the cor
pus luteum increases at day 5 in vitro (Hinds 
et aI., 1983), and in vivo lutectomy experi
ments have shown that the pulse is of luteal 
origin (Fletcher and Renfree, 1988). Although 
the corpus luteum does contain oestrogens 
(Renfree et aI., 1984b), the oestradiol pulse 
occurs even after lutectomy (Figure 7.23). 



The origin and function of this transient 
rise in oestrogen remain to be determined. It 
is interesting to note, however, that a tran
sient early rise in oestradiol is also seen in 
wild tammars at the time of natural reacti
vation after the summer solstice (Flint and 
Renfree, 1982; Figure 7.20). 

The corpus luteum is also a source of 
relaxin. Tyndale-Biscoe (1966, 1969, 1981) has 
measured relaxin using the mouse pubic 
symphysis bioassay in the brush possum and 
in the tammar. In the tammar the maximal 
response in corpora lutea occurs between 
days 16 and 23 RPY, with a marked fall post
partum (Figure 7.22). The possible signifi
cance of this will be discussed further in the 
section on parturition (section 7.9). 

Following the early transient pulse in pro
gesterone in macropodids there is a steady 
rise in progesterone, reaching a peak by mid
pregnancy at around the time the shell mem
brane attenuates and dissolves (Renfree, 
1977; Denker and Tyndale-Biscoe, 1986) 
which allows the expanded yolk sac tropho
blast to make its first direct contact with the 
uterine endometrium. The corpus luteum is 
the source of this mid-pregnancy progester
one, for lutectomy at day 18 RPY (Findlay et 
al., 1983) or day 23 RPY (Harder et al., 1984) 
causes an immediate drop in plasma levels to 
those seen during quiescence (Figure 7.24). 

Concentrations of progesterone remain 
high until they fall dramatically at parturition 
(Figure 7.22). In most non-macropodid 
species, a similar pattern of luteal growth and 
progesterone secretion is seen, but without 
the early pulse (Figures 7.25 and 7.28) but in 
the bandicoots parturition occurs during the 
peak of the luteal phase and corpora lutea 
remain large and secrete progesterone for 
most of lactation (Figure 7.26). 

Thus from structural and endocrine studies 
three broad patterns of corpus luteum 
growth and decline have been recognized 
(Table 7.3) by Tyndale-Biscoe and Renfree 
(1987); and the following account is derived 
from their classification. 
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These types correlate with the reproductive 
strategies (groups 1-4) outlined earlier (see 
section 7.2). 

Type 1: short gestation, short luteal phase; 
Type 2: short gestation, prolonged luteal 

phase; and 
Type 3: long gestation, long luteal phase. 

No data are available for group 4 animals, 
which include the small possum families. In 
the type 1 pattern, which probably holds for 
the majority of marsupials, the luteal phase 
occupies less than 60% of the oestrous cycle 
and is followed by a follicular phase leading 
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Figure 7.24 Plasma progesterone before and 24 
and 48 h after surgery to excise the corpus luteum 
on day 18 after removal of pouch young (RPY). 
Values are means ± SEM of pregnant lutecto
mized tammars (n=6) (e), pregnant sham
operated animals (n=5) (-), and non-pregnant 
lutectomized animals (n=4 at day 18 and 19, n=3 
at day 20 after RPY (.&). (Redrawn from Findlay et 
al., 1983.) 
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Figure 7.25 Plasma progesterone concentrations in two dasyurids during an oestrous cycle. (a) 
Summary of changes in a group of six Dasyuroides byrnei which underwent an oestrous cycle (broken 
line) followed by a pregnancy (solid line). Concentration (mean ± SEM) of plasma progesterone to show 
sharp drop before birth, or vaginal bleeding in non-pregnant cycle. All values were synchronized to day 
2 and correlated with the uterine cell cycle, mating and birth. Data from Fletcher (1983, 1989b). (b) 
Concentration (mean ± SEM) of plasma progesterone in Dasyurus viverrinus through the oestrous cycle. 
The time that birth would occur in a pregnant animal is shown. Data from Hinds (1983, 1989a). (a and b 
from Tyndale-Biscoe and Renfree, 1987, with permission). 

to the next oestrus and ovulation. The dur
ation of pregnancy is shorter than the luteal 
phase (see Figure 7.2), and parturition co
incides with corpus luteum regression. If 
lactation follows, the subsequent follicular 
phase is suppressed and the corpus luteum 
of pregnancy slowly disappears or remains 
as a corpus albicans. In the type 2 pattern, as 
exemplified by the bandicoots, gestation is 
equally short but parturition occurs during 
the peak of the luteal phase. If lactation 
follows, the corpora lutea remain large and 
the follicular phase is suppressed for most of 
lactation. In the type 3 pattern, which occurs 
in most of the Macropodidae, the luteal 

phase lasts for more than 90% of the cycle 
and the follicular phase is not inhibited (see 
Figure 7.2). Gestation occupies all of the 
extended luteal phase and is followed by 
post-partum oestrus and ovulation. If lac
tation follows, the corpus albicans associated 
with pregnancy declines further, as in the 
non-pregnant female, but the new corpus 
luteum formed at post-partum ovulation is 
held in a state of quiescence whilst the young 
is sucking, and in the tammar and Bennett 
wallabies for some months afterward. In all 
types, the rise in peripheral progesterone 
appears to be important for the full develop
ment of the secretory endometrium, which in 



turn supports the rapid expansion of the 
embryo vesicle. 

7.7.3 THE UTERINE ENDOMETRIUM 

During pregnancy the endometrium prolifer
ates and becomes secretory. In the monovu
lar grey kangaroo, M. giganteus, R. Owen 
(1834) was the first to note that there were 
differences between the endometrium of the 
gravid and that of the contralateral non
gravid, uterus, a finding with which Flynn 
(1930) concurred in his study of the 
Tasmanian bettong, Bettongia gaimardi. 
Because of the similarity of the changes in the 
uterus during pregnancy and the oestrous 
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cycle, these observations were largely over
looked until it was found that the wet weight 
of the gravid endometrium of the tammar 
was consistently and significantly greater 
than that of the adjacent, non-gravid, one 
(Renfree, 1972a; Renfree and Tyndale-Biscoe, 
1973). The composition of the uterine se
cretions also differed, not only throughout 
pregnancy but between the two sides (Ren
free, 1973b). The rate of protein synthesis is 
greater in the gravid uterus (Shaw and 
Renfree, 1986). 

These observations of a unilateral effect 
suggested that the presence of the fetus or 
placenta may be responsible, and this has 
been confirmed in three ways. First, the 
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Figure 7.26 (a) Diameter of the corpus luteum (CL) in the bandicoot Isoodon macrourus during pregnancy 
(between arrows) and the subsequent lactation. During the 45-53 days of lactation, ovulation may recur. 
Data from Lyne and Hollis (1979). (b) Concentrations (mean ± SEM) of plasma progesterone in Isoodon 
macrourus during pregnancy and lactation. Individual samples after day 25 are shown. Data from 
Gemmell (1981). (From Tyndale-Biscoe and Renfree, 1987, with permission). 
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Table 7.3 Marsupial species for which plasma or luteal hormonal measurements are available during 
pregnancy, arranged using the classification of reproductive patterns of Tyndale-Biscoe and Renfree 
(1987). Nothing is known of the hormones in species with group 4 pattern (Families Tarsipedidae, 
Burramyidae, Acrobatidae) 

Type and species Hormones measured 

(a) Short gestation, short luteal phase 

Didelphis virginiana 

Dasyurus viverrinus 
Dasyuroides byrneii 
Antechinus stuartii 
Trichosurus vulpecula 

P,E 

P 
P, LH 
P 
P, E, PGFM, LH, 
relaxin 

(b) Short gestation, prolonged luteal phase 

Isoodon macrourus P, PGFM 

(c) Long gestation, delayed luteal phase 

Macropus eugenii 

Macropus rufogriseus 

Macropus giganteus 

Macropus rufus 
Setonix brachyurus 

P, E, PGFM, LH, 
FSH, Prl, relaxin, 
oxytocin 
P, PGFM, Prl 

P, E, LH, Prl 

P 
P 
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Renfree (1982); Hinds and Tyndale-Biscoe (1982a,b); Renfree et al. (1982); F. Stewart & Tyndale-Biscoe (1982); Findlay 
et al. (1983); Hinds (1983, 1988); Hinds et al. (1983); Shaw (1983a,b); Tyndale-Biscoe et al. (1983); Harder et al. (1984, 
1985); Renfree et al. (1984b); Shaw and Renfree (1984); K.L. Ward and Renfree (1984); Short et al. (1985); Lewis et al. 
(1986); Tyndale-Biscoe et al. (1988); Curlewis et al. (1988); Fletcher and Renfree (1988). 

P, progesterone; E, oestradiol-17j3; PGFM, prostaglandin F2o: metabolite; LH, luteinizing hormone; FSH, follicle
stimulating hormone; Prl, prolactin. 

transfer of a blastocyst to a cyclic, non
pregnant animal, or to the side contralateral 
to the corpus luteum in a pregnant one, 
initiated similar endometrial proliferation in 
each uterus in which a fetus developed and 
did not relate to th~ position of the corpus 
luteum, so the greater weight was not due to 
the proximity of the corpus luteum of preg-

nancy (Renfree, 1972a; Renfree and Tyndale
Biscoe, 1973). In animals in which blastocyst 
reactivation was initiated during seasonal 
quiescence with exogenous progesterone, 
endometrial growth was induced in both 
uteri for the duration of treatment. However, 
after the injections ceased, only the uterus 
containing the developing embryo continued 



to enlarge while the non-gravid uterus de
clined to a size usually observed in the non
pregnant cycle (Renfree and Tyndale-Biscoe, 
1973). Since, in this experiment, the corpus 
luteum was by-passed and remained in
active, the continuation of endometrial 
stimulation in the gravid uterus after pro
gesterone withdrawal again must have been 
due to the presence of the fetus or its pla
centa. The third observation suggests that the 
placenta is the main site of the influence. In 
some females which were treated with pro
gesterone during seasonal quiescence to in
duce blastocyst reactivation, a vesicle grew 
but no embryo or vascular mesoderm devel
oped (Renfree and Tyndale-Biscoe, 1973; 
Fletcher et al., 1988), but these vesicles, con
sisting only of the non-vascular yolk sac 
membrane, stimulated the endometrium and 
the uterine secretions as in a normal 
pregnancy. 

The fact that the endometrium of the non
gravid uterus declines in weight and se
cretory activity during the second half of 
pregnancy or the cycle, even though periph
eral progesterone concentrations are at their 
highest (Figure 7.27) suggests that there is a 
declining sensitivity to progesterone. 

It is possible that the local stimulation of 
the gravid uterus may reverse this by stimu
lating increased progesterone receptor syn
thesis but there is no evidence for this (D. 
Blanden and M.B. Renfree, unpublished) 
(section 7.7.4). F.J. Owen et al. (1982) have 
observed a difference in progesterone recep
tor concentration between the two uteri of 
the quokka S. brachyurus, an observation also 
made in the tammar (D. Blanden and M.B. 
Renfree, unpublished). A similar unilateral 
response of the endometrium to pregnancy 
has been observed in the quokka (Wallace, 
1981) and also in the potoroo Potorous tridacty
Ius by Shaw and Rose (1979). So far these 
effects are only known in macropodids; in 
non-macropodids, such as the monovular 
brush-tailed possum Trichosurus vulpecula and 
the polyovular opossum Didelphis virginiana, 
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this fetal stimulation of the endometrium is 
not seen (Figure 7.28). 

In opossums, uteri endometrium from 
equivalent days of the oestrous cycle and ges
tation are virtually identical in size, appear
ance and biochemical composition (Hartman, 
1923; Renfree, 1975; Fleming and Harder, 
1981a,b). Likewise, in the monovular brush
tailed possums, adjacent gravid and non
gravid uteri are identical except for the better 
development of the subepithelial capillary 
bed in the gravid uterus (Pilton and 
Sharman, 1962) and have similar endometrial 
weights (N.J. Cantrill and C.H. Tyndale
Biscoe, personal communication). 

In both these species, maintenance of ges
tation depends on a continued uterine se
cretory phase. Ovariectomy of opossums 
between days 6 and 8 of the 121h-day ges
tation allows development of normal-term 
fetuses, but parturition is inhibited (Hart
man, 1925; Renfree, 1974). In possums the 
uterine luteal phase develops by day 7 of the 
17-day gestation (Pilton and Sharman, 1962; 
Shorey and Hughes, 1973a,b, 1975). After 
ovariectomy on day 7 the uterine secretory 
phase continues for the normal duration, but 
the volume of secretion is reduced (Shorey 
and Hughes, 1975). Ovariectomy on day 7 or 
10 does not interfere with development to 
term of intrauterine embryos, but the animals 
do not give birth, while lutectomy on day 11 
or injections of progesterone for 2 or 3 days 
after ovariectomy on day 7 results in some 
live births (Smith and Sharman, unpub
lished, in Sharman 1965b; and in Tyndale
Biscoe, 1966). Possums and opossums differ 
from eutherian mammals in which embry
onic development can continue for several 
days after ovariectomy in that, because of 
their short gestation, even a brief survival 
after the operation allows them to develop to 
full term. Tammars and quokkas, despite 
their longer gestation, are able to extend the 
uterine secretory phase, so that they can de
velop to term after ovariectomy as early as 
day 8 or 7 respectively. Although the fetus or 
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its membranes appear .to be involved, how 
they achieve this is still unclear, but both 
uterine steroid receptors and endocrine 
activity by the placenta are likely candidates. 

7.7.4 PROGESTERONE AND OESTROGEN 
RECEPTORS IN THE FEMALE GENITAL TRACT 

Very few attempts have been made, as yet, to 
measure ovarian steroid hormone receptors 

in target cells of marsupial genital tract tissue. 
So far, steroid receptors have been measured 
in only three species: the quokka (F.J. Owen 
et al., 1982), the brush-tailed possum (C.E. 
Young and McDonald, 1982; Curlewis and 
Stone, 1986) and the tammar (D. Blanden and 
M.B. Renfree, unpublished). Evidence for the 
binding of progesterone is also found in the 
quoll, Dasyurus viverrinus, In addition to 
these three marsupials (T.P. Fletcher and 
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Figure 7.27 Endometrial wet weights (a and b) and plasma progesterone (c and d) in two macropodids, 
the tammar, Macropus eugenii (a and c), and quokka, Setonix brachyurus (b and d), during pregnancy. 
Gravid uteri (e) show a greater and more sustained response than contralateral, non-gravid uteri (0). 
Plasma progesterone measured by radioimmunoassay after removal of pouch young. Note both species 
show a marked pulse of progesterone ~ days after removal of their pouch young, and a sharp fall in 
progesterone at the time of parturition. [Redrawn from (a) Renfree and Tyndale-Biscoe (1973); (b) G.I. 
Wallace, unpublished observations, and Renfree (1980c); (c) Cake et al. (1980) and (d) Hinds and 
Tyndale-Biscoe (1982a).] 



D.R. Blanden, personal communication). 
The properties of the possum cytosol oes
trogen receptors in the endometrium and 
vaginal endothelium are similar to those 
described for eutherians, but differ in their 
relative binding affinities (C.E. Young and 
McDonald, 1982). Two distinct classes of high 
binding affinity for oestrogens were detected, 
with high (85) and low (45) molecular weight, 
the proportions of which varied with repro
ductive state or hormone treatment. Animals 
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treated with oestrogen, or those in the 
follicular phase of the cycle had a significant 
increase in the concentration of macro
molecular high-affinity oestrogen binding 
sites in the endometrium (predominantly 85) 
and even more so in the vaginal endothelium 
(mainly 45 during pregnancy and the luteal 
phase) (C.E. Young and McDonald, 1982). 
During the non-pregnant cycle, cytosoloes
tradiol receptor concentrations rose between 
days 0 and 5, after which they declined 
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Figure 7.28 Plasma progesterone (a and b) concentrations during pregnancy (e) and the oestrous cycle 
(0) in brush-tailed possum, Trichosurus vulpecula (a), and the opossum, Didelphis virginiana (b). 
Endometrial wet weights in gravid (e) or non-gravid (0) uteri of both possums (c) and opossums (d) 
reflect the increasing progesterone concentrations. In the monovular brushtail possum there are no 
unilateral effects of pregnancy. In the polyovular opossum both uteri are normally gravid; non-gravid 
uteri (0) are from cycling animals at differing days after oestrus. [Redrawn from (a) Gemmell et al. (1987); 
(b) Harder and Fleming (1981); (c) N.J. Cantrill and C.H. Tyndale-Biscoe, unpublished results and (d) 
Renfree (1975).] 
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(Curlewis and Stone, 1986). In ovariecto
mized animals oestradiol increased the uter
ine weight, RNA-DNA and protein-DNA 
ratios and the concentration of cytosol recep
tors for oestradiol and progesterone (Curlew
is and Stone, 1986). Thus, both studies show 
that oestradiol cytosol receptor levels in the 
uterus of the brush-tailed possum are high at 
oestrus and low during the luteal phase. 

Progesterone receptors have been detected 
in uterine tissue of the quokka, and exogen
ous oestradiol leads to an augmentation of 
the uterine receptor concentration, with a six
fold increase after 5 days of treatment (F.J. 
Owen et al., 1982). It appears that the level of 
oestrogen in the circulation influences the 
responsiveness of the uterus to progesterone, 
and within an hour of oestrogen priming 
there is a depletion of cytosolic progesterone 
binding and increased nuclear localization 
(F.J. Owen et al., 1982). In the brush-tailed 
possum, progesterone receptor levels are 
highest at day 0 of the cycle, after which they 
decline to day 13 (Curlewis and Stone, 1986) 
(Figure 7.29). 

Progesterone receptors in this species are 
low after ovariectomy, but, as in the quokka, 
increase in concentration after oestradiol 
treatment (Curlewis and Stone, 1986). The 
decline in progesterone cytosol receptor 
levels after oestrus is similar to that seen in 
many eutherian species during the phase of 
progesterone dominance (Curlewis and 
Stone, 1986). 

A much more extensive series of measure
ments has been made on the steroid recep-
tors throughout pregnancy in the tammar, 
and an interesting pattern is emerging (D. 
Blanden and M.B. Renfree, unpublished). As 
we found for endometrial wet weight, there 
is a unilateral effect throughout pregnancy 
for the concentration of both progesterone 
and oestradiol receptors, with greater con
centrations in the gravid uterus, and there is 
also a peak concentration of both receptor 
concentrations at day 5 of pregnancy after 
RPY, coinciding with the peripheral plasma 
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Figure 7.29 Concentrations of progesterone and 
oestradiol receptor during the oestrous cycle in the 
brush-tailed possum. It is interesting that there is a 
marked peak in oestradiol receptor concentrations 
5 days post oestrus, while that of progesterone 
declines steadily throughout the cycle. Data from 
Curlewis et al. (1985). 

peaks of oestrogen (Shaw and Renfree, 1984) 
and progesterone (Hinds and Tyndale
Biscoe, 1982a). Myometrial receptor concen
trations mirror those of the endometrium 
although they are generally lower. 
Concentrations of progesterone receptor in 
the lateral vaginae are almost unmeasurable, 
while the oestrogen cytosol receptor concen
trations are lower than those of the 
myometrium. 

7.7.5 ENDOCRINE FUNCTIONS OF THE 
PLACENTA 

The morphogenetic changes just described 
appear to be associated with the presence of 
the placenta, and it could provide a local 
endocrine stimulation to the adjacent uterus 
without any hormone being detected in the 
peripheral circulation. This could explain 
why pregnancy continues to full term after 
ablation of the corpus luteum or ovariectomy 



in several marsupials and there is now evi
dence that the placenta is far from inactive. 
The yolk sac placenta is only three cell layers 
thick in the vascular region, and is bilaminar 
for over half of its surface (Figure 7.30). 

Incubations of the meagre amount of pla
cental tissue available « 100 mg) from the 
quokka S. brachyurus and the tammar M. 
eugenii have shown that they have incipient 
endocrine activity by converting pregneno
lone to progesterone (Bradshaw et al., 1975; 
Renfree and Heap, 1977; Renfree, 1977). A 
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more detailed study of the yolk sac mem
brane of M. eugenii showed that it can convert 
a range of steroid precursors into a variety of 
products (Figure 7.30), although levels of 
conversion were generally low (Heap et al., 
1980). Small amounts of prenenolone were 
converted to progesterone and pregnane
diol; androstenedione was metabolized to 
5a-androstane-3,17-dione and androsterone, 
but was not incorporated into oestrogens, 
providing no evidence for the enzymes aryl
sulphatase or sulphotransferase in the pla-

Figure 7.30 Ultrastructure of the full-term placenta of the tammar, Macropus eugenii, pulled free from the 
uterine epithelium. (a) Avascular, bilaminar yolk sac membrane, with numerous microvilli (Mv) on the 
ectodermal layer which would appose to the uterine epithelium. There are numerous mitochondria (M). 
Magnification x1700. (b) Vascular, trilaminar yolk sac membrane in the region of the sinus terminalus 
shown with two fetal red blood cells (Fbc). Ectodermal cells have numerous enclosed granules and 
vesicles. Magnification X 2700. 
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centa. It thus appears that the yolk sac 
membrane, while capable of limited pro
gesterone synthesis, has enzymes associated 
predominantly with steroid catabolism (Heap 
et al., 1980). Although some parallels can be 
seen between steroid metabolism in the yolk 
sac placenta of M. eugenii and those of some 
eutherian mammals with superficial implan
tation, an important difference is that aroma
tase activity, which is pronounced in the 
placentae of pig and horse (see Gadsby et al., 
1980), is undetectable in M. eugenii (Heap et 
al., 1980; Renfree et al., 1984b), although it is 
detectable in the endometrium, brain, ovaries 
and adrenal tissues (Heap et al., 1980; Callard 
et al., 1982; Renfree et al., 1984b) (Figure 7.31). 

Two other observations indicate that the 
fetoplacental unit of macropodid marsupials 
may influence the maternal hormones syste
mically (Tyndale-Biscoe and Renfree, 1987). 
First, the lengths of gestation in two species 
of kangaroo, Macropus giganteus and M. fuligi
nasus, are 36 and 31 days but the gestation 
period of M. giganteus females mated to M. 
fuliginosus males is intermediate at 34 days 
(Kirsch and Poole, 1972; Poole, 1975), reflect
ing the hybrid genotype of the fetuses. The 
female progeny themselves had oestrous 
cycles intermediate in length between the 
parent species and, when backcrossed 
to M. fuliginosus males, had even shorter 
gestations (32 days, n = 12) (Poole, 1975). 
Second, Merchant's (1979) demonstration 
that gestation advances the time of oestrus by 
up to 3 days in M. eugenii and other species 
and that associated changes in progesterone, 
prolactin and luteinizing hormone are also 
advanced (Tyndale-Biscoe et al., 1983) is 
strong evidence for a fetoplacental influence 
operating in the first instance on the corpus 
luteum and indirectly on the pituitary there
after. A summary of the ways the placenta 
may interact with the endometrium and 
ovary is shown in Figure 7.32. 

All these effects may be said to be a ma
ternal recognition of pregnancy, and some or 
all may be due to endocrine signals from the 

placenta, although direct evidence for this 
has not yet been obtained. The vascular anat
omy of the reproductive tract, which favours 
local circulation, would enable some of these 
to be unilateral effects (Towers et al., 1986), so 
that high concentrations may not be necess
ary. It is of interest that laparotomy alone at 
the time of attachment of the yolk sac 
placenta (days 18 and 19) interferes with sub
sequent parturition in Setonix brachyurus and 
M. eugenii, which may further implicate the 
placenta as an important component in nor
mal gestation (I.R. Young and Renfree, 1979). 
This form of maternal recognition of preg
nancy is probably restricted to the Macropod
idae, as recent studies on D. virginiana 
(Harder and Fleming, 1981) and Dasyuroides 
byrnei (Fletcher, 1983) disclosed no evidence 
for an endocrine recognition of pregnancy in 
either species. 

7.8 ACQUISITION OF ENDOCRINE ORGANS 
DURING DEVELOPMENT 

7.8.1 EMBRYONIC AND FETAL GROWTH 

Up to the unilaminar blastocyst stage there is 
no increase in diameter of the embryo, but 
thereafter there is rapid expansion of the 
blastocyst through absorption of fluid into 
the blastocoele across the trophoblast. A fea
ture of marsupial embryogenesis is the rela
tively slow rate of embryonic development, 
which only increases during the later stages 
of pregnancy (Tyndale-Biscoe and Renfree, 
1987) (Figure 7.33). 

There are few complete, timed studies of 
embryonic development in marsupials, and 
the first, of the opossum Didelphis virginiana, 
remains the most detailed today (McCrady, 
1938), and provides a useful guide to the 
significant developmental features of mar
supial embryos (Table 7.4; Figure 7.34). 

There has been a burgeoning of studies 
over the last two decades on particular stages 
of embryonic development, particularly the 
pre-implantation stages (see Selwood, 1992) 
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Figure 7.31 Steroid metabolism in fetal and maternal tissues of the tammar wallaby. (a) Yolk sac 
metabolism of eH]androstenedione in vitro. Tissue was obtained at day 20 after removal of pouch young 
and incubated for 3 h at 37°C with labelled androstenedione. After incubation, tissue and medium were 
extracted and the neutral steroid fraction was applied to a thin-layer chromatogram, which was 
developed in the solvent system, methylene dichloride-methanol (5:30, v/v). The diagram shows a 
radiochromatogram scan of radioactivity. All 3J3-hydroxyandrostan-17-one (androsterone); And, 
androstenedione (not metabolized); A2, 5a-androstane-3,17-dione. (b) Endometrial metabolism of (a) 
[3H]progesterone and (b) [3H]androstenedione in vitro in the tammar wallaby. Tissue was obtained at 
day 15 and day 11, respectively, after removal of pouch young. Diagram shows radiochromatogram scan 
of radioactivity in the neutral steroid fraction after application to a thin-layer chromatogram plate which 
was developed in the solvent system, methylene dichloride-methanol (75:30, v/v). Prog, progesterone; 
And, androstenedione; P'diols, pregnanediols; A3 and A4, unknowns (see Table 7.4). (c) 
Radiochromatogram scans showing separation of [3H]-labelled substrates and products by thin-layer 
chromatography. Top: Metabolism of [3H]pregnenolone (Preg.) to progesterone (Prog.) by corpus 
luteum obtained on day 20 of pregnancy after removal of pouch young (RPY). Middle: Metabolism of 
[3H]pregnenolone by remaining ovary (interstitial tissue + cortex) on day 15 of pregnancy after RPY; 
Bottom: Metabolism of [3H]androstenedione (And.) by remaining ovary (interstitial tissue + cortex) on 
day 25 of pregnancy after RPY. OE2, oestradiol-17J3; OEI , oestrone. Bars indicate chromatographic 
behaviour of corresponding authentic standards. [Redrawn from (a and b) Heap et al. (1980); (c) Renfree 
et al. (1984b).] 
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Yolk sac 
membrane 

Figure 7.32 Suggested interactions of steroid 
hormones in the tammar Macropus eugenii during 
pregnancy after removal of pouch young, based 
on incubation in vitro with labelled steroids (see 
Figure 7.31). After incubation, although the pla
centa, weighing 100 mg, has only low levels of 
steroid synthetic activity, this may be sufficient to 
provide local stimulation of the endometrium. 
And, androstenedione; AS, androsterone; ASD, 
androstanedione; eL, corpus luteum; DHA, de
hydroepiandrosterone; Elf oestrone; E2 13, 
oestradiol-1713; Preg, pregnenolone; P, progester
one. Based on data in Heap et al. (1980) and 
Renfree et al. (1984b). [From Renfree (1980c), re
drawn by Tyndale-Biscoe and Renfree (1987).] 

and the fetal stages (Renfree, 1972a,b; 
Bancroft, 1973; Renfree and Tyndale-Biscoe, 
1973, 1978; Shaw and Rose, 1979; Tyndale
Biscoe, 1979; Krause et al., 1979a,b; Selwood, 
1980; Walker and Rose, 1981; Hughes and 
Hall, 1984, 1988; Hall and Hughes, 1987; 
Krause and Cutts, 1983, 1984, 1985; Krause 
and Leeson, 1973; Hall, 1988), and most of 
these have been reviewed in detail by 
Tyndale-Biscoe and Renfree (1987); newer 
work on the development of the endocrine 
organs is given in the following section, so 

the following description is brief to provide 
the necessary framework for discussion. 

After the formation of the primitive streak 
the embryo acquires a bilateral symmetry, 
with Hensen's node at the anterior end 
(Figure 7.35). 

The first somites are seen in vesicles are 
between 4 and 8 mm in diameter. Amnio
genesis occurs relatively late in marsupials, 
soon after the appearance of somites 
(Tyndale-Biscoe and Renfree, 1987). Cervical 
flexure occurs when the embryo has about 
18-20 somites and the neural tube is closed 
along most of the length of the embryo 
(Figure 7.36). 

It is about this time that the shell mem
brane (see Krause and Cutts, 1983), which 
has become more and more attenuated, rup
tures, and a close and direct apposition of the 
trophoblast to the uterine epithelium be
comes possible. At this time in the tammar 
there is a specific proteinase in the tropho
blast endoderm complex for 1 day (day 18-19) 
exclusively in the bilaminar yolk sac (Denker 
and Tyndale-Biscoe, 1986). This proteinase 
activity is correlated with the dissolution of 
the shell membrane and the subsequent 
attachment of the trophoblast to the uterine 
epithelium in the bilaminar, but not trilami
nar, region. Whereas all development up to 
this stage has been relatively slow and occu
pied two-thirds of the active gestation period, 
organogenesis is relatively rapid, and the 
time it takes is only a two-fold or so differ
ence in very divergent species which may 
also have very different body sizes (Figure 
7.33). 

The placental membranes apposed to the 
uterine wall consist of vascular and non
vascular portions of the yolk sac in most mar
supials (Sharman, 1961; Hughes, 1974, 1984) 
(Figure 7.30). Only a small area of true chor
ion remains and the allantois is enclosed in 
the fold of the yolk sac membrane, except in 
the Peramelidae, in which it forms an inti
mate attachment (Flynn, 1923; Padykula and 
Taylor, 1976, 1977, 1982). In the tammar, the 
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allantois never reaches the chorion, and as 
gestation proceeds it accumulates urea in the 
allantoic fluid, presumably via the patent 
Wolffian ducts draining the mesonephros 
(Renfree, 1973a). A similar arrangement of 
fetal membranes has been described for a 
variety of macropodids and phalangers 
(Tyndale-Biscoe and Renfree, 1987). As noted 
above, some marsupials have an allantoic 
placenta in addition to a yolk sac placenta, 
and the most elaborate form of allantoic pla
centation is found in the bandicoots -
Perameles nasuta, P. gunnii and Isoodon obesulus 
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- where a true chorioallantoic placenta is 
present in addition to the yolk sac placenta 
(Padykula and Taylor, 1977). 

At birth, the tiny young is able to climb to 
the pouch unassisted by the mother (Cannon 
et al., 1976), using its well-developed fore
limbs (Hughes et al., 1989; Renfree et al., 
1989). Its lungs are functional, the nostrils 
open and the olfactory centre of its brain 
is well developed (Gemmell and Rose, 
1989a,b). The mouth, tongue and digestive 
system, including liver and pancreas, are suf
ficiently developed to cope with the change 
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Figure 7.33 Relative duration (days) of the preattachment phases in six different marsupials. Species 
from top to bottom are Antechinus stuartii, Perameles nasuta, Didelphis virginiana, Trichosurus vulpecula, 
Macropus eugenii and Potorous tridactylus. Numbers given are days of gestation. The period of organogen
esis is relatively constant (thick line) amongst these divergent species, which range in size from less than 
50 g to over 6 kg. The preattachment phase when embryogenesis occurs is however very variable, and 
may be extended even further by embryonic diapause. (From Tyndale-Biscoe and Renfree, 1987, with 
permission. ) 
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Table 7.4 Normal embryonic stages in Didelphis virginiana. (From McCrady, 1938) 

Stage 

1. 
2. 
3. 
4. 
4'. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

13. 

14. 
15. 
16. 
17. 
18. 
19. 
20. 

21. 
22. 
23. 
24. 
25. 
26. 
27. 

28. 
29. 
30. 
31. 

32. 

33. 

34. 

35. 

Developmental features 

One-celled ovum (tubal). Fertilization 12-30 h p.c. 
Two-celled ovum (uterine). Cleavage complete 54 h p.c. 
Three-celled ovum 
Early four-celled ovum with large blastomeres 
Late four-celled ovum with small blastomeres 
Six-celled ovum 
Eight-celled ovum 
Twelve-celled ovum 
Sixteen-celled ovum 
Thirty-two-celled ovum 
First endodermal mother cells 
Earliest medullary plate and considerable yolk in gastrocele 
Expanded and attenuated vesicle with endodermal cells still 

almost entirely under medullary plate 
Ellipsoid blastocyst eccentric in albumen and with endodermal 

cells spreading toward equator 
Spherical bilaminar blastocyst 
Clear spot in medullary plate 
First mesodermal cells forming cloud in the clear spot 
Primitive streak with mesodermal crescents 
Hensen's node 
Primitive groove. Mesoderm still only beneath medullary plate 
Clear spot in front of Hensen's node. Mesoderm extending 

beyond medullary plate 
Notochord equal to or shorter than primitive groove 
Notochord longer than primitive groove. First somites forming 
First coelomic rudiments. No heart. No optic cups 
Optic cups but no contact of medullary folds 
Contact of medullary folds, but no proamniotic fold 
Proamniotic fold, but no caudal amniotic fold 
Caudal amniotic fold, but anterior neuropore and otocysts 

still open 
Anterior neuropore and otocysts closed. Amniopore still open 
Amniopore closed. Forelimb becomes a club 
Forelimb paddle. Secondary lumber flexure 
Diameter of allantois approximately one-third length of body 

Hind limb bud. Frontal process 
Diameter of allantois approximately two-thirds length of body 

Hind limb club. 
Diameter of allantois equal length of body. Hind limb paddle 

Eyelid folds 
Oral shield. Epitrichium covers eyes, ears, and sides of mouth 

Claws on forelimb digits 
Oral shield practically resorbed. Umbilical cord lost or very 

much constricted 

*GL, greatest length of embryo 

Day of Ovum 
pregnancy or vesicle 

o 
1 
2 

3 

4 
5 
6 

7 

8 

9 

10 

11 

12 

diameter (mm) 

0.122xO.104 
0.6 

0.20 

0.34 

0.75 
1.0 
1.4 
2.0 
2.2 

3.2 
3.7 

(GL* 5.5) 
10.0 
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to a milk diet (Janssens and Ternouth, 1987). 
By contrast, features such as the eyes, the 
hind limbs and the gonads remain undiffer
entiated (Hughes and Hall, 1988; 0 et al., 
1988); the scrotum is visible in embryos from 
day 22 RPY, but the pouch can be clearly seen 
only after about 8 days after birth (Renfree 

o 
STAGE 1 4 8 

17 

21 
...... - .... -

25 

and Short, 1988); the metanephros is differ
entiated but not functional immediately 
(Wilkes and Janssens, 1988). Nevertheless, 
the entire period of differentiation is accom
plished in a short time, which prepares the 
neonate for birth and for its more lengthy 
stay in the pouch whilst the rest of its growth 

10 

32 

Figure 7.34 Representative stages of development of the American opossum, Didelphis VIrgIn/ana, 
redrawn from McCrady (1938). Each horizontal row is drawn to the same scale. Thus stages 1-12,17-23, 
and 25-35, are to the same scale. The diameter of the oocyte (stage 1) is about 0.11 mm and the diameter 
of the vesicle (stage 12) is 0.34 mm. No representation of the mucin layer or shell membrane is shown in 
this series. Detailed descriptions of the key developmental events are given in the accompanying table 
(Table 7.4). 
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Figure 7.35 Developing embryos from one uterus of the quoll, Dasyurus viverrinus, 15 days post coitum. 
Vesicle (a) is 2.5 mm diameter, and shows the beginnings of the medullary plate (m), equivalent to 
McCrady stage 12 (see Figure 7.34). The trophoblastic nuclei are prominent and appear in dots. Vesicle 
(b) is 3.5 mm diameter, and is at the primitive streak (ps) stage, equivalent to McCrady stage 19 (see 
Figure 7.34 and Table 7.4). (Photograph kindly provided by Dr T.P. Fletcher.) 

and development is completed (Sharman, 
1973). 

7.8.2 ENDOCRINOLOGY OF THE FETUS AND 
NEONATE 

The fetal stages of all marsupials are of a very 
short duration, and given the range of adult 
body sizes, the duration of organogenesis is 
remarkably similar between species (Figure 
7.33) whereas the period from fertilization to 
the end of embryogenesis is a very variable 
period ranging from a few days up to 11 
months in those species which have embry
onic diapause. By contrast, the period from 
birth to weaning is very long in marsupials, 
and maturation of many of the organ systems 
occurs during early pouch life. 

Studies of the endocrinology of the fetus 
are virtually non-existent, but nevertheless 

data are accumulating on the morphology of 
the endocrine glands and the first appearance 
of hormones in late fetal and early pouch life. 
As will be seen in the following section, ob
servations on endocrine responses in the 
mother which are dependent on the presence 
of a fetus are more numerous and support 
the idea that the fetus can certainly redirect 
maternal physiology by the influence of fetal 
hormones. This section will therefore concen
trate on the few reports on the endocrine 
competence of the fetus and neonate. 

The sequence of events during sexual dif
ferentiation in marsupials has recently been 
reviewed (Renfree et al., 1987; Tyndale-Biscoe 
and Renfree, 1987; Renfree and Short, 1988; 
Short et al., 1988; Sharman et al., 1990; Shaw 
et al., 1990; Renfree, 1992) so only the briefest 
summary will be given here. In the tammar 
wallaby, Macropus eugenii, the gonad is essen-
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tially indifferent on the day of birth, and 
there are no morphological differences be
tween males and females in their Wolffian 
and Mullerian duct systems, suggesting that 
the male gonad has not initiated the secretion 
of Mullerian inhibiting substance (MIS) from 
the future Sertoli cells, or androgens from the 
future Leydig cells (0 et al., 1988). 

Hormonal secretion by the testis does, 
however, commence soon after birth. By the 
second day of pouch life the testes of tam
mars have developed seminiferous tubules 
and are secreting MIS (Hutson et al., 1988). 
Testosterone production also appears to be 
initiated early in pouch life (Renfree et al., 
1992). In the tammar wallaby sufficient 
androgen is secreted in males before day 25 
to prevent the regression of the Wolffian 
ducts that occurs in females (Shaw et al., 
1988). In another marsupial, the Virginia 
opossum, Didelphis virginiana, testes, but not 
ovaries, can convert pregnenolone to testos
terone by day 19, and probably much earlier 
(George et al., 1985). Likewise, the genital 
ducts, the urogenital sinus and the genital 
tubercle, which are known androgen
responsive tissues, contain the enzymes to 
convert testosterone to its active metabolite 
5a-dihydrotestosterone. 

In male marsupials the Mullerian ducts be
gin to regress by about day 10, apparently 
under the influence of MIS secreted by the 
testis (Renfree et al., 1987; Hutson et al., 1988; 
Short et al., 1988; Shaw et al., 1990). 
Treatment of neonatal marsupials with oes
trogens prevents Mullerian duct regression, 
presumably by inhibiting MIS production or 
action (Burns, 1961; Shaw et al., 1988). 
Wolffian duct development is controlled by 
androgens. Treatment of newborn female 
pouch young with testosterone prevents 
regression of the W olffian duct, which 
normally disappears within a few weeks of 
birth (Burns, 1961; Shaw et al., 1988). 

By contrast, androgen is incapable of pro
ducing scrotal, processus vaginalis or guber
nacular growth or suppressing mammary 

development in female neonatal tammars, 
and oestrogen is incapable of suppressing 
scrotal, processus vaginalis or gubernacular 
growth or stimulating mammary develop
ment in neonatal males (Shaw et al., 1988). 
Likewise, Virginia opossums and neonatal 
grey opossums, Monodelphis domestica, 
treated with oestrogen retained their scrota 
(Burns, 1961; Fadem and Tesoriero, 1986). 
The scrotum has very low Sa-reductase 
activity, which is consistent with the idea that 
its differentiation is androgen independent 
(George et al., 1985; Renfree et al., 1992). 
Whilst the scrotum is present in male tammar 
fetuses from day 22 RPY, the pouch first be
comes evident in genetic females on the 
eighth day after birth (Renfree and Short, 
1988). A similar early scrotal differentiation 
occurs in rrichosurus vulpecula (Ullmann, 
1993). The pouch does not seem to be under 
normal hormonal control, since androgen 
administration to female neonates will not 
inhibit pouch development, and oestrogen 
administration to male neonates will not in
duce pouch development in the tammar 
(Shaw et al., 1988) or the grey opossum 
(Fadem and Tesoriero, 1986) or Virginia opos
sum (Burns, 1961). 

Whilst the initial differentiation of the scro
tum and mammary glands appears to be 
under direct genetic control (0 et al., 1988; 
Renfree and Short, 1988), and no adult male 
marsupial has mammary glands, there does 
seem to be a dichotomy between the 
Australian and American marsupials (Ren
free, 1992). In the tammar, neither embryonic 
nor neonatal males ever have any sign of 
mammary primordia (Renfree and Short, 
1988; Shaw et al., 1990), but the didelphid 
opossum Didelphis and Monodelphis neonatal 
males have a reduced number of mammary 
anlage (Renfree et al., 1990), which disappear 
after about 8 weeks of pouch life (Robinson et 
al., 1991). 

The pituitary is at an early stage of mor
phological development at birth in most 
marsupials. Presumptive somatotrophs, 
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mammotrophs, thyrotrophs, gonadotrophs 
and corticotrophs have been identified in the 
pouch young of 1- to 50-day-old tammars by 
immunohistochemistry and electron micro
scopy (Leatherland and Renfree, 1982, 1983). 
The somatotrophs, together with non
granulated cells, make up 70% of the pars 
distalis. The mammotrophs, thyrotrophs and 
gonadotrophs increase in number and 
activity between 1 and 50 days post-partum, 
while the presumptive corticotroph cells are 
relatively most numerous in 25- to 30-day-old 
young, correlating well with the rapid in
crease in adrenal weight between days 20 and 
40, the increase in cortical secretion (days 
20-30) and the appearance of the adrenal 
medulla and adrenocortical zonatia (after day 
20) (Catling and Vinson, 1976; Call et al., 
1980). 

The structure of the red-necked wallaby 
(M. rufogriseus) pituitary at birth suggests that 
it, too, is functional, being well vascularized 
and many cells containing variable numbers 
of electron-dense membrane-bound granules 
(Walker and Gemmell, 1983b). The pituitary 
structure was similar in near-term fetuses 
and neonatal young (Walker and Rose, 1981; 
Walker and Gemmell, 1983b). However, no 
attempt was made to identify the cell types in 
this species. 

There is some disagreement as to the cyto
logical development of the pituitary in other 
species. In ultrastructural studies of the ban
dicoot Isoodon macrourus, Hall and Hughes 
(1985) could identify no obvious secretory 
granules in the homogeneous pituitary cells 
thought to be thyrotrophs before birth. Two 
days after birth presumptive somatotrophs 
were present, and 7 days after birth there 
were at least three cell types - presumptive 

thyrotrophs, presumptive gonadotrophs and 
presumptive somatotrophs. This pattern of 
differentiation is later than that reported for 
the tammar M. eugenii (Leatherland and 
Renfree, 1983), and Hall and Hughes (1987) 
concluded that the bandicoot pituitary may 
have little if any influence on the timing 
parturition after the brief 12I Iz days of 
pregnancy. In another non-macropodid, 
ultrastructural study on the brush-tailed 
possum Trichosurus vulpecula, the pituitary 
also appeared undifferentiated at birth and 
no secretory granules were present (Shorey, 
1968). The first recognizable secretory cells 
were corticotrophs, which appeared at 16 
days of pouch life, and acidophils (?somato
trophs) at 18 days (Shorey, 1968). These two 
studies differ from those of the recent study 
of Gemmell and Nelson (1988a) and Gemmell 
and Selwood (1993). These authors compared 
the ultrastructure of pouch young of the 
native cat, Dasyurus hallucatus, with that of 
Trichosurus vulpecula and Isoodon macrourus 
pouch young, and of the striped-faced 
dunnart, and found that there were three 
types of cells in the anterior pituitary contain
ing different numbers of electron-dense, 
membrane-bound granules, and they ident
ified them by comparison with the immuno
reactive cell types described for the tammar 
by Leatherland and Renfree (1982, 1983). 
These were: 

1. presumptive somatotrophs, mamma-
trophs and gonadotrophs; 

2. presumptive corticotrophs; and 
3. presumptive thyrotrophs. 

Gemmell and Nelson (1988a) concluded that 
there are no differences in morphological 
differentiation between the pituitary cells of 

Figure 7.36 Embryos of the tammar wallaby at (a and b) day 1 (diameter of vesicle 15 mm); (c) day 20; (d) 
day 21 (crown-rump length 8 mm) and (e) day 25IJ2 (crown-rump length 16 mm) after reactivation of the 
diapause blastocyst. The yolk sac trophoblast forms the functional placenta, unlike the allantois, which 
never makes contact with the chorion. Birth occurs on day 26.4 after RPY. (From Renfree, 1982, with 
permission. ) 
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newborn dasyurid, phalangerid and perame
lids that they describe and those of the 
macropodids M. eugenii (Leatherland and 
Renfree, 1983), M. rufogriseus (Walker and 
Gemmell, 1983b), and B. gaimardii and P. tri
dactylus (Gemmell and Rose, 1989b) and that 
the pituitary of all species so far studied is 
functional at birth. Clearly, more studies 
need to be made using immunohistochemical 
techniques to identify the cell types and to 
resolve the differences in these observations. 

Only one attempt has been made to 
measure pituitary hormones around the time 
of birth in marsupials, because of the gener
ally small size of the late-term fetus and neo
nate. Wilkes (1984) reports that vasopressin is 
detectable in the pituitaries of 7-day-old tam
mar pouch young. The pituitaries contain 
about 10 ng of vasopressin (Wilkes and 
Janssens, 1986a,b), and are capable of releas
ing vasopressin from the pituitary in re
sponse to appropriate stimuli. 

Adrenal function in the fetus and neonate 
is better described than that of the pituitary, 
especially in the macropodids M. eugenii and 
M. rufogriseus. In the tammar, the adrenal 
first appears at day 21 after RPY as a nodule 
of tissue lying close to the anterior pole of the 
mesonephric kidney, and has adrenocortical 
tissue from about day 22, with active 31301-
steroid dehydrogenase activity (Renfree, 
1972b; Call et al., 1980). Significant concen
trations of cortisol (9-15 ng/ml) are present in 
fetal plasma from full-term fetuses at day 25 
RPY, and the neonatal tammar adrenal can 
synthesize cortisol (Catling and Vinson, 
1976). Similarly, the red-necked wallaby had 
0.58 ng per adrenal in 12 adrenals from five 
neonates (day 27 RPY) and one fetus (day 26 
RPY) (Walker and Gemmell, 1983b). In the 
bandicoot I. macrourus the cortisol concen
tration is 0.1 ng per adrenal (n=9) in the neo
nate (Gemmell et al., 1982), but since the birth 
weight is less than that of macropodids (200-
300 mg) the quantity is roughly proportional 
for the litter. Ultrastructurally the adrenal 
glands of newborn marsupials lack specific 

zones but consist of two distinct populations 
of cells (Gemmell and Nelson, 1988a). Dark 
staining granules are normally observed in 
catecholamine-secreting cells, and cells with 
large amounts of smooth endoplasmic reticu
lum and mitochondria are assumed to be the 
steroid-secreting cells and the source of the 
measured cortisol. The adrenal glands of the 
native cat and brush-tailed possum are simi
lar in morphology to those of the bandicoot 
(Gemmell and Nelson, 1988a) red-necked 
wallaby (Walker and Gemmell, 1983b) stripe
faced dunnart (Gemmell and Selwood, 1993) 
and also of the tammar (Renfree, 1972b; 
Figure 7.37). Presumably all are capable of 
producing cortisol at birth. 

The lung of the neonate also provides in
direct evidence of adrenal function. The lung 
at birth is structurally immature but func
tional. Corticosteroids influence the develop
ment of the eutherian fetal lung by 
accelerating pulmonary maturation and in
creasing synthesis of surfactant. A similar 
maturation is observed in marsupials, and 
type II pneumocytes with their osmiophilic 
lamellar inclusions of surfactant appear at 
birth in I. macrourus (Gemmell and Little, 
1982; Gemmell, 1986), M. rufogriseus (Walker 
and Gemmell, 1983b) S. harrisii (Hughes and 
Hall, 1988), M. eugenii (Randall et al., 1984; 
Baudinette et al., 1988; Hughes et al., 1989; 
M.B. Renfree, unpublished observations), D. 
hallacatus and T. vulpecula (Gemmell and 
Nelson, 1988b) and D. virginiana (Krause and 
Leeson, 1973; Krause et al., 1976). Thus, the 
evidence suggests that surfactant is produced 
in the structurally very immature lung of 
marsupials and that maturation of the surfac
tant system is a necessary prerequisite for 
breathing (Baudinette et al., 1988). However, 
although a direct relationship between corti
sol production and surfactant secretion re
mains to be shown, the general consensus of 
all these studies is that the fetal pituitary -
adrenal axis of marsupials develops relatively 
early during the brief gestation to induce 
maturation of key organ systems (Table 7.5), 



and is functional at birth, and, as in euther
ians, is capable of influencing the length of 
gestation by initiating parturition. 

7.9 CONTROL OF PARTURITION 

The present evidence suggests that the 
control of parturition and the initiation of 
lactation are similar in marsupials and euth
erians. Parturition requires the corpus 
luteum and both anterior and posterior pitu
itary, but, as in many eutherian mammals, in 
the macropodids the fetus and or placenta 
may also determine the time of birth. In mar
supials the corpus luteum has an essential 
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role for normal parturition at least up to the 
last few days of gestation (I.R. Young and 
Renfree, 1979; Bryant and Rose, 1986). 
Parturition occurs via the median vagina, and 
relaxin of luteal origin may be necessary for 
loosening the connective tissue of the vagina 
and urogenital sinus. 

7.9.1 MYOMETRIAL ACTIVITY 

Myometrial activity is quiescent during preg
nancy, and as the gravid myometrium grows 
the concentration of collagen declines and the 
gravid myometrium, unlike the non-gravid 
myometrium becomes increasingly sensitive 
to oxytocin and prostaglandin (Shaw, 

Figure 7.37 Transmission electron micrograph of the adrenal of a day 25 RPY tammar wallaby fetus. 
Two types of hormone-producing cells are seen: catecholamine-secreting cells (C) with distinct dark 
staining granules, and steroid (?cortisol)-secreting cells (5) with abundant endoplasmic reticulum and 
distinctive mitochondria (m). N, Nuclei. (a) Magnification x1220. (b) Magnification x3660. 
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1983a,b). Heller (1973) was the first to study 
contractility of the myometrium in vitro. In 
the quokka he found that isotonic contractile 
activity changed through the oestrous cycle, 
and that pregnancy influences uterine con
tractility. Early in the cycle (day 7 - day 18 
RPY) uteri were more responsive to oxytocin 
than arginine vasopression, while late in the 
cycle (day 19 RPY to 2 days post-partum) the 
reverse occurred. 

Myometrial activity in vivo has been 
recorded in the tammar by electroutero-

(a) Cloprostenol 

1 1 
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myography (I.R. Young, 1978; Renfree and 
Young, 1979). Spontaneous activity during 
seasonal or lactational quiescence is minimal. 
In non-pregnant females myometrial activity 
increases after about day 10 RPY, but activity 
remains low and cyclic in pregnant uteri at all 
stages of gestation. The gravid uterus has 
small responses to oxytocin at day 20 RPY, 
with increasing contractility and sensitivity in 
late pregnancy, but by day 1 post-partum 
both uteri are inactive and refractory (Shaw, 
1983b; Figure 7.38). 

1 
10mmHg~~ 

! .I!!I''''!!''''!!'''''!' I,"'''''''!II",,,,,, 
1 min div-1 
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Figure 7.38 Myometrial activity in Macropus eugenii. (a) Effects of cloprostenol on intrauterine pressure 
during late pregnancy (day 20 and day 25) and 1 day post partum. Recordings were made from the 
gravid uterus or the recently evacuated uterus. Cloprostenol (0.5 ILg) was injected into the lateral tail 
vein (arrow). The vertical scale is the same for all traces but the baseline differs. Data from Shaw (1983a). 
(b) Response of the myometrium of gravid (G) and non-gravid (NG) uteri to 50 mU or 100 mU oxytocin 
injection. At day 20, neither uterus showed much spontaneous activity, but the gravid uterus responded 
strongly to oxytocin both in vivo (shown here) and in vitro. At day 25, spontaneous activity in both uteri 
is slight. Oxytocin injections into the tail vein induced strong contractions in the gravid uterus but the 
non-gravid uterus responded weakly. In a female with a I-day-old pouch young, spontaneous myome
trial activity was slight. Oxytocin (100 mU) produced an increase in tonus of the post-partum uterus, but 
the stimulation was less pronounced than seen in prepartum uteri. Data from Shaw (1983b). (From 
Tyndale-Biscoe and Renfree, 1987, with permission.) 
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Since these effects differ between gravid 
and adjacent non-gravid uteri, they reflect 
a local rather than systemic influence. 
Myometrial responsiveness to the PGF20tm 

analogue cloprostenol increases markedly 
towards the end of gestation, but the myome
trium is also refactory post-partum (Figure 
7.38). Prostaglandin F20t rises sharply at 
parturition (Lewis et al., 1986; Fletcher :t ~l., 
1990), and if administered near term WIll In

duce abortion (Renfree and Young, 1979; 
Shaw, 1983b). In a small number of tammars 
examined there is an increase in uterine 
PGF2ot, PGE2 and 6-keto-PGFlot concen
trations between day 25 and day 27, then a 
fall by 1 day post-partum (Shaw, 1983a). ~e 
extremely high concentrations measured In 

separated endometria and myometria. at day 
26, especially of PGE2, show that at this stage 
the tissue can rapidly produce large amounts. 
The uterus is thus presumed to be the source 
of the circulating prostaglandins in the 
tammar. 

The factors maintaining myometrial in
activity in gestation are ~ot cle.ar. In rabb!ts 
and sheep progesterone IS an lIDportant In

hibitor, but the success of pregnancy after 
lutectomy suggests that ovarian hormones 
are less important in this function in tammars 
and other marsupials. Placental progesterone 
production may maintain myometrial in
activity after lutectomy or ovariectomy, but 
the evidence is that placental progesterone 
production in tammars is very low .. The in
activity of uteri during seasonal qUIescence 
when peripheral progesterone concen
trations are at their lowest also indicates that 
the myometrium does not need active inhi
bition by progesterone. Parturition is not in
variably preceded by a fall in progesterone 
(Hinds and Tyndale-Biscoe, 1982a), and 
when progesterone levels are artifically ~l~v
ated by injections or implants, partuntion 
still occurs at the normal time (K.L. Ward and 
Renfree, 1984). 

7.9.2 SOFTENING OF THE PSEUDOVAGINAL 
OR BIRTH CANAL 

In marsupials the two separate uteri open 
into an anterior vaginal expansion from 
which the two lateral vaginae lead to the 
urogenital sinus. Howe~er, p~rtu~ition 
occurs via the median vagIna, WhICh In all 
marsupials except the Macropodidae or in the 
honey possum, Tarsipes, is a short band. of 
connective tissue that joins the antenor 
vaginal expansion with the urog~nital. sin~s 
(Tyndale-Biscoe, 1966). After the fIrst bIrth In 

macropodids and Tarsipes this birth canal be
comes lined with squamous epithelium and 
remains patent, but in other marsupials the 
birth canal is rapidly repaired so that a few 
days after birth no evidence of the passage 
remains (Tyndale-Biscoe, 1966; Tyndale
Biscoe and Renfree, 1987). 

A conspicuous feature of the fine structure 
of luteal cells of the four species of marsupial 
so far studied are small membrane-bound, 
electron-dense bodies of around 200 nm 
diameter (four-eyed opossum Philander 
opossum, Enders, 1973; brush-tailed possum 
Trichosurus vulpecula, Shorey and Hughes, 
1973a b· bandicoot Isoodon macrourus, 
Gem~~ll, 1979; tammar Macropus eugenii 
Tyndale-Biscoe, 1981). In the t~mmar and 
brush-tailed possum the maximum con
centration coincides with the peak 
concentrations of bioassayable relaxin and 
progesterone, and they disappear rapidly 
after birth (Tyndale-Biscoe, 1966, 1981). 
Tyndale-Biscoe (1981) concludes that these 
granules may contain both relaxin and 
progesterone. 

Although corpora lutea of tammars and 
brush-tailed possums contain high concen
trations of bioassayable relaxin (Tyndale
Biscoe, 1966, 1981), no convincing effect of 
relaxin on softening the cervix and vaginal 
canal has been demonstrated in either species 
(Tyndale-Biscoe, 1966; Renfree an.d. You~g, 
1979). In quokkas Lutrexin adIDllllstration 
did ameliorate the effects of ovariectomy 



(Tyndale-Biscoe, 1963a). However, the time 
of the ovariectomy (day 18-20) was late 
enough that some births would be expected 
at this time, as occurs in tammars and potor
oos (I.R. Young and Renfree, 1979; Bryant 
and Rose, 1986). Progesterone treatment can 
also cause substantial loosening of the con
nective tissue of the urogenital strand in 
ovariectomized opossums (Risman, 1947), in 
the brush possum (Sharman, 1965a; Tyndale
Biscoe, 1966) and in the tammar (I.R. Young, 
1978). It appears that both these hormones 
may be necessary for preparation of the birth 
canal. 

Pregnancy goes to term but parturition fails 
in five species of marsupials so far studied 
without corpora lutea (after ovariectomy or 
lutectomy), as it does in tammars reactivated 
by exogenous progesterone for 10 days which 
have corpora lutea that remain inactive (Ren
free and Tyndale-Biscoe, 1973). As in ovariec
tomized quokkas (Tyndale-Biscoe, 1963a) the 
fetuses were recovered dead in the vaginal 
cuI de sac (Renfree and Tyndale-Biscoe, 
1973), reinforcing the idea that the corpus 
luteum is essential for preparation of the 
genital tract, and the median vaginal canal in 
particular, for birth. However, these studies 
do not distinguish between the roles of the 
two main luteal hormones, progesterone and 
relaxin. 

7.9.3 ENDOCRINE PROFILE AT PARTURITION 

Progesterone is high prior to birth in all 
species so far studied, and is the major ster
oid hormone of the tammar (Renfree et al., 
1979; Hinds and Tyndale-Biscoe, 1982a; Shaw 
and Renfree, 1984; Lewis et al., 1986; Fletcher 
et al., 1990) and Bennett's wallaby (Walker 
and Gemmell, 1983a). Presumably, the need 
for the corpus luteum at parturition reflects a 
requirement for progesterone, yet progester
one withdrawal is not essential for partur
ition to occur (K.L. Ward and Renfree, 1984). 
Oestrogens are also elevated after parturition 
before the post-partum oestrus (Flint and 
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Renfree, 1982; Shaw and Renfree, 1984; 
Harder et al., 1984; Fletcher et al., 1990), but 
oestrogen is clearly not essential in macro
pods for parturition, because oestrus does 
not invariably follow parturition, and in some 
species, such as the eastern grey kangaroo, 
Macropus giganteus, is not common, or does 
not occur post-partum at all, as in the west
ern grey M. fuliginosus. In the swamp 
wallaby, Wallabia bicolor, oestrus is several 
days pre-partum (Tyndale-Biscoe, 1984). The 
Graafian follicle is the main source of oestra
diol in the peripheral circulation in the 
tammar (Harder et al., 1984, 1985) and pre
sumably in the other species as well. 
Gonadotrophins are also not essential for 
parturition because animals immunized 
against GnRH give birth, although folliculo
genesis is inhibited and there are no Graafian 
follicles (Short et al., 1985). 

The sequence of hormonal changes at par
turition of the tammar is now clearly defined 
from recent detailed studies (Flint and 
Renfree, 1982; Shaw, 1983a; Tyndale-Biscoe et 
al., 1983; Shaw and Renfree, 1984; K.L. Ward 
and Renfree, 1984; Harder et al., 1984, 1985; 
Lewis et al., 1986; Tyndale-Biscoe et al., 1988; 
Fletcher et al., 1990). Progesterone declines 
precipitously coincident with or occasionally 
within 6 h of birth. A sharp rise in oestradiol 
occurs 8 h after the progesterone drop, and 
oestrus 10 h later. The LH surge is dependent 
on the oestradiol rise and follows it by 7 h. 
Ovulation follows the LH surge by 24 h. 
Oestradiol levels are basal 24 h after the pro
gesterone fall, and there is a transient small 
pulse of progesterone 16 h after oestrus and 
about 8 h after, which may reflect a switch 
from oestradiol secretion to progesterone by 
the granulosa cells (Figure 7.39). 

In tammars sampled very frequently there 
is a marked peak of 800-1200 pg/ml of prosta
glandin metabolite if collected within 10 min 
of birth, with values declining to less than 
200 pg/ml within 45 min, and are non
detectable by 2 h post-partum (Lewis et al., 
1986; Fletcher et al., 1990). Clearly, prosta-
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Figure 7.39 Concentrations of oestradiol-17j3, progesterone, LH, prostaglandin F2a metabolite (PGFM) 
and prolactin in peripheral plasma of tammars through the period of birth and post-partum oestrus. 
Data from Hinds and Tyndale-Biscoe (1982a,b); Tyndale-Biscoe et al. (1983); Shaw (1983a); Shaw and 
Renfree (1984); Harder et al. (1984, 1985); Lewis et al. (1986); Fletcher et al. (1990). 

glandin is elevated during parturition, but 
the peak is very short-lived (Figure 7.39). In 
bandicoots, prostaglandin is elevated for 
longer periods (Gemmell et al., 1980). In the 
red-necked wallaby, Walker and Gemmell 
(1983a)· could not detect a marked rise, but if 
the pattern of prostaglandin release is like 
that of the tammar, a more frequent blood 
sampling regimen would be required to 
detect it. 

In pregnant females there is a peak of pro
lactin at parturition which is not observed in 
non-pregnant females (Tyndale-Biscoe et al., 
1983), and it is now known that this pulse 
can, directly or indirectly, cause luteolysis 
(Tyndale-Biscoe et al., 1988; Fletcher et al., 
1990; Hinds et al., 1990b). This will be dis
cussed in detail below. 

7.9.4 FETAL ROLE IN PARTURITION 

In all mammals maturation of the fetus is an 
important prerequisite for successful partur
ition, and in many eutherian species it is 
known that the fetus signals its readiness by 
influencing the maternal system. However, 
because of the similarity between the length 
of gestation and the oestrous cycle in mar
supials, it was assumed that there was no 
fetal role in the timing and onset of partur
ition (Sharman, 1970). Since that time, a 
variety of studies indicate that macropodid 
marsupials do not differ from eutherians in 
this regard, and even the similarity of ges
tation length to oestrous cycle length has 
been brought into question by the finding of 
consistent differences which also depend on 
the presence of the fetus (Merchant, 1979; 
Merchant and Calaby, 1981). However, there 
is no evidence at present of any fetal influ
ence on pregnancy in the opossum (Harder 
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Figure 7.40 Effect of an exogenous pulse of prolactin on concentration (mean ± SEM) of progesterone 
(-) and prolactin (- - -), and on the time of oestrus (0) and the LH pulse (A) in five non-pregnant 
tammars which were injected with 200 fLg of prolactin on day 26. Values for progesterone to day 12 have 
been synchronized to the modal day of the early pulse of progesterone. (Redrawn from Tyndale-Biscoe 
et al., 1988.) 

and Fleming, 1981; Fleming and Harder, 
1981b), or in any other non-macropodid so 
far studied (F. Stewart and Tyndale-Biscoe, 
1983). 

In the tammar the interval from oestrus to 
post-partum oestrus is shorter than the inter
val from oestrus to the next oestrus in non
pregnant tammars, an effect ascribed to the 
presence of the fetus. In pregnancy, the pulse 
in prolactin which is coincident with a sharp 
fall in progesterone around the time of par
turition is associated with the presence of the 
fetus and not the stage of the ovarian cycle 
(Tyndale-Biscoe et al., 1983; Hinds and 
Tyndale-Biscoe, 1982b, 1985), and it also is 
responsible for inducing luteolysis (Figure 
7.40; Tyndale-Biscoe et al., 1988; Hinds, 
1990). 

The short-lived rise in prostaglandin coin
cident with parturition (Lewis et al., 1986) is 
now known to cause the release of prolactin, 
which in tum depresses the progesterone 
concentration (Hinds et al., 1990b). However, 
if the prolactin pulse is blocked by the dopa
mine agonist bromocriptine, luteolysis still 
occurs after the prostaglandin pulse and par
turition (Fletcher et al., 1990). It therefore 
appears that either prolactin or prostaglandin 
will induce luteolysis after parturition. If the 

prostaglandin pulse is blocked by the prosta
glandin synthetase inhibitor indomethacin, 
parturition fails though the prolactin pulse 
occurs (M.B. Renfree, G. Shaw and T.P. 
Fletcher, unpublished observation). There is 
also a short-lived pulse of prolactin just prior 
to birth and luteolysis in the Bennett's wal
laby (Loudon et al., 1990), but prostaglandin 
profiles at parturition have not yet been made 
after intensive blood sampling in this species. 

Prostaglandin also has another unusual 
function in that it induces the adoption of the 
birth position by the female (Hinds et al., 
1990b; Shaw, 1990), an important component 
of birth behaviour in macropodids (see 
Renfree et al., 1989). Even pre-pubertal 
females and males will adopt the birth pos
ition within 5 min of prostaglandin F2a injec
tion (Shaw, 1990), but the precise 
mechanisms involved are not yet defined. 
Prostaglandin also induces birth behaviour in 
five other marsupials so far tested: Bettongia 
gaimardi, Isoodon obesulus, Petaurus breviceps, 
Trichosurus vulpecula and Thylogale billiardiei 
(R. Rose, A.S. Macfayden and G. Shaw, per
sonal communication). The question which 
now must be raised is how the fetus might 
induce the prostaglandin release. 

Production of steroids by the fetal adrenal 
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is a common step in the early stages of initia
tion of parturition in many eutherian species, 
and typically begins several days before 
birth. In the sheep fetal cortisol induces an 
increase in synthesis of placental oestrogen, 
which in tum induces uterine prostaglandin 
release and uterine contractions (Liggins, 
1982). What is the evidence for a similar cas
cade of events in marsupials? 

In the tammar, presumptive adrenal tissue 
is evident by day 21 and the cortex is differen
tiated by day 22 RPY (Renfree, 1972b; Call et 
al., 1980), and corticosteroids can be ident
ified in the plasma of day 24 fetus (Catling 
and Vinson, 1976) (see above for more de
tails). In a small group of tammars injected at 
day 20 or 22 with the 11 ~-steroid dehydro
genase inhibitor metapyrone, three out of 
five delayed parturition (Renfree and Young, 
1979), a result consistent with the idea that 
fetal cortisol might play an important role in 
the timing of parturition. We have recently 
shown that administration of dexamethasone 
at day 25 RPY results in parturition within 
12 h, a day earlier than in control animals 
(Shaw et al., 1992), providing the first direct 
evidence for a role of cortisol. However, 
whether there is any causal relationship be
tween the fetal capacity to produce cortisol 
and the release of maternal prostaglandins 
remains to be determined. Since cortisol is 
also known to have many functions in the 
maturation of the eutherian fetus (e.g. lung 
maturation, surfactant release, lung liquid 
resorption, glucose storage, lactogenesis and 
closure of the ductus arteriosus) as well as 
parturition (Liggins, 1982), it is hardly sur
prising to find that the adrenal is functional 
by the time of birth in marsupials, too. 

7.9.5 PROPOSED CONTROL MECHANISMS 

Although any scheme for the control of par
turition in marsupials, and in the tammar in 
particular, must still be regarded as hypo
thetical, it is now possible to update the 

model proposed by Renfree and Young 
(1979) for the tammar. 

For normal parturition to occur, the corpus 
luteum needs to be present at least to day 23 
(I.R. Young and Renfree, 1979). At this time, 
progesterone is high, and lutectomy at day 18 
or day 23 causes an immediate fall in pro
gesterone (Findlay et al., 1983; Harder et al., 
1985) but not premature parturition. Relaxin 
is high at day 22, but has decreased to back
ground levels by the day of birth. If relaxin 
and progesterone are necessary for softening 
the connective tissue of the cervix and the 
median vaginal canal, they have had suf
ficient effect by day 23 to allow birth. There is 
no evidence for oxytocin production from the 
corpus luteum (Curlewis et al., 1988), so the 
maternal pituitary is the presumed source of 
any oxytocin. The pituitary gland is essential 
for parturition (Hearn, 1974) as evidenced by 
hypophysectomy, but gonadotrophins are 
not (Short et al., 1985). Likewise, oestradiol 
from the developing Graafian follicle is also 
unimportant because those animals treated 
with anti-gonadotrophin releasing hormone 
had no follicular development but had nor
mal corpora lutea and gave birth (Short et al., 
1985). This points to the need for a hor
mone(s) from the remainder of the anterior or 
posterior pituitary being essential for birth, 
and the two most likely candidates are pro
lactin from the anterior lobe and oxytocin 
from the posterior. 

Prolactin, as described above, is released 
shortly before parturition in response to pros
taglandin. Prolactin is luteolytic (Hinds et al., 
1990b), but since prolactin is not essential for 
luteolysis (Fletcher et al., 1990) nor luteolysis 
for parturition (K.L. Ward and Renfree, 1984) 
and injections of prolactin at day 23 of ges
tation do not induce premature birth 
(Tyndale-Biscoe et al., 1988), the peri-partum 
release of prolactin may be incidental to the 
process of parturition. 

Oxytocin, like prostaglandin, can promote 
delivery of the young, via its action on 
smooth muscle contraction, but in most 



species (except the rabbit) it has only a minor 
role and this is limited to the expulsive phase 
of parturition. In the rabbit it may act both 
directly on the uterus and to stimulate the 
release of PGF2a from the endometrium. The 
role of oxytocin from the maternal pituitary in 
marsupial parturition has not been exten
sively tested as yet, but myometrial activity in 
vivo and in vitro can be stimulated by oxy
tocin, and the gravid uterus responds 
strongly (Shaw, 1983b; Tyndale-Biscoe and 
Renfree, 1987). Injections of oxytocin or pros
taglandin cause massive contractions and 
expulsion of the fetus with considerable 
damage to it. It may be that oxytocin is 
necessary for evacuation from the uterus be
cause in animals with a partial hypophysec
tomy in which the neurohypophysis was left 
intact the fetuses passed through the cervix 
but remained trapped in the vaginal canals 
(Hearn, 1973, 1974). We have recently 
delayed parturition using an oxytocin
inhibitor (M.B. Renfree, L.J. Parry and G. 
Shaw, unpublished results). It would be 
interesting if the oxytocin release induced the 
prolactin pulse, as has been recently shown 
in the rat (Mori et al., 1990). 

Prostaglandin has been measured in the 
uterus (Shaw, 1983b), but it is not yet estab
lished what causes the parturient prostaglan
din release. Myometrial activity is increased 
after injection of prostaglandin (cloprostenol) 
during later pregnancy, but is refractory to it 
after parturition (Renfree and Young, 1979; 
Shaw, 1983a). It seems unlikely that a change 
in placental oestrogen induces prostaglandin 
release, because placental steroidogenesis 
occurs at a very low level (Heap et al., 1980) 
and the placenta itself consists of only two or 
three cell layers (wet weight 100 mg at term). 
However, since there are large quantities of 
PGE2 in the endometrium and myometrium 
(Shaw, 1983b), it is possible that this might 
induce the fetal adrenal to synthesize and 
release cortisol as it does in the sheep (Lig
gins, 1982; Thorburn et al., 1988). It is also 
possible, though less likely, that fetal cortisol 
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induces some change in the progesterone
oestradiol ratio, perhaps within the endo
metrium itself, since this tissue can convert 
oestrone to oestradiol (Heap et al., 1980), but 
a direct effect on uterine prostaglandins can
not be dismissed at this stage. Tammar pla
centae also have 'gonadotrophic activity' but 
this needs to be further characterized (B. 
Hobson, L. Wide and M.B. Renfree, unpub
lished results). 

In summary, it appears that the control of 
parturition has some features in common 
with the mechanisms of control of euther
ians, but in the one species about which suf
ficient is known, the tammar, there is still a 
need for much more information. A hypo
thetical scheme (Figure 7.41) consistent with 
the present evidence summarizes the infor
mation presented above. 

7.10 LACTATION: LACTOGENESIS AND 
GALACTOPOIESIS 

7.10.1 INTRODUCTION 

Lactation in marsupials lasts for relatively 
longer than in most eutherian species, to 
support the young, which are more imma
ture at birth (Tyndale-Biscoe et al., 1984; 
Findlay and Renfree, 1984). Although the cel
lular processes of embryological and prepu
bertal development, and the proliferation 
and differentiation of the mammary glands 
during pregnancy, are similar in all mam
mals, the temporal course of these events 
is different in marsupials (F. Stewart and 
Tyndale-Biscoe, 1983). The newborn mar
supial climbs, unaided by the mother, into 
the pouch (Figure 7.42), where it spends a 
considerable period sustained by the special
ized milk which changes in composition as 
the young grows (B. Green, 1984). 

Pouch young remain permanently attached 
for about the first half of the period spent in 
the pouch, and are totally dependent on milk 
until weaning. At birth, young macropodids 
weigh only 0.5--1 g and are naked and blind, 
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depending on species, whereas at weaning 
they weigh up to several kilograms, are fully 
furred and fully mobile (Tyndale-Biscoe and 
Renfree, 1987). Again, most detailed infor
mation is at hand for the tammar (Tyndale
Biscoe and Janssens, 1988), and the matu
ration of the organs of the pouch young is 
completed by weaning, except in males 

Birth 
behaviour 

whose testes mature at about 20 months 
when puberty occurs (Williamson et al. 1990) 
(Table 7.6). 

The first appearance of fur is at about 150 
days, when the young has some thermoregu
latory ability, but homeothermy and full 
pelage are not established until days 180 and 
200 days respectively. First excursions from 

Corpus luteum 

Relaxin Progesterone 

Gravid u,,,, ""'.J' 

Lateral 
vaginae 

Figure 7.41 An hypothetical scheme consistent with present evidence to describe the possible control of 
parturition in the tammar wallaby. During pregnancy progesterone stimulates uterine secretory activity, 
and maintains myometrial quiescence. Fetal cortisol or endometrial oestrogen may stimulate prostaglan
din synthesis in the endometrium. Fetal cortisol in turn could be stimulated by PGE2, known to be 
present in endometrial tissue at this time, or by ACTH from the maturing fetal pituitary. Prostaglandin 
causes myometrial contraction in an oestrogen-sensitized uterus, but progesterone inhibits this effect. 
Prostaglandin also controls maternal behaviour and induces the adoption of the 'birth position'. 
Placental progesterone production may contribute to the observed unilateral effects of pregnancy. 
Progesterone and relaxin appear to be necessary for the softening of the cervix and the median vaginal 
canal to allow passage of the fetus to the outside. Prolactin during quiescence inhibits the corpus 
luteum, but at parturition it is released by prostaglandin to cause luteolysis. Oxytocin released from the 
maternal pituitary could stimulate myometrial contraction in concert with prostaglandin to evacuate the 
fetus through the cervix and then the long median vagina. (See text for further details and references.) 
ACTH, adrenocorticotrophic hormone; E2~' oestrogens; PGF2a and PGE2, prostaglandins F2a and E2. 
Arrows show proposed stimulatory actions; T shows proposed inhibitory actions. 



the pouch take place at 190 days, but the 
young is not out of the pouch permanently 
until over 250 days of age. Suckling may 
continue until the young is 340 days post
partum. 

The number of teats generally limits the 
number of young that can survive in poly
ovular species like the family Dasyuridae, but 
many species have 'surplus' nipples. In all 
Macropodidae and Phalangeridae there are 
four teats available for the single-pouch 
young to choose for attachment. Extensive 
reviews on marsupial milk composition, 
mammary gland structure and the physi
ology of lactation are provided by B. Green 
(1984), Tyndale-Biscoe et al. (1984), Findlay 
and Renfree (1984), Tyndale-Biscoe and 
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Renfree (1987), B. Green and Merchant 
(1988), Hinds (1988) and Nicholas (1988a), 
and on mother - young behavioural inter
actions by Russell (1982a,b, 1989). 

7.10.2 MAMMOGENESIS AND 
LACTOGENESIS 

Three broad stages can be recognized in mar
supial lactation: the first (phase 1) of prep
aration of the mammary gland during 
pregnancy, (equivalent to lactogenesis stage I 
of eutherians; Fleet et al., 1975; Cowie et al., 
1980), the second (phase 2) of initiation and 
maintenance of lactation during the first de
pendent period of pouch life, and the third 
(phase 3) when maintenance of an increased 

Figure 7.42 Neonatal tammar wallaby ( 24 h old) firmly attached to one of the four available teats (right 
posterior) (T4) within the pouch (P). The right anterior teat (T2) with dark tip supported the young of the 
previous lactation, while the left posterior teat (T3) has never been sucked. The pouch is normally tightly 
closed by the pouch sphincter, but has been opened for photography. (Photo courtesy David Parer, PO 
Box 337, Mt. Eliza, Victoria, 3930, Australia.) 
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Table 7.6 Post-natal maturation of the tammar wallaby, Macropus eugenii. Data compiled from various 
authorsa 

Days 
from birth 

o 

2 
4 

5--6 
10 

10-15 
20 
25 
30 
70 

100 
120 
126 
140 
150 
160 
168 
170 
180 
190 
192 
196 

196-245 
196-252 

200 
210 
224 
238 

250 
252 

315-350 

Developmental events 

Birth weight around 400 mg 
Scrotum visible externally 
Adrenocortical function 
Mesonephros functional kidney 
Neocortex of brain equivalent to 25-day sheep fetus or 12-day rat fetus 
Seminiferous tubules in testis 
First axons from retinal ganglion cell layer cross to opposite side of brain via optic 

chiasm 
Initial appearance of cortical plate 
Pouch young capable of gluconeogenesis 
Pouch externally visible in females 
Pituitary capable of synthesizing sufficient vasopressin for urine concentration 
Cortical plate complete throughout the telencephalon 
Carbonic anhydrase activity of red blood cells rises to adult levels 
Metanephros completely replaces mesonephros 
Thyroxine (T4) is at adult concentrations, while triiodothyronine (T3) is much lower 
Mature pattern of eye innervation appears 
Completion of six layers of adult cerebral cortex 
Voluntarily releases teat 
Four- to fivefold increase in T4 concentration 
Milk only in forestomach 
Eyes open, underfur starts to appear 
T 3 levels increase 
Head first out of pouch, able to stand 
Milk only in forestomach 
Starts to nibble grass 
Homeothermy, thyroid function complete; T4 levels decline to adult 
First out of pouch 
Able to hop 
Milk and fragments of herbage in forestomach 
Change in gluconeogenic regulation 
Weaning. Doubling in pituitary vasopressin content 
Full pelage 
Milk and some herbage in forestomach 
Herbage and some milk in forestomach 
Ammonia content of urine falls to adult levels of about 18 mM, concentration of urea in 

urine approaches adult level of 550 mM. Herbage and a little milk in forestomach 
Out of pouch permanently 
pH of urine rises and approaches adult levels of pH 8 
Fully independent: weight 1.6-2.5 kg. 

a These data are derived from the chapters in The Developing Marsupial, edited by Tyndale-Biscoe and Janssens 
(1988b). 



milk production occurs during the later, 
rapid growth stages before weaning. Phase 3 
is equivalent to lactogenesis stage II of euth
erians (Tyndale-Biscoe et al., 1984; Findlay 
and Renfree, 1984; Tyndale-Biscoe and 
Renfree, 1987). The second stage of lactation 
in marsupials (phase 2) has no equivalent in 
eutherian lactation, and is characterized by 
low milk production and slow growth of the 
young whilst it remains permanently 
attached to the teat (B. Green, 1984; Tyndale
Biscoe et al., 1984; Findlay and Renfree, 1984). 

In eutherian mammals, significant changes 
in the mammary glands occur during preg
nancy, but in marsupials the changes are 
subtler, and there is no difference in the 
changes between the oestrous cycle and 
pregnancy. O'Donoghue (1911) was the first 
to show the relation between enlargement 
and regression of the mammary glands of the 
quoll (D. viverrinus) with the development 
and regression of the corpus luteum. In this 
and in other marsupials, the glands reached 
their maximum size and degree of lobulo
alveolar growth at the stage of the oestrous 
cycle at which parturition occurs in pregnant 
animals, and a small volume of clear colos
trum can be expressed from each teat 
(Tyndale-Biscoe and Renfree, 1987). Preg
nancy is not even necessary for successful 
lactation in marsupials, as has been amply 
confirmed by fostering neonates to mammary 
glands of virgin females at the equivalent 
stage of oestrous cycle to the peri-partum 
(Sharman, 1962; Sharman and Calaby, 1964; 
Merchant and Sharman, 1966; Clark, 1968; 
Findlay, 1982a,b; Tyndale-Biscoe et al., 1984; 
Findlay and Renfree, 1984). After parturition 
or after transfer, only those glands to which 
the young became attached enlarge and lac
tate, while the other glands regress to the 
anoestrous size (Tyndale-Biscoe and Renfree, 
1987). 

Lutectomy, which reduces progesterone 
concentrations immediately (Findlay et al., 
1983; Harder et al., 1984; Fletcher and 
Renfree, 1988; Figure 7.24), affects the ability 
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of the mammary gland to secrete milk, de
pending on the stage of pregnancy when the 
corpus luteum is removed. In M. eugenii if 
the corpus luteum is removed at day 17 or 
day 21 RPY, the neonates fail to survive, but 
at day 23 or day 25 lactation is successfully 
established (I.R. Young and Renfree, 1979). 
Lutectomy at day 17 significantly reduces the 
mammary gland weights .at parturition, but 
not if the operation is performed later at day 
23 (Tyndale-Biscoe et al., 1984; Hinds, 1988). 
As well as being necessary for lobuloalveolar 
growth of the mammary gland the corpus 
luteum, but not pregnancy, stimulates 
prolactin-specific receptors in mammary tis
sue of the tammar (F. Stewart, 1984). There is 
also a four- to five-fold increase in the size 
and weight of the mammary gland during 
pregnancy or the cycle (Findlay, 1982a; 
F.Stewart, 1984) (Figure 7.43), and this paral
lels the increase in plasma progesterone in 
the second half of the oestrous cycle (Hinds 
and Tyndale-Biscoe, 1982a). 

A similar requirement for luteal secretions 
to prepare the mammary gland has been 
recorded in the opossum (Hartman, 1923), 
brush-tailed possum (Sharman, 1962) and the 
red kangaroo (Sharman and Calaby, 1964). 

Although the corpus luteum is necessary 
for mammary gland growth and prolactin re
ceptor synthesis, neither gonadotrophins nor 
oestradiol of follicular origin are necessary 
throughout pregnancy for lactogenesis (Short 
et al., 1985). Mammary gland growth will 
occur during pregnancy even after hypophy
sectomy (Hinds, 1988), although the pituitary 
is essential to maintain lactation (Hearn, 
1973, 1974). 

In several eutherian mammals, progester
one withdrawal at parturition is a lactogenic 
trigger, but this is not the case in marsupials. 
Maintenance of high concentrations of pro
gesterone through the peripartum period 
does not prevent the normal rise in lactose in 
mammary tissue which occurs after partur
ition, nor does lutectomy induce an early rise 
in lactose (Findlay et al., 1983). Similarly, the 
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Figure 7.43 Changes in hormone levels and mammary glands throughout pregnancy and early lactation 
in the tammar M. eugenii. (a) Weight of the mammary glands and (b) prolactin receptor concentrations 
during the first 60 days of lactation in (0) sucked and (.) non-sucked glands. [Redrawn from Tyndale
Biscoe et al. (1984) and F. Stewart (1984).] (c) Prolactin binding to mammary gland membrane receptor 
protein, showing the effect of receptor protein concentration on specific prolactin binding to membranes 
from phase 3 (., days 275-300), phase 2 (., days 6-33) and phase 1 (~) prepared and incubated with 
105 000 c. p.m. of [125I]oPRL in the presence or absence of 1 I-Lglml unlabelled oPRL. (Redrawn from 
Nicholas, 1988a.) 

synthesis of a-lactalbumin by mammary tis
sue in vitro is not inhibited by progesterone 
(Nicholas and Tyndale-Biscoe, 1985). These 
last authors also showed that the only 
hormone required for the synthesis of a
lactalbumin is prolactin at concentrations 
equal to the basal levels in the pregnant 
female (Nicholas and Tyndale-Biscoe, 1985). 
Prolactin injected intraductally into indi
vidual galactophores at day 15 RPY pre
maturely stimulated local secretion (Findlay 
and Renfree, 1984). 

7.10.3 MAINTENANCE OF LACTATION 

Prolactin in the tammar is relatively low 
during pregnancy except for a transient peak 
of 100-150 ng/ml around the time of birth and 
in early lactation remains at around 20-40 ng/ 
ml at this time (Hinds and Tyndale-Biscoe, 
1982b, 1985), which is the same as in non-

lactating females until about 140 days of 
lactation. Likewise, plasma concentrations of 
prolactin remain relatively low in early 
(phase 2) lactation in all the other species in 
which prolactin has been measured (Figure 
7.44). 

However, during the second half of lac
tation (phase 3) the concentration rises 
markedly, and in the tammar remains at 
more than 100 ng/ml until about 280 days of 
lactation. The sucking stimulus is necessary 
to maintain this high concentration in late 
lactation but does not appear to be involved 
in early lactation (Hinds and Tyndale-Biscoe, 
1985; Gordon et al., 1988). Prolactin receptors 
increase in concentration to reach a peak at 
30-34 weeks as evidenced by a significant 
progressive increase in the binding of prolac
tin ([125I]_oPRL) to mammary gland mem
branes from quiescent, phase I, phase 2 and 
phase 3 mammary glands (Figure 7.43; F. 
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Figure 7.44 Plasma prolactin concentrations 
(mean ± SEM) throughout lactation in five diverse 
marsupials: (a) Dasyurus viverrinus; (b) Yrichosurus 
vulpecula; (c) Macropus rufogriseus and (d) Macropus 
eugenii. PPE, permanent pouch exit. Data from 
Hinds and Tyndale-Biscoe (1985); Hinds and 
Merchant (1986); Hinds and Janssens (1986) and 
Curlewis et al. (1986). (e) Plasma prolactin concen
trations from three individuals of Isoodon macrourus 
during lactation. t, pouch young lost. (a-e red
rawn from Hinds, 1988.) 

Stewart, 1984; Nicholas, 1988a, b). Similar 
prolactin profiles to the tammar have been 
described in the brush-tailed possum (Hinds 
and Janssens, 1986), the quoll (Hinds and 
Merchant, 1986), Bennett's wallaby (Curlewis 
et al., 1986) and the bandicoot I. macrourus 
(Hinds, 1988). In all these species the time at 
which prolactin becomes elevated coincides 
with the increase in mammary gland size, the 
onset of changes in milk composition and 
accelerated growth of the young. 

7.11 CONTROL OF MILK SECRETION AND 
CONCURRENT,ASYNCHRONOUS 
LACTATION 

7.11.1 MILK COMPOSITION 

One of the unusual features of lactation in 
marsupials is the constantly altering compo
sition of the milk. As in all mammals, the first 
milk is a colostrum-type secretion, a clear, 
low-fat fluid with free-floating cells (Griffiths 
et al., 1972) and with immunoglobulin G- and 
A-like proteins (Hindes and Mizell, 1976; 
Deane et al., 1990). The data available from 
the seven or eight species studied suggest 
that all marsupials have a similar pattern of 
milk composition. The relatively dilute milk 
(10% solids) produced to supply the new 
pouch young becomes more concentrated 
(25-50% milk solids) as pouch life progresses 
(B. Green, 1984; B. Green et al., 1987; B. 
Green and Merchant, 1988) so that the 
growth rates of the young are regulated by 
rates of milk production and its changing 
composition. The main constituents of mar
supial milk are similar to those of eutherian 
mammals, but there are marked changes 
throughout lactation (Figure 7.45) just as the 
sucking regimen of the pouch young must 
change between the time when it is continu
ously attached to the teat to that when it 
frequently is observed off the teat (Griffiths et 
al., 1972; B. Green et al., 1980; B. Green, 1984; 
B. Green and Merchant, 1988). 

Total solids are higher than in cow or hu-
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man milk; proteins, carbohydrates and fats 
increase quantitatively and change qualitat
ively during lactation (Messer and Green, 
1979). Caseins are found in marsupial milk, 
as well as whey proteins, but it is the whey 
proteins which have been best studied and 
show the greatest variation (Lemon and 
Bailey, 1966; Lemon and Barker, 1967; Lemon 
and Poole, 1969; S.W. Green and Renfree, 
1982; Nicholas, 1988a,b). Amino acid compo
sition also varies through lactation, and there 
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is a correlation between sharp increases in 
the amount of sulphur-containing amino 
acids in the milk at the time of hair follicle 
and nail growth (Renfree et al., 1981). 
Immunoglobulins form an important com
ponent of later marsupial milks, and the 
pouch young passively acquire antibodies 
from the milk by uptake through the gut 
(Yadav, 1971; Bell et aI., 1974; Deane and 
Cooper, 1988). 

Concurrent, asynchronous lactation occurs 
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Figure 7.45 Progressive changes in milk composition and endocrine status during lactation of the 
tammar. (a) Total esterified fatty acid (triglyceride) and carbohydrate (total hexose) from 100 to 300 days 
post partum. The timing of the transition from phase 2 to phase 3 of lactation is indicated by the arrow. 
(b) Casein, whey, and total protein concentrations. (c) The concentration of prolactin (Hinds and 
Tyndale-Biscoe, 1982b), cortisol Ganssens amd Hinds, 1981) and thyroxine (Amersham radioimmuno
assay kit) was measured in plasma from the same animals used for the milk analyses. (Redrawn from 
Nicholas, 1988a,b.) 
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in continuously breeding macropodids, such 
as the red kangaroo M. rufus or the agile 
wallaby, M. agilis, or even the tammar under 
experimental conditions. The female gives 
birth immediately after the pouch has been 
vacated by the older young, but which con
tinues to suckle. Thus, two of the four mam
mary glands simultaneously secrete milk of 
entirely different composition. Of the two 
remaining glands, one may be still regressing 
from the previous, weaned young and the 
fourth regressing from the pre-partum con
dition. The mechanisms which control 
changing milk composition in marsupials and 
which allow the four mammary glands to 
differentiate and regress independently are 
unclear, but local factors such as sucking and 
milk removal are obviously important, as 
would be differing hormone receptor concen
trations. 

As mentioned earlier in this section, the 
induction of specific protein synthesis in 
phase 1 and 2 is prolactin dependent (Nicho
las, 1988a,b). The response is not changed by 
the addition of any combination of insulin, 
cortisol, oestradiol-17f3 or thyroid hormone. 
In phase 3 of lactation, specific whey proteins 
appear in the milk, but only one, late lac
tation protein (LLP), has been purified 
(Nicholas et al., 1987), and so provides a use
ful marker. It appears that LLP is not induced 
solely by the rise in prolactin soon after day 
200 (Figure 7.45) because phase 2 mammary 
explants do not begin producing LLP when 
exposed to elevated prolactin (Nicholas, 
1988a,b). Clearly, the mammary glands have 
different controls during each phase of lac
tation, a point reinforced by the different 
milk ejection responses (section 7.11.3). 

Although there is as yet little information 
on crude growth efficiency in marsupials, 
their energy and growth conversions are 
intermediate compared to eutherian mam
mals (B. Green, 1984; B. Green and 
Merchant, 1988; B. Green et al., 1988; Cork 
and Dove, 1989; Dove and Cork, 1989; Rose, 
1987), so that the relatively long lactation and 

comparatively slow growth of the young is 
not due to inefficient conversion of milk, and 
must therefore be regulatedllimited by the 
mother (B. Green and Merchant, 1988). This 
idea is supported by several observations. 
Transfer of young to pouches of larger 
species or mothers with larger young results 
in accelerated growth rates and vice versa 
(Merchant and Sharman, 1966; Findlay, 
1982b; Findlay and Renfree, 1984; B. Green 
and Merchant, 1988). Only transitory effects 
on milk composition were produced by such 
transfers, but these effects were not main
tained against the overriding inherent control 
of the cellular biochemical processes (Fin
dlay, 1982b). It appears that changes in the 
composition of the milk are an intrinsic 
characteristic of the mammary epithelial cells 
and occur as the cells age (Findlay and 
Renfree, 1984). Such a system allows parallel 
but asynchronous lactations to exist indepen
dently in two adjacent glands, which can 
then supply different milks to physiologically 
different young. 

7.11.2 MILK REMOVAL 

The idea that contraction of the striated ilio
marsupialis muscle forcibly ejects milk from 
the mammary glands into the pouch young, 
which are considered unable to suck in the 
normal manner (Seiler, 1828; Morgan, 1829; 
Owen, 1834), continues to be expressed in 
the literature (Barnes, 1977) despite the fact 
that Enders (1966) demonstrated that milk 
was not expressed in the opossum following 
electrical stimulation of the motor nerves and 
associated muscles supplying the muscles of 
the pouch. In any event, striated muscle is 
apparently unnecessary for milk ejection; the 
glands of Caenolestes obscurus, the South 
American rat opossum, have no striated 
muscle at all (Griffiths and Slater, 1988). 

.Musculus ilio-marsupialis is a flat triangu
lar sheet of muscle originating from the pelvis 
and attaching to the mammary glands; its 
homologue in humans is the cremaster 
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muscle (Tyndale-Biscoe and Renfree, 1987; 
Griffiths and Slater, 1988). This attachment is 
variable amongst species - in many, the ex
ternal muscle sends branches into the se
cretory parenchyma of the gland. These 
branches diffusely invade the gland in the 
pouched species examined. However, in 
some pouchless species, such as the brown 
antechinus (Antechinus stuartii) and the dusky 
antechinus (A. swainsonii), discrete branches 
of the muscle attach at the base of the teats, 
and these may function to elevate the unpro
tected young from the ground when the 
mother is moving around (Griffiths and 
Slater, 1988), much as m. cremaster retracts 
the testis into the scrotum (Tyndale-Biscoe 
and Renfree, 1987). The degree to which m. 
iliomarsupialis penetrates the gland varies 
between pouched and pouchless species; in 
T. vulpecula (Bolliger and Gross, 1960; 
Barbour, 1963) and in the red kangaroo, M. 
rufus (Griffiths et al., 1972), branches of the 
muscle diffusely invade the gland, and in 
Tarsipes rostratus reach each of the four teats 
(Griffiths and Slater, 1988). In all the pouch
less species examined by Griffiths discrete 
branches of the muscle attach at the base of 
the teats. These species are Antechinus stuartii 
and A. swainsoni, Dasyuroides byrnei and 
Dasysurus viverrinus as well as the South 
American species Caenolestes obscurus. Barnes 
(1977) described the same arrangement in 
Marmosa robinsoni. When A. stuartii and D. 
viverrinus were anaesthetized the attached 
young hung from flaccid teats, but as the 
mothers regained consciousness the teats re
tracted and the young were again held close 
to the body (Griffiths and Slater, 1988). 

The conclusion from these studies is that 
m. iliomarsupialis does not have the special 
function in marsupials of expressing milk and 
that the removal of milk in these mammals is 
under the same control as in eutherians, 
although Griffiths and Slater (1988) suggest 
that it is possible that striated muscle and 
oxytocin act synergistically in promoting con
traction of the myoepithelium. 

McCrady (1938), Hartman (1952) and 
Enders (1966) observed that neonatal opos
sums D. virginiana and Marmosa can suck 
actively, and Jurgelski (1971) using opossums 
and subsequently Shaw et al. (1988), using 
tammars have capitalized on this ability of 
neonates to suck to administer fluids contain
ing drugs from non-distortable plastic cath
eter tubes. Likewise, Griffiths and Slater 
(1988) demonstrated that tammars, a rock 
wallaby, Petrogale xanthopus, and red kanga
roo young could imbibe water or milk from 
rigid, non-distortable tubes. This differs from 
the main method of imbibition of milk in 
eutherians by expressing it from nipple or 
teat as described by Cowie (1972). 

7.11.3 MILK EJECTION RESPONSE AND 
CONCURRENT, ASYNCHRONOUS 
LACTATION 

It is generally agreed that milk removal is 
facilitated by the milk ejection reflex (Cross, 
1977). The contraction of the myoepithelium 
investing the alveoli is effected by the 
humoral influence of oxytocin released from 
the neurohypophysis during suckling. This 
contraction raises intra-alveolar pressure, 
leading to expulsion of the milk into the 
ducts, and this milk can then be removed 
from the glands by the sucking of the 
young. Although, ultrastructurally, the myo
epithelial network investing the mammary 
alveoli is similar in monotremes, marsupials 
and eutherians (Griffiths et al., 1973), in 
marsupials, as noted in earlier sections, there 
are differing responses of the myoepithelium 
to exogenous hormones at the three phases 
of lactation as well as the structural and com
positional changes. In all mammals the myo
epithelial cells of the mammary gland are 
sensitive to oxytocin, and exogenous oxy
tocin causes milk ejection in marsupials as it 
does in eutherians. As noted above, kanga
roos and wallabies are able to produce milk of 
two different kinds from adjacent mammary 
glands (Griffiths et al., 1972; B. Green, 1984), 
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and studies of the milk ejection response also 
give some clues as to the manner in which 
this is achieved. The neurohypophysis of 
three American marsupials contains oxy
tocin, lysine vasopressin and phenypressin 
(Chauvet et al., 1984, 1985), but in the six 
Australian species studied the oxytocin 
differs by a single amino acid - leucine is 
replaced by isoleucine at position 8, thus 
making it mesotocin (Ile8-oxytocin) (Chauvet 
et al., 1981). This amino acid alteration seems 
to have no functional significance, for heter
ologous (eutherian) oxytocin injected or hom
ologous (marsupial) oxytocin released after 
stimulation of the presumptive oxytocinergic 
neurones both stimulate a milk ejection re
sponse (Lincoln and Renfree, 1981a,b). 

In macropodids with concurrent asynchro
nous lactation, which support two young of 
differing ages concurrently (Figure 7.46), the 
question of how the milk ejection response 
controls the release of very different volumes 
of milk in the two sized glands has been 
addressed in the agile wallaby M. agilis. 

Lincoln and Renfree (1981a,b) measured 
the intraductal pressure within the mammary 
gland that occurred in response to injections 
of oxytocin or electrical stimulation of the 
presumptive oxytocin neurones in the brain 
(Figure 7.47) and found that the basic dose
response curve is very similar to that of euth
erian mammals but, early in lactation, the 
threshold doses of oxytocin are lower and the 
peak intraductal pressures obtained much 
higher than in late lactation (Lincoln and 
Renfree, 1981b). 

This was clearly seen when recordings 
were made simultaneously in females suc
kling two young of different ages (Figure 
7.47). In addition, there were differences in 
the response to electrical stimulation of the 
presumptive oxytocinergic neurones in the 
basal hypothalamus (Lincoln and Renfree, 
1981a), and milk ejection also occurred when 
the neurones were stimulated at lower fre
quencies. The decline in responsiveness of 
the gland to oxytocin during lactation, re-

quiring more stimulation, would thus allow 
the milk ejection caused by small releases of 
the hormone to be confined to the gland sup
porting the small young, while milk ejection 
would occur in both glands in response to the 
larger hormonal releases presumably trig
gered by the more vigorous sucking of the 
young-at-foot (Lincoln and Renfree, 1981a,b). 
This declining responsiveness as lactation 

Figure 7.46 Representative stages of the pouch 
young and mammary gland of the agile wallaby 
Macropus agilis, during concurrent asynchronous 
lactation. (a) A 60-day pouch young. The enlarged 
nipple and gland adjacent to the attached young 
(arrow) is supporting a 260-day young-at-foot; (b) 
210-day-old young, just about the time it makes 
the first excursions from the pouch. (From Findlay 
and Renfree, 1984, with permission.) 
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Figure 7.47 Intraductal pressure recordings taken from galactophores at different stages of lactation in 
agile wallabies. (a) Simultaneous recordings of intramammary pressure at 38 days and 248 days of 
lactation after injection (Ll) of the doses of oxytocin (mU) as shown. The 'younger' gland generated 
higher peak pressures and responded to lower doses of oxytocin. (b) Recording from a single galacto
phore at day 80 of lactation showing the response to intravenous injections (Ll) and infusions (bar) of 
oxytocin in the doses indicated. (c) Intramammary pressure recording at day 116 of lactation after 
prolonged low-frequency stimulation at 6 Hz (solid bar) compared with a short burst of high-frequency 
stimulation (50 Hzx20 sec. i) and injection of 10 mU of oxytocin (Ll). (Redrawn from Lincoln and 
Renfree, 1981a,b.) 

progresses could be related to less effective 
connections between the cells of the myo
epithelial network in 'older' (and larger) 
glands, or possibly to differences in oxytocin 
receptor concentrations in the cells, as has 
been shown for mammary gland prolactin 
receptors (Sernia and Tyndale-Biseoe, 1979; 
Tyndale-Biscoe et al., 1984; Figure 7.43). 
Thus, milk ejection can occur semi
independently in adjacent glands during con
current, asynchronous lactation. 

7.11.4 CONTROL OF MILK SECRETION 

Local intrinsic control and developmentally 
regulated mechanisms of the mammary epi
thelium appear to be responsible for the com
plex biochemical and physiological changes 
which occur in marsupial mammary glands 
through lactation (Findlay and Renfree, 1984; 
Nicholas, 1988a). Intraductal injection of pro
lactin causes a local secretory response in 
phase 1 of lactation (Findlay, 1982b; Findlay 
and Renfree, 1984), but specific proteins such 
as LLP are only induced by prolactin in phase 
3 and not phase 2 of lactation (Nicholas, 
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1988a,b). Similarly, during phase 2 of lac
tation the sucking stimulus does not appar
ently cause a prolactin release, because 
neither removal of pouch young nor injection 
of bromocriptine depresses the low « 40 ng/ 
ml) concentrations of plasma prolactin 
(Hinds and Tyndale-Biscoe, 1982b, 1985; 
Tyndale-Biscoe and Hinds, 1984; Curlewis et 
al., 1986; Gordon et al., 1988), nor does 
denervation of the teat stop milk production 
(Renfree, 1979). Developmental age of the 
mammary gland overrides the effects of an 
experimentally altered sucking interval (rate) 
and volume of milk withdrawal so that the 
milk composition shows only transitory 
changes (Findlay, 1982b, Findlay and 
Renfree, 1984). These changes may be me
diated by alterations in hormone receptor 
concentrations, such as are suggested to 
explain the decline in responsiveness of the 
mammary myoepithelium to mesotocin as 
lactation proceeds (Lincoln and Renfree, 
1981a,b), as has been shown for mammary 
prolactin receptors (Tyndale-Biscoe et al., 
1984). This declining responsiveness in the 
milk ejection response could also be related 
to less effective connections between the cells 
of the myoepithelial network and older and 
larger glands (Lincoln and Paisley, 1982; 
Findlay and Renfree, 1984). 

Support for the idea that the changes 
which occur during lactation in marsupials 
are internally controlled within the individual 
mammary glands comes from the interesting 
recent studies by Peaker, Wilde and col
leagues on lactating goats. They have found 
evidence that milk secretion is modulated by 
local chemical feedback inhibition (autocrine 
control) by an inhibitor (a protein of 10-30 
kDa) present in the whey protein fraction 
(Henderson and Peaker, 1984; Peaker and 
Wilde, 1987; Wilde et al., 1987, 1988; G.M. 
Stewart et al., 1988). In other words, the se
cretory cells of the mammary gland produce 
an inhibitor (or proinhibitor) of their own 
activity, such that more frequent removal of 
the protein during an increase in milking fre-

quency enhances milk secretion. The gland 
does not become refractory to these autocrine 
stimuli, and the enhanced secretory rate is 
maintained for as long as the stimulus of 
frequent milking is applied (peaker and 
Wilde, 1987). In ruminants, local production 
of prostaglandins can also inhibit the induc
tion of milk synthesis (Maule Walker, 1984). 
Mechanisms like these may well operate in 
marsupial mammary glands, but although 
the data on autocrine control of milk se
cretion provide an explanation for the pro
duction of differing volumes of milk in 
adjacent glands, which is clearly controlled 
by the sucking activity of the young, the 
question of the control of milk compositional 
changes in adjacent mammary glands re
mains more open. These latter changes 
appear to be controlled by the secretory 'age' 
of the mammary gland and may therefore be 
regulated by the mother. 

7.12 ADAPTIVE SIGNIFICANCE OF THE 
MARSUPIAL MODE OF PREGNANCY AND 
LACTATION 

Marsupials have a different mode of repro
duction from eutherian mammals, in that 
they give birth to small altricial young after a 
relatively short gestation. However, with the 
growing body of knowledge on marsupial 
reproduction it is clear that marsupials share 
with eutherians the same physiological com
plexities that control reproduction (Tyndale
Biscoe and Renfree, 1987). Progesterone is 
the essential hormone of pregnancy, oestra
diol of ovulation and oestrus, and parturition 
is associated with a rise in prostaglandins and 
prolactin. Seasonal factors, notably photo
period, influence the annual cycle of repro
duction mediated by the pineal hormone 
melatonin (Tyndale-Biscoe et al., 1986). Their 
lactational physiology is the most sophisti
cated of any mammal, and it is here that the 
greatest differences are apparent between the 
marsupial and eutherian mode of repro
duction (Renfree, 1983). The teat is the umbi-
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lical cord of the marsupial, and they have 
elaborated lactation instead of extending the 
period of intrauterine development with all 
its attendant hazards. 

There has been a great deal of speculation 
as to which method is evolutionally superior; 
in general, perhaps because of a lack of 
knowledge, the marsupial mode has been 
assumed to be the 'primitive' and, by infer
ence, inferior pattern. However, when the 
reproductive processes of the three groups of 
mammals - monotremes, marsupials and 
eutherians - are compared, many features are 
synapomorphic (derived) characters held in 
common by all three (Tyndale-Biscoe and 
Renfree, 1987). These are Graafian follicles, 
functional corpora lutea, bilaminar blasto
cysts, uterine secretion, yolk sac placentae, 
mammary glands and lactation. While mono
tremes retain some plesiomorphic (primitive) 
characters, such as egg laying, which show 
an early divergence from the stock leading to 
marsupials and eutherians, comparisons be
tween marsupials and eutherians suggest a 
dichotomy in development from a common 
ancestral group of therian mammals, not a 
derivation of one from the other (Tyndale
Biscoe and Renfree, 1987). Most of the apo
morphic characters of marsupial repro
duction are associated with the greater 
emphasis on lactation than gestation. 

Few attempts have been made to measure 
the cost of lactation (Rose, 1987; B. Green and 
Merchant, 1988; B. Green et al., 1988). One 
way is to compare the maternal investment 
and the energy required to rear a young to 
weaning, and this has recently been done 
(Cork and Dove, 1989; Dove and Cork, 1989). 
Using the tammar and the sheep as models, it 
appears that the pattern of milk intake is 
similar in both types of mammals if eutherian 
lactation is compared only with the post
pouch exit life of marsupials. During pouch 
life, the marsupial pattern of milk energy in
take is similar to that of the energy deposition 
in the eutherian fetus during pregnancy 
(Cork and Dove, 1989; Dove and Cork, 1989). 

These authors conclude that the energy cost 
of lactation in the tammar can thus be 
regarded as equivalent to the sum of the 
energy costs of pregnancy and lactation in 
the sheep. Furthermore, there are not large 
differences between these two herbivores in 
terms of weight-related allocation of energy 
to reproduction (Cork and Dove, 1989). Thus 
the marsupial strategy of spreading the off
spring's intake of energy over a long lactation 
appears to be an important adaptation for a 
small grazing mammal living in a relatively 
aseasonal environment which is not faced 
with brief periods of seasonal food abun
dance. Thus, it can afford to have an exten
sive as opposed to an intensive grazing time, 
so giving it a relative ecological advantage. 
These important analyses of Cork and Dove 
show that the energy requirements for repro
duction and development in their model mar
supial, the tammar, fall within the range of 
comparable eutherians. Furthermore, they 
confirm that the transfer of energy in the 
form of milk is limited by the mother (Dove 
and Cork, 1989), just as the mother limits the 
period of pouch occupation in the Tasmanian 
rat kangaroos by dramatically constricting 
her pouch (Rose, 1986, 1987). These data are 
not consistent with the suggestion of 
Lillegraven et al. (1987) that energy transfer 
between mother and young during repro
duction is less efficient in marsupials than in 
eutherian mammals, but show that these are 
highly derived patterns, and support the con
tention of Tyndale-Biscoe and Renfree (1987) 
that the major differences seen in the mode of 
reproduction in living mammals today 
evolved in response to the metabolic require
ments of increasing body size and the eco
logical constraints imposed during the great 
adaptive radiations of mammals during the 
Tertiary epoch into new niches and ways of 
life. 
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S.l INTRODUCTION 

This chapter is concerned with the physi
ology of the developing mammal from the 
time the major organs have developed to 
birth. Fetal physiology is of interest not only 
because during fetal life the foundations for 
future growth and performance are estab
lished, but also because the physiology of 
one animal growing within another is of 
interest for its own sake. As the fetus grows 
in size and the various body systems de
velop, so the 'physiology' of the fetus 
changes. Much of what we know has been 
based on studies in the last third of gestation 
when the fetus is relatively large. Special 
interest has also been directed to the fetus 
immediately before birth for, by understand
ing the behaviour of the fetus before birth, it 
is hoped to limit the damage caused by the 
delivery and to optimize the care of the new
born afterwards. Less is known about the 
physiology of the fetus in mid-gestation, 
although the development of several clinical 
techniques (ultrasonography, amniocentesis 
and fetal blood sampling) over the last 
decade has increased our knowledge of the 
biology of the human mid-trimester fetus 
(Pesonen et al., 1983; Nicolaides et al., 1985; 
Forestier, 1987; Forestier et al., 1987; Peters 
and Nicolaides, 1990; Fisk and Rodeck, 1992; 
Stephenson, 1993). 

We begin with a brief description of the 
intrauterine environment, followed by an 
outline of intrauterine growth and develop
ment, and the nature of the major hurdle the 
developing mammal has to jump at the time 
of birth. Section 8.2 gives an outline of the 
functions of the placenta related to the fetus, 
section 8.3 describes the working of the major 
systems before birth and section 8.4 high
lights the adjustments made in those systems 
after birth. The endocrinology of pregnancy 
is considered elsewhere. Whilst the purpose 
of most functions is to support or protect the 
brain, the growth and function of the devel
oping mammalian brain are not considered. 
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8.1.1 THE INTRAUTERINE ENVIRONMENT 

The mammalian fetus has been likened to a 
fish swimming in its own private pool. 
Fellows of the Royal Society, soon after its 
formation, studied the survival of fish out of 
water in an attempt to understand how the 
fetus lived in the womb and adjusted after 
birth (Birch, 1956-57). It was a phenomenon 
which puzzled W. Harvey (1651). Barcroft 
(1946), a pioneer of fetal physiology, drew an 
analogy with a climber up a mountain; others 
prefer the idea of an astronaut floating in 
space with a supply cord. Helpful though 
these analogies are to illustrate some of the 
unusual aspects of the fetal environment, 
they can be misleading with respect to the 
whole. 

The uterus protects the new mammal dur
ing a critical stage in its development. The 
membranous sac in which the fetus floats 
contains water with traces of salts and some 
protein debris of clinical interest and little 
else. In man, in the first half of pregnancy 
amniotic fluid volume related to fetal mass 
(Lind, 1978) is around 1.8 1 per kg fetal body 
weight, and is probably a dialysate of fetal 
plasma. In mid-gestation, the skin lays 
down keratin and other chemicals which 
make the skin watertight, then the fetal 
fluid compartments cease to exchange 
through the skin with the surrounding am
niotic fluid. In the second half of human 
pregnancy, fetal urine is the main contri
bution to amniotic fluid, the osmolality and 
sodium and chloride contents fall slightly, 
and the volume relates more closely to pla
cental mass and is around 0.27 lIkg at term 
(Lind, 1981). There are more extensive 
studies on the characteristics and turn
over of the fluids that surround other fetal 
mammals, particularly the sheep (Mellor, 
1980). 

The temperature of the fluid is determined 
by the mother's body temperature and, be
cause the fetal metabolic rate is higher than 
that of the mother, the amniotic fluid tem-
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Table 8.1 Gestation, birth weight and placental weight in various mammals. 

Gestation Newborn Placenta Placenta as a 
(days) body weight weight percentage of 

(g) 

Sheep 147 4500 
Man 280 3500 
Pig 120 1300 
Monkey 168 500 
Cat 63 100 
Guinea pig 67 85 
Rabbit 31 50 
Rat 22 
Mouse 19 

perature is a fraction of a degree higher than 
the mother's deep body temperature. When 
the mother has a fever then the temperature 
of amniotic fluid rises, as does the fetal body 
temperature (Abrams, 1978). 

The uterus protects the fetus from infec
tion. The surrounding fluid is sterile. The 
placenta also protects the fetus, to some ex
tent, from infectious organisms that enter the 
maternal bloodstream, depending On the ges
tation and the organism. Most commOn bac
teria do not cross the placenta, but in man 
syphilis and listeria can both affect the fetus. 
Viraemia leads to fetal infection more com
monly than bacteraemia. It has been known 
for some time that rubella (German measles) 
virus, varicella zoster virus (chicken pox) (G. 
Gilbert, 1993; McIntosh and Isaacs, 1993) and 
cytomegalovirus can all cross the placenta of 
the human fetus and cause miscarriage or 
fetal abnormalities. In the case of rubella, 
about 40% of women with a primary infection 
in pregnancy will pass the virus on to the 
fetus (Stagno, 1990), but it is not clear why 
transplacental infection does not occur in the 
other 60%. Human immunodeficiency virus 
and human parvovirus are more recently 
characterized viruses that can penetrate the 
defences of the human placenta to infect the 
fetus. The placenta can also be breached by 
parasites, such as those which cause toxo
plasmosis (Peckham and Logan, 1993) and 

5 
2 

(g) body weight 

350 8 
500 14 
200 15 
100 20 
15 15 
5 6 
4 8 
0.5 11 
0.01 9 

malaria. The rate of transmission of 
Toxoplasma from mother to fetus increases 
with increasing gestational age at the time of 
maternal infection (Holliman, 1992). Toxo
plasmosis is One example of cross-species 
transmission of a zoonosis affecting both 
mother and fetus (Holliman, 1992). 

The intrauterine environment is dark 
(there is no light to stimulate the eyes) and 
many mammals are born with fused eyelids. 
It is not silent: the sound of the heart beats 
and the bowel borborygmi reach the fetal ears 
but obviously have no meaning for the fetus. 
The fetus can contract its muscles and fetal 
movements do occur and are important for 
development (Prechtl, 1988), but the fetus is 
limited by the space available, and the move
ments become more restricted as the fetus 
grows. Fetal restraint can distort fetal growth 
causing postural deformities. In the more 
severe cases, often associated with profound 
oligohydramnios (sections 8.3.3b and 8.3.4), 
permanent abnormalities such as clubfoot 
and joint contractures may occur (Hensinger 
and Jones, 1992). 

8.1.2 THE LENGTH OF GESTATION AND 
MATURITY AT BIRTH 

Table 8.1 gives the length of gestation of 
some mammals commonly used for physio
logical studies and compares them with man. 
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Table 8.2 Fetal weight as a percentage of maternal body weight. 

Maternal Newborn Average Fetal weight 
body weight birth litter size as a percentage of 

(kg) weight (g) maternal weight 

Pig 130 1200 8 6.8 
Sheep 70 4000 2 11.4 
Man 56 3500 1 5.6 
Monkey (rhesus) 8 500 1 6.3 
Rabbit 2.5 50 6 14.0 
Guinea pig 0.7 85 3 36.3 
Rat 0.15 5 7 23.4 
Mouse 0.03 1.5 8 37.3 

In general, the larger the mother the longer 
the gestation. The mouse makes a new being 
capable of independent existence in 19 days; 
man takes 9 months. The newborn lamb 
weighs a little more, on average, than the 
human newborn but is made in half the time 
and is able to run and skip soon after birth. 
Thus, whilst the intrauterine environment is 
remarkably similar between species, the rate 
of growth and maturation of the fetus differs 
as widely as the appearance and performance 
of the adults. Clearly, inferences about one 
species based on data obtained from the 
study of another need to be drawn with care. 

Table 8.2 also gives the litter size and an 
estimate of the total fetal weight as a percent
age of maternal body weight. 

Again there are wide variations; in the 
larger mammals the fetal weight forms a 
lower fraction. In the smaller mammals the 
fetuses alone (without the uterus, the fetal 
membranes and fluids) must make consider
able demands not only on the mother's 
physical strength but also on the supplies of 
oxygen and nutrients. These demands are of 
a different order, relatively speaking, to the 
burden that the pregnancy at term places on 
the larger species. 

Comparative physiology is fascinating in 
this area as in many others. The newborn 
polar bear weighs about 0.5 kg, which is only 
0.3% of the weight of the mother; conversely, 
a single newborn bat can weigh as much as 

30% of the adult weight. Analysis of the re
lationship between fetal and maternal weight 
has been the subject of a number of articles 
(Leitch et aI., 1959; Widdowson, 1970; Sacher 
and Staffeldt, 1974; Hofman, 1983). It has 
been proposed that the length of gestation is 
determined, at least in part, by the demands 
of brain growth and development. 

The object of reproduction is to produce 
offspring capable of independent survival in 
the environment of their parents. In general, 
the young fall into two categories: those born 
into a protected environment, such as a nest 
or within the fur or arms of the parent, and 
those who run free soon after the moment of 
birth. The motor skills of the former are lim
ited and the development of their motor cor
tex is at an early stage but they are very 
aware; their sensory cortex is well advanced. 
By contrast, in those that run free at birth 
both motor and sensory neural maturation 
are fairly advanced at birth. 

The terms maturity and maturation, whilst 
clearly relevant to the subject, can be used in 
a confusing way. If adult size and perform
ance are the gold standards, then all the fetal 
organs are immature. Obstetricians speak of 
a mature fetus in comparison with the term 
infant. However, in terms of biological func
tion, the healthy fetus has physiological re
sponses that meet its requirements at all 
times and thus to speak of immaturity of 
function of, for example, the fetal kidney and 



772 Fetal physiology 

Table 8.3 Growth rates before and after birth. (From Widdowson, 1970.) 

Length of Fetal Birth Suckling 
gestation growth rate weight growth rate 

(days) (g/day) (kg) (g/day) 

Calf 280 125 35 580 
Man 280 12.5 3.5 25 
Pig 120 4.2 1.5 295 
Cat 63 1.6 0.1 14 
Rat 21 0.42 0.005 1.7 
Mouse 21 0.09 0.002 0.47 
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Figure 8.1 Organ weight as a percentage of body weight in the last third of gestation in rabbits. 

imply therefore that it is in some way inad
equate would be misleading. 

8.1.3 THE RATE OF INTRAUTERINE GROWTH 

Table 8.3 gives the length of gestation, birth 
weight and mean rate of growth of a range of 
mammals (Widdowson, 1970). 

Whilst the larger mammals, weight for 
weight, do not achieve fetal development at 
the rate of the smaller mammals, their 
growth rates, in terms of weight gain per 
day, are remarkable. The fetal calf grows at 10 
times the rate of the human fetus. Also 
shown in Table 8.3 are the rates of growth 
after birth whilst the young mammal is suck-

ling. Again, the relatively slow-growing 
human young stands out as the exception. 

Figures 8.1 and 8.2 give the organ weights 
in the last third of gestation in rabbits and 
man. 

Table 8.4 gives the organ sizes of the mam
malian fetus at birth. 

Similar data are available for carcass and 
organ compositions. The human newborn, 
with its relatively large brain and high lipid 
content (Widdowson, 1950), is the exception, 
but then the human adult has a relatively 
large brain as well (Cross, 1979). The need to 
supply the requirements of the growing fetal 
brain has implications for transplacental 
transfer. 
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Figure 8.2 Fetal organ weight in man in the last 
third of gestation. 

There are wide variations with respect to 
the amount of stored energy at birth. Most 
fetal mammals contain generous stores of 
glycogen in the liver and in muscle, but the 
amount of energy stored as fat varies widely 
(Shelley, 1961). By making assumptions 
about the metabolic rate, crude calculations 
can be made of starvation survival times after 
birth. Here again the human infant, with its 
relatively large store of triacylglycerol in 
white adipose tissue, is the exception (D. 
Hull, 1976) (Table 8.5). 

Most other mammals are very dependent 
on the early establishment of oral feeding 
with the ready absorption of nutrients from 
the bowel. 

This type of information is essential to the 
understanding of fetal growth and to any 
attempts - to improve fetal development by 
modification of the maternal diet. These 
examples illustrate the wide variations be
tween species and underline the differences 
in placental performance. They also illustrate 
why certain organs and systems are more 
vulnerable at various stages in development. 
The timing of these 'critical periods' differs 
between species with respect to phase in ges
tation and whether or not they occur before 
or after birth (Barker et al., 1990; Lucas, 1991; 
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Prentice, 1991; Atkinson, 1992; Steer et al., 
1992). The organ of major concern in this 
regard is the brain (Figure 8.3) (Dobbing and 
Sands, 1979). 

The weight of the fetus at term, like the 
weight of the mother, is subject to biological 
variation (Figure 8.4). 

In mammals, which usually produce a 
number of young, the fetal weight is 
increased if the litter size is very small and it 
may be reduced if it is very large. The values 
for rabbits are shown in Figure 8.5. 

This reinforces the view that the environ
ment provided by the mother determines 
fetal growth, and interest has been directed 
to, amongst other things, maternal nutrition 
(De Prins et al., 1988; Prentice, 1991; 
Stephenson et al., 1993a), uterine blood flow 
(F.e. Battaglia and Meschia, 1986), placental 
size (Mellor, 1984), placental position 
(Stevens, 1975), placental perfusion and 
umbilical blood flow (Stephenson et al., 
1990a). The studies are extensive, and there is 
nO doubt that the severe manipulation of any 
of these factors will limit fetal growth. Which 
factors actually operate in small or large lit
ters, or contribute to the production of a runt, 
or to intrauterine growth retardation in the 
human infant, are still not resolved. Nor can 
it be doubted that there are many factors 
within the fetus which determine and control 
its growth rate both in normal and disordered 
states (Van Assche and Robertson, 1982; 
Gluckman and Liggins, 1984). 

8.1.4 THE CHALLENGE OF BIRTH 

To complete this introduction to fetal physi
ology, it has to be recognized that the fetus 
not only establishes a pattern of growth to 
enable it to achieve adult size and perform
ance, and maintains and controls its bodily 
systems within the intrauterine environment, 
but it also prepares itself for the challenge of 
the birth experience and the adjustment and 
acceleration of some functions after birth. 
Thus, an individual organ or structure in-
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Table 8.4 Organ weights in newborn animals as a percentage of birth weight. 

Liver Muscle Skeleton Skin Heart and lungs Brain 

Sheep 2.1 22 23 11 2.8 1.3 
Man 4.0 18 14 2.3 10-13 
Pig 4.7 30 24 10 2.2 3.7 
Rabbit 6.6 15 19 3.4 2.9 
Rat 6.3 15 15 5 
Mouse 4.3 1.9 6.3 

Table 8.5 Theoretical survival times based on the amount of stored energy at birth 
assuming the newborn stayed in a thermoneutral environment. (From Hull, 1976.) 

Lipid stores Carbohydrate 
(glkg body wt) in liver 

and muscle 
(glkg body wt) 

Lamb 30 11 
Man 160 11 
Piglet 11 23 
Rabbit 58 5 
Rat 11 8 

creases in size, develops, changes and modi
fies its functions and prepares itself for a 
major change in environment. Enzyme sys
tems are induced in anticipation of birth; if 
they are not induced the system they support 
may fail. A prematurely delivered mammal 
may die not because a system, say the lung, 
is not anatomically developed, but because 
critical enzyme systems have not been 
induced, for example to enable the secretion 
of surfactant (Avery and Mead, 1959). For 
information on this and other aspects of the 
biochemical development of the fetus, the 
reader is referred to C.T. Jones (1982). 

8.1.5 METHODOLOGIES 

Our knowledge of fetal physiology is derived 
from a variety of sources and in this subject, 
perhaps more than in others, the original 
observations do not always justify the 
constructions that are put upon them. The 
problem is that the fetus is difficult to reach 
without interfering with it in some way. 

Oxygen consumption Theoretical 
(ml 02lkglmin) survival 

times 
Minimum Maximum (days) 

10 30 6 
6 16 35 

12 36 2.2 
220 60 4 
25 50 0.8 

Much valuable information has been 
obtained by structural analysis of fetuses 
delivered normally or by Caesarean section of 
mothers kept under different conditions. 
Many observations have been made after 
experimental manipulation of the placenta in 
some way, for example tying a uterine artery 
in rats (Wigglesworth, 1964), or removing 
cotyledons in sheep (Mellor, 1984); and after 
experimental procedures on the fetus, for 
example removing the thyroid or occluding 
the trachea and allowing the pregnancy to 
continue (Jost, 1954). However, these studies 
of classical physiological mechanisms were 
made on the exteriorized fetus from an anaes
thetized mother and most often the sheep 
has been the species employed (Dawes, 
1968). The placental performance under such 
conditions was unlikely to be ideal, which led 
to the development of techniques to study 
the unanaesthetized fetus in the unanaesthe
tized mother by inserting catheters into vari
ous fetal channels, particularly the umbilical 
vessels, and allowing both mother and fetus 



Introduction 775 

oR 
~ 4 
E 
Cl 

"Qi 
;: 
'§ 
~ 

2 

Figure 8.3 The brain growth spurts of seven mammalian species expressed as first-order velocity curves 
of the increase in weight with age. Rates are expressed as weight gain as a percentage of adult weight for 
each unit of time. The units of time for each species are as follows: guinea pig, days; rhesus monkeys, 4 
days; sheep, 5 days; pig, weeks; man, months; rabbit, 2 days; rat, days. 
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Figure 8.6 The different macroscopic structures of the mammalian placentae. 

to recover (Rudolph and Heymann, 1980). 
This technique has been most successful in 
the fetal sheep, and much of our precise 
understanding of fetal physiology relates to 
that of the lamb (F. C. Battaglia and Meschia, 
1986). A great deal of the work relating to 
placental transfer has been undertaken in the 
sheep, a mammal which is attractive experi
mentally because its large size allows re
peated blood sampling and because the 
relatively unresponsive ovine uterus is in
valuable in establishing chronically catheter
ized preparations. It must be remembered 
that the lamb (and in addition the sheep 
epitheliochorial placenta) has its own charac
teristics and, despite being of similar size to 
the human fetus, differs in a number of im
portant ways. 

Interpretations have also been made on 
spot samples taken from the fetus, for 
example during clinical procedures, and from 
studies on cord blood samples collected at 
birth. These have to be interpreted with 
caution but are sometimes all that is avail
able. Measurements using isotopes in ani
mals have given valuable information, but 
because of the many fluxes and spaces in
volved, calculations are not easy (Natha
nielsz, 1980). The pre-term infant is 
mentioned briefly in section 8.4.5. However, 

whilst the prematurely born infant, after a 
brief period of adjustment, follows a similar 
growth curve as the fetus, its physiology is 
very different and provides very little infor
mation to help us understand intrauterine 
life. 

8.2 THE PLACENTA 

8.2.1 STRUCTURE 

The naked eye appearance of mammalian 
placentae differs strikingly (Figure 8.6) (Ste
vens, 1975). 

Organs such as the kidneys, liver, lung and 
brain are readily recognized, irrespective of 
the species; not so for placentae. The human 
placenta is shaped as a single thick dish (the 
word placenta means plate) which attaches 
itself to part of the uterine wall. Usually, the 
position is favourable, but occasionally it is 
not. It may settle over the cervical os and 
therefore bleed as labour commences and ob
struct the outlet. Some monkeys have two 
such discs, whereas the sheep has many 
suction pads attached to predetermined sites 
(caruncles) whose supply and draining ves
sels join to form the umbilical vein and arter
ies. The dog and cat have placentae shaped 
like a collar which ring each fetus as it lies in 
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Figure 8.7 The microscopic structure of mammalian placentae. 

the uterus, whereas the pig and the horse 
have a diffuse placenta that spreads all over 
the inner surface of the uterus. The signifi
cance or consequences of these anatomical 
variations is not known. For more on the 
subject of placentation see Chapter 4 of this 
volume. 

There are equally striking differences in the 
microscopic structure (Figure 8.7). 

The basic arrangement consists of a ma
ternal blood vessel, connective tissue and 
epithelium, next to fetal epithelium, connec
tive tissue and blood vessel. In some placen
tae all three are preserved, in others various 
maternal layers disappear; in man and rabbit, 
for example, no maternal layer of cells separ
ates the maternal blood from fetal tissue so in 
that situation the whole of the placenta is a 
fetal organ under the direction of fetal genes. 
The placental barrier, that is the interface that 
chemicals have to cross to reach or leave the 
fetus, may therefore be anything from three 
to six cells thick. There does not seem to be 
any detectable difference in the transfer rates 
of oxygen or nutrients that obviously relate to 
structure; electrolytes and fatty acids may be 
different (Stephenson et al., 1990b). The fetal
maternal interface is not of uniform thick
ness. Water and water-soluble substances 
cross the placental cells with more difficulty 
than fat and fat-soluble substances (Sibley 

and Boyd, 1988). Water is filtered through the 
cells, and between cells; the relative amounts 
of the two routes vary with the species (Stulc, 
1988). 

The capacity of the placenta as an organ of 
exchange is clearly going to be dependent on 
the blood supply to the two sides and their 
interface with each other. Here again there 
appear to be differences between species. 
Many have attempted, by anatomical studies, 
to disentangle the vascular arrangements to 
determine whether the direction of maternal 
and fetal blood flows run together, i.e. 
concurrent flow, or against each other, coun
tercurrent. For an explanation of the impli
cations of these arrangements and how the 
countercurrent arrangement works to ma
ternal or fetal advantage depending on the 
relative blood flows the reader is referred to 
F.e. Battaglia and Meschia (1986). 

The maternal blood supply transverses the 
myometrium in spiral arteries. As the human 
placenta implants these vessels are converted 
by intravascular cytotrophoblastic cells into 
wider uteroplacental vessels, which gently 
squirt maternal blood into the intervillus 
space. The vascular villus tissue begins to 
form by 3 weeks post conception. It then 
undergoes growth and arborization until it 
reaches its definitive shape by 16 weeks' ges
tation, after which time it grows in size and 
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Figure S.S Modes of placental transfer. 

complexity until term. One imagines the 
villus fronds washing about in maternal 
blood like seaweed in a troubled sea. This 
arrangement is closest to concurrent flow 
(Faber and Thornburg, 1983) or 'venous equi
libration', and in that it resembles the sheep, 
which by contrast has a maternal epithelial 
layer. The horse has a placental counter
current arrangement that works to 'fetal 
advantage', and the guinea pig one that 
works to 'maternal advantage'. 

8.2.2 TRANSFER 

The transfer of a substance from mother to 
fetus or vice versa may depend on, amongst 
other things: 

1. The concentration of the substance in the 
delivery component of the maternal circu
lation; for glucose it is the level in the 
serum, for oxygen the partial pressure 
(Faber and Hart, 1966), and for fatty acids 
it is probably the concentration in the free 
fatty acid compartment. 

2. The mechanism of transfer across the pla
cental cell membranes, for example recep
tor sites (Sibley and Boyd, 1988). 

3. The concentration in placental intracellu
lar pool or pools. 

4. The availability of appropriate carrier pro
teins if required (Stephenson et al., 1993a). 

5. The placental consumption of the 
substance. 

6. The concentration in the blood feeding the 
fetal side of the placenta (Stephenson et 
al., 1990b). 

Substances cross by different routes; the 
transfer may be passive, facilitated or energy 
dependent or occur by pinocytosis (Figure 
8.8). 

(a) Water 

Water diffuses across the placenta, either tra
versing the cells (transcellular) or running 
between the cells (paracellular). Some indi
cation of the size of the para cellular route can 
be gauged by the diffusion coefficients of 
marker molecules. This has led to the view 
that the pores must be larger in the human 
haemochorial placenta than in the sheep 
epitheliochorial placenta (Boyd et al., 1976; 
Faber and Thornburg, 1983; Stulc, 1988). 
Electrolytes in high concentrations in serum 



such as sodium and chloride, will pass easily 
down the paracellular channels and equilib
rate between the two sides. 

Using labelling techniques, Hutchinson et 
al. (1959) calculated that 3.6 l/h was the trans
fer rate in the term human fetus weighing 
around 3.2 kg, and that 150 ml/h was trans
ferred between the fetus and the amniotic 
cavity. The term fetus contains around 2.5 1, 
and accumulates water at a rate of 20 mVday. 
Thus, the net transfer to the fetus is a very 
small fraction of the diffusional exchange 
(Hytten and Leitch, 1971; Hytten, 1979). 

In the unstressed state, the total osmotic 
pressure in the fetal blood is below that in the 
mother, and it is not clear what counterba
lances this. The pressure within the perfus
ing vessels may be a factor, as may the flow 
characteristics across the pores (see F.e. 
Battaglia and Meschia, 1986). If maternal 
osmotic pressure is lowered by infusion of 
hypotonic solutions, the fetus gains water 
(Tarnow-Mordi et al., 1981); if hypertonic 
solutions are infused, then the fetus shrivels 
a little. 

(b) Electrolytes and minerals 

With the haemochorial placenta, the main 
extracellular electrolytes sodium and chloride 
cross to the fetus easily (Canning and Boyd, 
1984). As with water, the bidirectional fluxes 
are much greater than the net flux; the main 
exchange is probably via the paracellular 
route, by which route water and electrolytes 
presumably move together as they do in 
serum. Water filtering across the cells is 
thought to be solute free, and sodium and 
chloride pass through in relatively small 
amounts. In the epitheliochorial placenta of 
sheep, the diffusion permeability is very low 
and may be controlled and in turn determine 
fetal growth (Faber and Thornburg, 1983). In 
the epitheliochorial placenta of the pig, 
sodium flux is thought to be unidirectional 
and energy dependent (Sibley et al., 1986). 
Potassium transport in guinea pigs appears 
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to be energy dependent (D.J. Bailey et al., 
1979). 

(c) Calcium and phosphate 

The growing fetus needs calcium to form 
bone. In the fetal sheep, the accretion rate 
has been calculated to be around 200 mg of 
calcium per kg per day. It also seems that in 
the fetal sheep there is mainly a one-way flow 
of calcium to the fetus, but in the monkey 
only around 20% of the calcium which enters 
the fetus is retained. Despite this net flux to 
the fetus in all mammals studied, the ma
ternal concentrations of total plasma calcium 
and ionized calcium have been below fetal 
levels. Therefore, calcium does not flow 
down a pressure gradient to be taken up by 
fetal bone as required. Both calcium and 
phosphate are transported by carrier
mediated energy-dependent mechanisms 
(Care and Ross, 1984; Lajeunesse and 
Brunette, 1988; Stulc, 1988). There is some 
evidence that this active process is under the 
control of the vitamin 1,25-dehydroxychole
calciferol. This seems to be made in the 
maternal kidney and to be transferred across 
the placenta (Clements, 1988), and both the 
placenta and the fetal kidney have the ca
pacity to convert it into its active form. By 
contrast, calcitonin and parathyroid hormone 
do not cross the placenta. As with many fetal 
systems they develop along with the struc
tures they control. The parathyroid gland be
comes active in early fetal life and is 
presumably involved in bone resorption and 
calcium homeostasis from an early stage 
(Brunette, 1989). 

(d) Iron 

Maternal serum transferrin, the carrier pro
tein for iron, is the main source of fetal iron. 
The transferrin probably enters the placental 
cells by endocytosis, which is receptor me
diated. The iron presumably enters an intra-
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Table 8.6 Partial pressures, saturation and con
tent of oxygen in the blood taken from the 
maternal uterine artery and vein and fetal 
umbilical artery and vein. 

Maternal uterine 
artery 

Maternal uterine 
vein 

Fetal umbilical 
vein 

Fetal umbilical 
artery 

P02 

(mmHg) 

90 

35 

28 

15 

Oxygen 
saturation 

(%) 

95 

70 

65 

25 

Oxygen 
content 
(vol. %) 

14.5 

10.5 

13.0 

5.0 

cellular pool before being released into the 
fetal circulation (Van Dijk, 1988). 

(e) Blood gases 

Table 8.6 shows the pressure gradient of oxy
gen as it travels from mother's blood to fetal 
blood. 

The partial pressure of oxygen in fetal 
blood leaving the placenta (oxygenated but 
travelling in a vein) is relatively low com
pared with that leaving the lungs of a new
born infant (Comline and Silver, 1975). 
Nevertheless, because of the characteristics 
of the fetal haemoglobin-oxygen dissociation 
curve (section 8.3.2) and the relative poly
cythaemia of the fetus, the oxygen content is 
still high. Table 8.6 also gives the values for 
oxygen saturation and content of blood in the 
maternal and fetal circulations. The differ
ence in oxygen dissociation combined with 
the difference in haemoglobin concentrations 
(the fetal haemoglobin concentration being 
higher than the mother's) results in the oxy
gen content in maternal uterine vein blood 
being lower than that in umbilical vein blood. 

The rabbit placenta has a countercurrent 
system and is the most effective so far 
studied with respect to gas exchange (Faber 
and Hart, 1966). The primate placenta prob-

ably has a countercurrent system also, as 
have the guinea pig and the mare. The fact 
that umbilical venous oxygen tension can ex
ceed that in the uterine vein is evidence in 
favour of this. Although the sheep cotyledon 
was originally thought to conform to the 
countercurrent pattern, more recent evidence 
has suggested that it may function as a 
double-pool venous equilibrator, a cross
current arrangement, or a mixture of con
current and countercurrent exchanger types 
(Metcalfe et al., 1965; Faber and Thornburg, 
1983; F.e. Battaglia and Meschia, 1986). It 
also seems unlikely that the cow, another 
ruminant, possesses the countercurrent 
exchanger. 

Maternal arterial blood gases do not vary 
greatly between species, but the blood gas 
tensions in the fetus do vary. The different 
uterine vein-umbilical vein P02 gradients in 
different species may reflect the range of 
exchanger types in the mammalian kingdom 
(Meschia et al., 1967; Metcalfe et al., 1967). 
This is an easier subject to speculate on 
theoretically than to elucidate experiment
ally, and much work remains to be done. 
Nevertheless, it now seems clear that the 
countercurrent arrangements found in man 
and rabbit can be exploited preferentially by 
either mother or fetus. This was predicted 
mathematically, and it has been demon
strated that the guinea pig countercurrent 
placenta works to 'maternal advantage' 
(a lower maternal placental blood flow for a 
given rate of placenta transfer compared with 
a concurrent arrangement), whereas the 
countercurrent placenta of the mare operates 
to confer 'fetal advantage' (a higher fetal sub
strate concentration for a given flow rate). 

The fetus does not store oxygen. There
fore, it is dependent on a continuous supply 
and it must have a robust and efficient deliv
ery system to survive. Considering its com
plexity, it is remarkably efficient. There is, 
however, an element of arteriovenous shunt
ing in both maternal and fetal circulations, 
analogous perhaps in physiological terms to 



The placenta 781 

Table 8.7 Oxygen consumption of the placenta and of the fetus in sheep. 
(From Battaglia and Meschia, 1986.) 

Oxygen 
content 

(jJ>mollml) 

Maternal uterine artery 6.00 

Maternal uterine vein 4.65 

Fetal umbilical vein 5.45 

Fetal umbilical artery 3.98 

the ventilation-perfusion mismatch which 
occurs in the lungs. The placenta itself has a 
high demand for energy; the figures calcu
lated by F.e. Battaglia and Meschia (1986) for 
the sheep placenta are shown in Table 8.7. 

This appears to be what economists call 
'top slicing', but it is not clear that the pla
centa inevitably has priority. 

The transfer of oxygen does not appear to 
be limited by the diffusion characteristics of 
the barrier. Rather, the restraints rest with 
supply and uptake. The supply taps directly 
into the maternal arterial supply, but it can be 
reduced by factors which interfere with uter
ine perfusion, and these include any stimulus 
which provokes sympathetic nervous activity 
or the release of catecholamines. Apparently 
uterine blood flow is optimal in the resting 
state. 

The umbilical circulation is unique in that it 
appears to have no innervation and the umbi
lical artery shows little or no response to 
changes in partial pressures of oxygen, 
carbon dioxide, pH or catecholamines. 
Hormones such as angiotensin II, vasopres
sin or prostaglandins may playa physiologi
cal role in placental fetal vascular resistance 
(e.g. Tuvemo, 1980). However, anyone who 
has attempted to catheterize the umbilical 
artery will have no doubts about its ability to 

Uterine flow 1.35 x 1600 
(1600 mlImin) = 2160 jJ>mollml 

(maternal to placenta) 

Umbilical flow 
(800 mllmin) 

1.47 x 800 
1176 jJ>mollml 

(placenta to fetus) 

contract. Notwithstanding this, the current 
position appears to be that the resistance in 
the major vascular bed of the fetal circulation, 
namely that through the placenta, is deter
mined primarily by its anatomy. 

Thus, given a fixed umbilical flow, a flow
limited transfer across the placental mem
branes and a supply pool formed from 
maternal arterial blood, the oxygen content of 
the umbilical vein will remain fairly constant, 
and the oxygen content in the umbilical 
artery will directly and immediately reflect 
fetal oxygen consumption. The way the fetus 
appears to exert control over its oxygen 
supply is by changes in the umbilical arterial 
partial pressure. 

The robustness of the system is reflected by 
its reserve capacity. This is illustrated by the 
clinical condition of rhesus incompatibility, in 
which maternal antibodies cross the placenta 
and destroy fetal red cells, causing the fetus 
to become anaemic. The fetal haemoglobin 
can fall to one-third of normal and the fetus 
still survives. 

Carbon dioxide also diffuses readily across 
the placental membranes, and the diffusion 
capacity is some 20 times that of oxygen. The 
umbilical artery/maternal artery difference is 
around 5 mmHg. In women, this pressure 
difference is in part due to the lowering of the 
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Table 8.8 Glucose concentration in maternal and fetal blood. (From Shelley, 1979.) 

Blood glucose (mg/dl) 

Maternal Fetal 

Sheep 60 15 
Cow 70 23 
Horse 80 40 
Rabbit 58 40 
Man 71 63 

maternal PCOz due to increased pulmonary 
ventilation, which gradually increases 
towards term. 

(f) Glucose 

Glucose is subject to fairly strict homeostatic 
control in the maternal circulation and thus it 
is always present on the maternal supply 
side. Glucose is as constantly and readily 
available as oxygen. On average, the fetal 
serum concentration of glucose is lower than 
that in the maternal circulation but the aver
age concentration gradient varies widely be
tween species (see Table 8.8; Shelley, 1979). 

Glucose passes through the placenta as it 
does into red cells, that is at a faster rate than 
might be expected on the basis of simple 
diffusion alone and certainly faster than 
many chemicals of similar structure and size. 
There are 'doors' that open only to glucose 
because there is a carrier system which binds 
glucose molecules selectively. The evidence 
that glucose crosses the placenta by facili
tated transfer is compelling (Shelley, 1979). It 
is the nature of facilitated transfer that it has a 
limit, that it can be saturated and that it can 
also be reduced by competition with like 
chemicals. Given those characteristics, trans
fer will be determined by the maternal-fetal 
gradient, the blood flow on both sides and by 
the morphology of the placenta. But is it sub
ject to further control? Fetal pancreatectomy 
led to intrauterine growth retardation (Fow
den et al., 1984; Fowden, 1989), although 
there was relative sparing of brain growth, 

Ratio Source of fetal blood 

4.0 Umbilical catheter 
3.0 Umbilical catheter 
2.0 Umbilical catheter 
1.5 Neck vessels 
1.3 Scalp stab 

and decreased fetal uptake of the glucose 
from the placenta. However, it was unclear 
whether this decreased uptake was simply 
due to a decreased gradient across the pla
centa, because of the fetal hyperglycaemia 
following pancreatectomy, or was mediated 
via decreased stimulation of the insulin re
ceptors on the placenta (Posner, 1974; Witsett 
et al., 1979; Potau et al., 1981). It is not known 
whether these insulin receptors are on the 
fetal or maternal surface of the placenta. In 
the experiments by Fowden and co-workers 
(Fowden, 1989), fetal glucose utilization fell 
by half, presumably because of the impaired 
entry of glucose into cells in the absence of 
insulin. However, approximately half of fetal 
glucose metabolism appeared not to be in
sulin dependent, although this proportion 
might have been raised artefactually by the 
fetal hyperglycaemia (see above) and hence 
an increased gradient for transfer of glucose 
into cells. 

In contrast, when fetal insulin concen
trations were increased (Kervan and Girard, 
1974), umbilical glucose uptake was 
enhanced (F. Battaglia and Hay, 1984). This 
occurred whether or not the fetal hyperinsuli
naemia was created by an exogenous fetal 
insulin infusion (Bassett and Madill, 1974; 
Simmons et al., 1978) or by the stimulation of 
endogenous fetal secretion (RD.G. Milner 
and Hales, 1965; Kervan and Girard, 1974; 
Phillips et al., 1981). The placenta possesses 
both insulin (Posner, 1974) and somatomedin 
receptors, which may promote placental 
growth (Demers et al., 1972) or the transfer of 



nutrients across the placenta (Gluckman and 
Liggins, 1984). Whilst many other hormones 
have been shown to exert an effect on fetal 
metabolism and substrate utilization (Fow
den, 1980; Fowden et al., 1990), few studies 
have investigated their effects on placental 
transfer. 

As with oxygen, the placenta takes what 
glucose it needs before passing on the re
mainder (F.e. Battaglia and Meschia, 1988). 
In the lamb, the placenta consumes glucose 
at twice the rate of the fetal body and double
labelling experiments suggest that much of 
the glucose (and some of the amino acids) for 
placental metabolism is taken up from the 
fetal circulation and not directly from the ma
ternal circulation (F. e. Battaglia and Meschia, 
1986). The lamb placenta makes lactate and 
releases it into both the maternal and the fetal 
circulation, which makes a significant contri
bution to the energy supply to the fetus, 
around 25%. Lactate may be an important 
source of energy in other mammals and its 
presence in the fetal circulation does not 
necessarily indicate anaerobic metabolism. 

(g) Fructose 

Fructose, unlike glucose, does not cross the 
placenta, which emphasizes that the facili
tated transport of glucose is specific and the 
carrier will not bind any hexose molecule. 
Some fetal animals make fructose but do not 
readily use it as an energy source, so-called 
'fructogenic species' (e.g. the lamb). Fructose 
is found in the fetal circulation of those 
species which have placentae which are rela
tively impermeable to sodium, potassium 
and chloride (e.g. the sheep and goat). The 
supplies of these electrolytes are only 
ensured by steep concentration gradients 
across the placenta. Fructose increases the 
osmotic pressure in the fetal circulation, and 
it is postulated that this may act to offset the 
osmotic pressure generated by the higher 
electrolyte concentrations on the maternal 
side of the placenta (Faber and Thornburg, 
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1983; Canning and Boyd, 1984). Fructose is 
not present in significant amounts in the fetal 
plasma of species with a haemochorial pla
centa in which electrolyte diffusion permea
bilities are much higher, and in 'fructogenic 
species' plasma fructose concentration falls 
rapidly after birth (F. Battaglia and Hay, 
1984). Both of these observations are consist
ent with the proposed role of fructose in 
transplacental osmotic balance. The only 
other suggestion for a potential role for fruc
tose has come from studies showing that fetal 
fructose concentrations fall as maternal fast
ing progresses in pregnant sheep. Perhaps 
fructose represents a slowly mobilized sub
strate for gluconeogenesis by the fetus (Hay, 
1979). 

(h) Amino acids 

This mixed group of organic compounds, 
characterized by the presence of nitrogen, are 
the building blocks of protein; the fetal pro
teins are formed from amino acids which 
cross the placenta. Amino acids travel free in 
the circulation. The concentrations in the ma
ternal circulation are lower than those in the 
fetal blood, but both are lower than the pla
cental intracellular concentrations, which 
inter-relate with protein turnover in tropho
blast cells. Table 8.9 gives the main amino 
acids and indicates the mechanisms of pla
cental transfer, which differ depending upon 
the form of the amino acid, some of which are 
actively transferred. 

Placental and fetal tissue metabolize and 
change amino acids depending in part on 
protein turnover. Protein turnover in the pla
centa and fetal tissues occurs at 10-20 times 
the rate in maternal tissues. 

The net flux of most, but not all, amino 
acids is from the placenta into the fetal circu
lation. The data for sheep reported by 
Lemons et al. (1976) show that the net flux 
does not mirror the fetal requirement for 
structure. For example, glutamine passes 
from the fetal circulation into the placenta. 
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Table 8.9 Transport of amino acids across the placenta. 

Metabolism Examples Transport 

Acidic Purine and pyrimidine Aspartate Little transported 
synthesis Glutamate 

Neutral Glucogenic Glycine Active 
Alanine Energy dependent 

Ketogenic Valine ? Passive 
Leucine 

Basic Protein structure Lysine Active 
Histidine Energy dependent 

Table 8.10 Maternal and fetal plasma fatty acids (mmol/l). 

Maternal plasma Fetal/Newborn plasma V-A difference 

Umbilical vein Umbilical artery 

Pig 0.217 0.037 
Cat 0.320 0.190 
Sheep 0.578 0.097 
Man 1.010 0.242 
Rabbit 1.09 1.10 

The acidic amino acids do not appear to cross 
the placenta in significant amounts, and 
aspartate and glutamate are presumably 
made from asparagine and glutamine. The 
basic amino acids appear to be transferred in 
amounts just sufficient for structure. The 
neutral amino acids, in particular, are trans
ferred into the fetal circulation in excess of 
fetal requirement and are thought to be an 
energy source (M. Young, 1979; F.e. 
Battaglia and Meschia, 1986). 

(i) Fatty acids 

Glucose is the main source for fetal cellular 
energy in man, and a major source in lambs, 
and amino acids are essential for the con
struction of protein, so it is not unexpected 
that both have been shown to cross the pla
centa in substantial amounts in all species 

0.024 ± 
0.180 ± 
0.124 ± 
0.206 + 
0.70 + 

studied, and it would be most unlikely that 
the same is not true for all mammals. The 
position with respect to fatty acids is differ
ent. In some species, the placenta is relatively 
permeable to fatty acids, in others it is not. 

Table 8.10 gives the free fatty acid concen
trations in maternal and fetal circulations of a 
number of species. 

It does appear that those placentae with 
maternal layers, e.g. lamb, pig and cat 
(Elphick et al., 1979, 1980; Elphick and Hull, 
1984), are not permeable but that those with
out are permeable. However, the horse, with 
a six-layer placenta, is an exception to this 
generalization (Stammers et al., 1987). In 
those species which let fatty acids through, 
the transfer appears to be related to maternal 
free fatty acid concentrations, and if the ma
ternal level goes up, as it does with stress, 
starvation and labour, then more fatty acid 



flows to the fetus (Hershfield and Nemeth, 
1968; Elphick et al., 1978a,b; Haugel et al., 
1988; Stephenson et al., 1990b). Some mam
mals voluntarily starve themselves prior to 
delivery, the rabbit being an example; the 
effect is to fatten the fetus and thus increase 
the energy stores of the newborn at birth 
(Edson et al., 1975). Fatty acids in exogenous 
and endogenous triacylglycerol fractions may 
also be available to the placenta and so to the 
fetus (Stephenson et al., 1993b). Certainly the 
maternal free fatty acid fraction does not 
appear to be the sole source in rabbits 
(Stephenson et al., 1990b). 

In the main, fatty acids in the free fatty and 
triacylglycerol serum fractions reflect dietary 
lipids, which are of variable chain length, 
mainly between 14 and 20 carbon atoms, with 
either zero, one, two or three unsaturated 
bonds. Linoleic acid (C18d and linolenic acid 
(C18:3) are essential fatty acids and important 
for the structure of membranes in all tissues, 
including the brain (Anderson et al., 1974; 
Brenner, 1984; Carlson et al., 1986; Brody et 
al., 1987; Koletzko et al., 1989; Uauy et al., 
1990). In general, the differing fatty acids 
cross the placenta in proportion to their con
centrations in the maternal free fatty acid 
compartment, but there are exceptions, and 
the flux may depend on competition for car
rier proteins (Brandes et al., 1987; Stephenson 
et al., 1993a). Arachidonic acid (C20:4), the 
precursor of prostaglandins, may be made by 
de saturation of linoleic acids in the placenta 
or by selective uptake of arachidonic acid 
from maternal phospholipids, as arachidonic 
acid enters the fetal circulation in excess of 
that which might be expected from maternal 
concentrations. The problem remains as to 
how the essential fatty acids reach the fetal 
sheep or fetal pig, for significant arterio
venous differences in free fatty acids have not 
been detected. 

With the exception of arachidonic acid and, 
in one uncorroborated study, oleic acid (Hen
drickse et al., 1985), the evidence points to 
non-selective transfer of free fatty acids 
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across the human and rabbit placenta. Non
selective uptake by the placenta from the 
maternal circulation does not easily explain 
the high percentage of arachidonic acid 
found in the free fatty acid fraction of the 
placenta itself (Robertson and Sprecher, 
1968). The free fatty acid composition of the 
placenta is sufficiently different from that of 
the maternal plasma to suggest that at least 
some components of the placental free fatty 
acid pool are derived from other sources. It 
seems more likely therefore that the placenta 
alters the pattern of free fatty acids presented 
to it before they enter the fetal circulation 
rather than there being a selective mechan
ism favouring transplacental transfer of par
ticular longer chain fatty acids. The human 
placenta has the capacity to elongate and 
desaturate C18:2n6 (linoleic acid) to C20:4n6 
(arachidonic acid) in vitro (Zimmerman et al., 
1979). Alternatively, maternal phospholipids 
are rich in 20:4n6 and human and rat placen
tae have been shown to contain the phospho
lipases necessary for release of 
polyunsaturated fatty acids from phospho
lipids (Robertson and Sprecher, 1967; East et 
al., 1975). In infants with severe intrauterine 
growth retardation, or those born to women 
with pre-eclampsia, Mead acid has been con
sistently found in the fetal plasma. This is 
considered to be a marker for severe malnu
trition in adults (Rivers and Frankel, 1981; 
Orchard et al., 1983). 

Very different results were obtained in the 
sheep (Leat, 1966). The profile of fetal plasma 
lipids suggested synthesis from non-lipid 
precursors and the degree of unsaturation of 
free fatty acids was consistent with a relative 
paucity of essential fatty acid transfer across 
the placenta from the ewe. Although the 
sheep placenta has a very low permeability 
for fatty acids, there is a suggestion that even 
in this species essential fatty acids are 
handled differently from non-essential fatty 
acids. In experiments on chronically catheter
ized fetuses in which [14C] linoleic acid and 
[3H] palmitic acid were infused intravenously 
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into three ewes, only traces of label crossed 
the placenta, but these traces were almost 
entirely confined to 14C (Elphick et al., 1979). 
Although the data suggested that the 14C 
label had crossed the placenta as [14C] for
mate and [14C] acetate (i.e. short-chain meta
bolic breakdown products of linoleic acid 
rather than intact linoleic acid), virtually no 
3H-Iabelled products derived from the non
essential palmitate appeared in the fetus. The 
linoleic acid content of fetal lamb adipose 
tissue, liver, lung and cerebellum was very 
low (Elphick et al., 1979), and these authors 
estimated that, although only a maximum of 
4 mg/day of linoleic acid could be transferred 
across the sheep placenta, this might be suf
ficient to account for the 500 mg of linoleic 
acid in a term lamb. 

Amounts of other longer chain free fatty 
acids (C22:5n3 and C22:6n3 in addition to 
C20:4n6) over and above the amount predicted 
from non-selective transfer have been found 
in the pig (Elphick et al., 1980), a species in 
which transfer of free fatty acids is generally 
very low. Examination of the published data 
from the sheep (Elphick et al., 1979) shows 
that, although there was no evidence of net 
transfer of free fatty acids into the umbilical 
circulation, C20:4n6 accounted for a greater 
proportion of the free fatty acid fraction in 
fetal blood than maternal blood. It could be 
argued that in these species with multi
layered placentae relatively impermeable to 
lipids, there would have been a strong evol
utionary advantage if essential fatty acids 
were handled more favourably. Presumably, 
this is because the fetus still requires essential 
fatty acids and these must be donated by the 
placenta even if the placental characteristics 
are otherwise hostile to lipid transfer. 

In conclusion, the fetus draws from the 
placenta a variable mixture of glucose and 
amino acids for energy (with lactate in sheep) 
and amino acids and fatty acids for structure. 
We are only just beginning to understand the 
mechanisms involved and know little of the 
controlling factors. This section, at best, is a 

brief overview of a fascinating and complex 
biological system. 

8.3 FETAL PHYSIOLOGY 

8.3.1 HEART AND CIRCULATION 

A circulation is essential for any complex 
organism; the developing fetus needs to 
draw nourishment either from the yolk sac or 
later from the maternal bloodstream via the 
placenta. In man, the heart tube begins to 
contract by the end of the third week of ges
tation and to achieve unidirectional flow by 
the end of the fourth. The beating heart can 
be recognized with ultrasonography by the 
seventh post-menstrual week of human preg
nancy. Whilst it is pumping, the internal 
septa develop and the tube gently contorts to 
the shape found in the second half of ges
tation and in adult life. 

Despite its form, the fetal heart acts more 
like a single pump. Both ventricles discharge 
the majority of their output into the systemic 
circulation, and ventricular function is often 
considered in terms of the combined ven
tricular output. The combined ventricular 
output is approximately 400 mlIminlkg in the 
near term fetal sheep (Teitel, 1992), which is 
approximately the same as the output of each 
ventricle when they are pumping in series 
after birth. There is, therefore, a dramatic 
increase in ventricular output after birth. The 
right ventricle ejects about two-thirds of the 
combined ventricular output in the fetal 
lamb, but in the human fetus this fraction is 
somewhat less because of the greater brain 
blood flow, which is supplied by the left ven
tricle. However, Doppler ultrasound studies 
in the human fetus have confirmed that the 
right ventricle is still predominant, and this is 
consistent with the 'right dominant' voltages 
seen in the chest leads of the neonatal electro
cardiogram (O'Callaghan and Stephenson, 
1992). Although the ventricles function in 
parallel in prenatal life, the chambers per
form similar functions to post-natal life. The 
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Figure 8.9 The fetal circulation. 

fetal right ventricle primarily delivers blood 
for oxygen uptake (because post-ductal blood 
perfuses the placenta), just as in post-natal 
life the right ventricle pumps blood to the 
lungs; and the fetal left ventricle principally 
ejects blood for oxygen delivery (well
oxygenated blood, via the foramen ovale, for 
the coronary arteries and brain), just as the 
left ventricle supplies the systemic circulation 
after birth. 

If one ventricle fails to form in utero, e.g. 
hypoplastic left heart, then the fetus experi
ences no difficulty but the condition is 
quickly fatal after birth. Very rarely in twins, 
the heart of one twin supports both of them 
so that one twin has no heart at all (acardia). 

(a) Distribution 

It is not so much the structure of the heart 
and vessels as the route of oxygen supply 
which is so different in the fetus (Figure 8.9). 

Oxygenated blood passes up the umbilical 
vein or veins from the placenta to join the 
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portal vessels and ductus venosus in the 
liver. The ductus venosus provides a short
cut between the umbilical vein and the infer
ior vena cava. Not all fetal mammals have 
one, for example foals do not. The oxyge
nated blood passes via the ductus venosus to 
the vena cava, from where it is preferentially 
streamed through the foramen ovale in the 
atrial septum to the left atrium, so to the left 
ventricle and from there to the coronary and 
cartoid arteries. This wonderful adaptive 
mechanism can be demonstrated beautifully 
with modern 'colour flow' Doppler ultra
sound equipment. Deoxygenated blood 
returning from the upper (superior vena 
cava) or lower (inferior vena cava) parts of the 
body flows into the right atrium, on to the 
right ventricle and into the pulmonary arter
ial trunk. However, little of this pulmonary 
arterial blood flows into the high-resistance 
vascular bed of the lungs; rather, the majority 
of the right ventricular output passes through 
the ductus arteriosus and down the aorta to 
the iliac vessels, from which arise the two 
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Figure 8.10 Percentage distribution of the fetal 
cardiac output. 

large umbilical arteries which take the blood 
back to the placental bed. In the fetal lamb, 
approximately half of the combined ventricu
lar output enters the umbilical arteries. 

As a result of this anatomical arrangement, 
between 75 and 80% of the blood supply to 
the liver is from the umbilical vein, and this 
will be oxygenated blood rich in nutrients. 
Most of the remainder of the supply comes 
from the portal vein; in the fetal lamb, most 
of the portal blood goes to the right lobe of 
the liver; thus the liver will have a low risk for 
damage due to fetal hypoxia. The brain and 
heart receive a preferential delivery of oxyge
nated blood. In lambs, these organs take 
around 4 and 3% of the combined output 
respectively (Figure 8.10). 

In man, the fetal brain receives 15% of the 
cardiac output. The lungs, on the other hand, 
are perfused with blood with relatively low 
oxygen content and partial pressure. So too 
are the kidneys and bowel. 

(b) Hypoxia - a challenge 

The mature adult heart responds to acute 
hypoxia by an increase in rate and cardiac 
output and with a redistribution of the circu
lation. The fetus may experience hypoxia fol
lowing an interruption in oxygen supply 

anywhere from the mother's nose to the 
umbilical vein. Depending on which, the 
effects may be different. Experimental 
studies which induced hypoxia by lowering 
fetal arterial oxygen content, limiting umbili
cal blood flow or clamping the umbilical vein 
all caused fetal bradycardia and a reduction 
in combined ventricular output to some de
gree. Teleologically, this paradoxical re
sponse may be appropriate in so far as 
myocardial oxygen consumption will be 
reduced with the fall in heart rate and is 
directly comparable with the diving reflex in 
marine mammals. With maternal hypoxae
mia or fetal anaemia, which have relatively 
less effect on cardiac output, the circulation 
to fetal heart and brain were enhanced, 
whilst those to gut, kidney and lung were 
reduced. These are the organs which are 
damaged, sometimes irreparably, by intra
uterine hypoxia (Peeters et al., 1979; Fumia et 
al., 1984). It is noteworthy that, in the 
majority of fetal tissues, oxygen delivery is 
maximal at the relatively high haematocrits of 
the normal fetus (Fumia et al., 1984). Cord 
clamping, as might be anticipated, invariably 
reduces cardiac output; the circulation to the 
brain and heart, whilst not enhanced, is 
maintained, but all other organs suffer. 

Most of these classical experiments were 
performed with acute challenges. Of equal 
importance are the effects of chronic hypoxia, 
which have been studied in much less detail. 
However, recent experiments in the chroni
cally catheterized sheep exposed for up to 4 
days of hypoxia have again demonstrated the 
remarkable 'oxygen margin of safety' of the 
fetus compared with the mature animal 
(Rurak et al., 1990). Initially, an imposed 40% 
reduction in oxygen delivery to the fetopla
cental unit was compensated for by a 30% 
increase in umbilical blood flow. By 8h, there 
was a progressive metabolic acidaemia and a 
70% reduction in oxygen delivery, but myo
cardial oxygen delivery was maintained. 

The fetus has, in addition to these primary 
cardiovascular reflexes of bradycardia and 



blood flow redistribution, many other 
adaptive mechanisms which help protect it 
against hypoxia. The higher oxygen-carrying 
capacity of the blood is described below. Fetal 
tissue oxygen extraction can increase and 
metabolic activity can be reduced, aided by 
behavioural state changes and reduced fetal 
movements. The human fetal liver is much 
larger, as a fraction of total body weight, than 
the adult organ, and this is partly due to 
extensive liver glycogen stores. Aerobic glu
cose metabolism is the optimum energy 
source for the normoxic fetus as this provides 
the maximum amount of ATP per unit of 
oxygen. During hypoxia, hepatic glycogeno
lysis releases large amounts of glucose to fuel 
the less efficient production of ATP from an
aerobic metabolism (utilization of fetal myo
cardial glycogen is also an important factor in 
the fetal resistance to hypoxia). Hence, the 
growth-retarded fetus is much more vulner
able to asphyxia because the reserves of liver 
glycogen, and peripheral stored fat, have 
already been depleted. 

There are also hormonal adaptations to 
fetal hypoxia (Court et al., 1984; Martin et al., 
1987; Cheung and Brace, 1988). Infusion of 
adrenaline or noradrenaline into the sheep 
fetus results in a lowering of fetal insulin 
concentrations and an elevation of fetal corti
sol and lactate concentrations and femoral 
artery Pa02 (Hooper and Harding, 1990). 
Catecholamine concentrations rise in the 
fetus in response to both acute and chronic 
hypoxia, and one interpretation of these 
infusion experiments is that this humoral 
response may protect the hypoxic fetus by 
inhibiting insulin secretion, reducing entry of 
glucose into peripheral tissues, thereby 
sparing tissue oxygen consumption and 
allowing oxygen and glucose delivery to the 
brain to be maintained. 

There are a few clinical footnotes which are 
relevant to this discussion of acute and chro
nic fetal hypoxia. Traditionally, the Apgar 
score, based on heart rate, respiration, 
muscle tone, reflex response and colour 
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(Apgar, 1953), has been used to assess the 
degree of asphyxia of the human infant at 
birth. In theory, the more asphyxiated the 
infant, the worse the Apgar score, although 
the soundness of this correlation has often 
been questioned (Marlow, 1992). Umbilical 
arterial or venous pH has been suggested to 
be a more accurate marker of intrapartum 
hypoxia than the subjective Apgar score, but 
there is little evidence from longitudinal 
studies that cord acid-base status is a reliable 
predictor of brain damage (Dennis et al., 
1989). It seems that chronically hypoxic in
fants with a metabolic acidosis, who do not 
respond to further acute hypoxia with in
creasing acidosis, may be at greatest risk of 
subsequent handicap (Dennis et al., 1989). 
The implication is that, in the human infant, 
the ability to respond to intrapartum hypoxia 
with acidosis, suggesting a switch to anaer
obic metabolism, is protective, and this is 
consistent with the animal data described 
above. Unfortunately, however, prospective 
studies have not shown cord lactate concen
trations to be of predictive value (Marlow, 
1992). Abnormalities of the fetal heart rate 
pattern or morphology (loss of variability, 
decelerations or ischaemic changes), mea
sured through the mother's abdomen by 
ultrasound or from a fetal scalp electrode, 
have been described as indicators of fetal 
hypoxia. However, monitoring the fetus 
during labour may not improve the outcome 
(D. MacDonald et al., 1985). The presence of 
meconium in the amniotic fluid, assumed to 
reflect a stress response by the fetus, is an 
unreliable indicator of intrapartum asphyxia. 
In terms of active therapeutic interventions to 
help the fetus, as opposed to simply monitor
ing fetal well-being, one study has shown 
that in the human maternal hyperoxygena
tion may improve fetal outcome (F.e. 
Battaglia et al., 1992). 
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(c) Control 

The control of the fetal circulation by baro
and chemoreceptors, central and peripheral, 
and other higher nervous mechanisms has 
received much attention over the last three 
decades (Biscoe et al., 1969; Purves, 1981; 
Hanson, 1993). The hypoxia-induced brady
cardia in the late-gestation fetal sheep 
appears to be primarily mediated via periph
eral chemoreceptors and the vagus (Walker, 
1984). A qualitatively similar response to fetal 
hypoxia is seen in the llama but at an earlier 
fractional gestation, and this may represent 
an evolutionary adaptation in an animal 
which may climb to 15 000 feet altitude dur
ing the pregnancy (Benavides et al., 1989). 

Baroreceptors are located at the bifurcation 
of the carotid arteries (carotid sinus) and in 
the aortic arch, and vagal discharge syn
chronous with the fetal arterial pulse has 
been recorded in fetal lambs (Ponte and 
Purves, 1973). The maturation of the function 
of the baroreceptors during fetal life has been 
studied in the sheep fetus but, although baro
receptor sensitivity appears well developed 
in the newborn human infant (Long and 
Henry, 1992), baroreceptor reflexes exhibit a 
depressed sensitivity at birth and a progress
ive post-natal maturation to adult levels 
(Walker, 1984). Induced decreases in heart 
rate using an aortic balloon in fetal lambs 
were abolished by denervating the carotid 
sinus and stripping the aorta, suggesting a 
functional role. Atrial stretch receptors also 
appear to be competent in fetal life (Stephen
son and Broughton-Pipkin, 1990) and may 
contribute to the regulation of blood pressure 
via their influences on circulating volume 
(Cheung and Brace, 1989). As gestation 
proceeds, baroreceptor sensitivity remains 
unchanged but baroreflex sensitivity to an 
increased blood pressure decreases and sym
pathetic tone increases, both of which may 
contribute to the increase in blood pressure 
which is seen with increasing gestation 
(Stephenson et al., 1991). Baroreceptors also 

discharge in response to hypoxia (Eckberg 
and Sleight, 1992). The role of central neuro
regulatory mechanisms in controlling blood 
pressure in the fetus, and their interaction 
with intravascular volume, remains unclear. 
A number of new transmitters which may be 
involved in this process have been investi
gated recently, but a full discussion is outside 
the scope of this review and the reader is 
referred elsewhere (Long and Henry, 1992). 
The renin-angiotensin system is active in 
fetal life (Stephenson et al., 1991) and may 
contribute to control of blood pressure (Iwa
moto and Rudolph, 1981). 

The fetal heart responds weakly, if at all, to 
increased peripheral resistance, and a rise in 
peripheral resistance results in a fall in car
diac output. The cardiac output varies pri
marily with heart rate, there being much less 
variability in stroke volume in the fetus. Fetal 
tachycardia means increased output, brady
cardia a decrease and a marked bradycardia 
causes a marked decrease in cardiac output. 

8.3.2 BLOOD AND OXYGEN TRANSPORT 

(a) Red blood cells 

The need for an efficient oxygen transport 
system is paramount for the growth and 
development of the conceptus. The evolution 
of the respiratory proteins, from a relatively 
simple form like myoglobin to the more com
plex haemoglobins, allowed an increase of 
some hundredfold in the oxygen-carrying 
capacity of extracellular fluids. Initially, most 
mammalian species produce an embryonic 
and/or fetal form of haemoglobin with a 
higher affinity for oxygen than the adult 
form. This is not, however, universal, and 
neither cats nor pigs appear to make a 'fetal' 
haemoglobin (HbF; Delivoria-Papadopoulos 
et al., 1974). 

In the very early stages of development, 
precursor cells (haemangioblasts) arise from 
the mesenchyme and are the originators of 
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Figure 8.11 The chain of cell transformation which results in erythrocyte production. Erythropoietin 
acts on the haemocytoblasts to increase their rate of division and initiate the synthesis of haemoglobin in 
the erythroblasts so formed. 

both the capillary endothelial cells and the 
haemoblasts (Figure 8.11). 

These cells are large, basophilic and mi
gratory. The blood islands of the yolk sac are 
the first fixed site of haemopoiesis and their 
successful development requires an inter
action between the extraembryonic endo
derm and the mesoderm. The blood islands 
themselves consist of sinusoids, full of eryth
roid cells, which are nucleated red cells con
taining embryonic haemoglobin (HbE). The 
capacity to synthesize ~ is evident by 
about 3 weeks of gestation in man, 8 days of 
gestation in the mouse and 13 days in the 
gerbil. This HbE has two forms in man, 
known as Gower 1 and Gower 2. The Gower 
1 form is the most primitive, and consists of 
four epsilon-chains. There is rapid develop
ment of Gower 2, with two alpha- and two 
epsilon-chains (Cl2E2)' The structure of both 
alpha and epsilon chains closely resembles 
myoglobin, which itself has a fetal as well as 

an adult form (Kagen, 1973). Production of 
this primitive haemoglobin in the yolk sac 
appears not to be controlled by erythropoi
etin (Ep), unlike that from other sites later in 
development (R.J.Cole and Paul, 1966). The 
earliest haemopoiesis results in nucleated red 
cells with a relatively short lifespan, while 
definitive erythropoiesis requires expulsion 
of the nucleus. 

When yolk sac erythropoiesis is at its 
height, the liver begins to act as a site of 
erythropoiesis and continues as such until 
after delivery. It seems likely that both yolk 
sac and liver are 'seeded' by migratory 
haemoblasts, probably with a common pre
cursor. The erythrocytes produced are non
nucleated, and slightly bigger than adult 
erythrocytes (8 /-Lm compared with 6 /-Lm), 
although smaller than the yolk sac cells. It is 
around this time that an increasing pro
portion of cells are found to contain 
Hbp( Cl2'Y2, and it seems possible that the type 
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Figure 8.12 Su~ary to show the proportion of the various globin chains present during human fetal 
and neonatal hfe. The alpha and epsilon chains are structurally very similar to myoglobin. (Redrawn 
from Pearson, 1966.) 

of haemoglobin produced depends on the 
site of production. The fetal liver can also 
synthesize adult-type haemoglobin (HbA). 

Although erythrocytes are the primary blood 
cell produced by the liver, megakaryocytes 
and granulocytes can also be identified in the 
circulation from this time and are thought to 
be hepatic in origin. 

The spleen plays a more minor role in fetal 
erythropoiesis and appears to be seeded via 
the liver. Splenic red cell production ante
dates that of the bone marrow in mice and 
gerbils but is initiated later in man. Although 
hepatic and splenic erythropoiesis declines 
after birth, severe anaemia can stimulate both 
tissues again, even in adulthood (C.H. 
Smith, 1972). 

The bone marrow, the adult site of erythro
poiesis, develops late in rodents (R.A. Smith 
and Glomski, 1977) but is capable of some 
haemopoiesis from approximately halfway 
through gestation in man. The functional ca
pacity of bone marrow also shows species 
differences, both granulopoiesis and erythro
poiesis being present antenatally in man and 
gerbils but only granulopoiesis in the mouse. 

(b) Haemoglobin 

The dominant adult-type haemoglobin, HbA , 

is present in low concentration from fairly 
early in gestation in man but not until late 
gestation in other species such as the sheep 
(Bard et al., 1978; Horvath et al., 1988). HbA 

consists of two alpha- and two beta-chains 
(a2~2)' The beta- and gamma-chains resemble 
each other more closely than they do the 
alpha- and epsilon-chains (Pearson, 1966). It 
seems likely that these various globin chains 
have arisen by gene duplication from an epsi
lon or myoglobin-type ancestor. The genetics 
of the switching from one type of haemo
globin to another has been discussed in some 
detail by Stamatoyannopoulos and Nienhuis 
(1981). There are considerable implications 
for the treatment of the haemoglobiopathies 
if this developmental switch could be pre
vented (Weatherall, 1982). The proportions of 
the various type of globin chain produced 
during human gestation are summarized in 
Figure 8.12. 

Some 15% of the haemoglobin in man is 
still of the fetal type by the age of 1 year, but 



in other species Hb A may be the only form 
present by late gestation (e.g. rats: Stein et al., 
1971). 

Fetal muscle is deficient in myoglobin, the 
content in man being only approximately 1 % 
at 5-7 months' gestation, by comparison with 
adult values, and 6% at birth (Kagen, 1973); 
other species (horse, dog, cow, pig) show 
similarly low values. The synthesis and func
tion of myoglobin in utero do not appear to 
have been extensively studied. 

The two major factors affecting the oxygen 
affinity of haemoglobin in utero are the Hbp 
concentration and the content of the 
inorganic phosphate 2,3-diphosphoglycerate 
(2,3-DPG) in the red cells. The total inorganic 
phosphate content is 65% greater in fetal 
lambs than in adult sheep and this difference 
lies largely in the ATP and DPG contents 
(F.e. Battaglia et al., 1970). HbF has a much 
lower affinity for 2,3-DPG than HbA, and the 
synthesis of 2,3-DPG is also lower in utero 
than in the perinatal period. This has the 
effect, summarized in Figure 8.13, of shifting 
the fetal oxyhaemoglobin dissociation curve 
to the left. 

Since the maternal red cell has a somewhat 
greater affinity for 2, 3-DPG during preg
nancy, the curves are still further separated. 
Thus, at blood gas tensions of 25-60 mmHg 
the fetal blood absorbs oxygen, and gives up 
carbon dioxide, more efficiently, although at 
the cost of somewhat lower efficiency in re
leasing oxygen to the tissues. 

From around 0.85 of gestation the P50 (the 
partial pressure of oxygen at which 50% of 
the haemoglobin is saturated) rises steadily in 
the fetal lamb, synchronously with the 
appearance of increasing proportions of Hb A 

in the circulation (Figure 8.14) (sheep, Bard et 
al., 1978; man, Linderkamp et al., 1984a,b). 

(c) Erythropoietin 

Just as the site of erythrocyte production 
changes during gestation, so does the site 
of erythropoietin (Ep) production change 
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Figure 8.13 The lower affinity of fetal haemo
globin for 2,3-DPG leads to a leftward shift from 
the normal adult oxyhaemoglobin dissociation 
curve (_._._). The opposite is true of maternal 
haemoglobin during pregnancy. Oxygen and car
bon dioxide are thus more easily transferred across 
the placenta. Pso = oxygen tension at 50% oxygen 
saturation of haemoglobin. 

(Anonymous, 1987; Hambley and Mufti, 
1990). The liver is the predominant site of Ep 
production during intrauterine life and, even 
in adulthood, can be stimulated by severe 
hypoxia to produce 10-20% of the total circu
lating Ep (Zanjani et al., 1977). The kidneys 
appear functionless in this respect until about 
0.82 gestation in the lamb, after which time 
they synthesize an increasing proportion of 
Ep until some six weeks postnatal age when, 
under normal conditions, they become the 
sole site of synthesis (Zanjani et al., 1981). 
However, in the rat, renal synthesis of Ep 
does not appear to be initiated until around 
the time of weaning (day 20) and is not of 
primary importance until about day 40 
(Lucarelli et al., 1964). This is the time when 
the last primitive progenitor cells disappear 
from the circulation and the two events may 
be linked. The initiation of renal Ep synthesis 
is coincident with the appearance of Hb A in 
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Figure 8.14 There is a temporal coincidence between the rise in P50 and that in the proportion of HbA in 
the circulation of the fetal lamb in the last weeks of gestation. The intracellular concentration of 2,3-DPG 
is unchanged over this period. (Redrawn from Bard et al., 1978.) 

the circulation of the fetal lamb but it is not 
known whether the coincidence is more than 
temporal. 

Yolk sac erythropoiesis appears not to be 
stimulated by Ep (Cole and Paul, 1966), but 
hepatic erythropoiesis is, from early gestation 
in the lamb (Zanjani et al., 1977) and mid
gestation in the rat (Cole and Paul, 1966). The 
sensitivity of the haemopoietic tissues to Ep 
increases to a maximum by mid-gestation. Ep 
acts early in the production of the red cells, 
acting on the haemocytoblasts to promote cell 
division, and commit them to haemoglobin 
synthesis. Once the cells are committed, they 
cease being sensitive to Ep. Ep appears not to 
cross the placenta, and fetal synthesis 
appears to be under local control. For 
example, if pregnant rats are made poly
cythaemic by transfusion, although maternal 
erythropoiesis is suppressed to zero, fetal 
erythropoiesis is not (Jacobson et al., 1959). If, 
on the other hand, the mother is made 
hypoxic, then fetal erythropoiesis increases 
before maternal erythropoiesis, and to a 
greater extent (rats, Matoth and Zaizov, 1971; 
lambs, Zanjani et al., 1974). This is presum-

ably because the fetus is in a chronically 
mildly hypoxic state, and can respond in
stantly to an exacerbation of the stimulus. In 
the human, the infant who has experienced 
intrauterine growth restraint is more likely to 
be born with a higher haemoglobin concen
tration (Jones and Roberton, 1986), presum
ably because of the confounding variable of 
chronic hypoxia in association with placental 
nutritional failure. Macrosomic infants born 
to a diabetic mother also tend to have higher 
packed cell volumes (Lemons et al., 1981), 
suggesting that fetal hyperglycaemia or 
hyperinsulinism, or other tissue growth 
factors, can stimulate either Ep production or 
the bone marrow cells directly. 

Plasma Ep concentrations rise rapidly at 
birth, presumably under the stimulus of birth 
hypoxia, and may be several-fold that of the 
mother (Tchernia et al., 1981). In the rat, even 
2 h after birth, plasma concentrations of an 
Ep-like substance have risen significantly by 
comparison with those measured at delivery 
(Nagel and Nagel, 1984). In species immature 
at birth Ep concentrations remain high dur
ing suckling (e.g. mice, Meberg et al., 1980; 



rabbits, Holter et al., 1987), whereas in those 
more mature Ep concentrations fall sharply 
after birth (lambs, Zanjani et al., 1977). 

(d) White blood cells 

A few granulocytes and megakaryocytes are 
produced in the yolk sac blood islands and 
there is a progressive rise in both cell types 
from the time at which the liver takes over 
haemopoiesis (C.H. Smith, 1972), increasing 
further in mid-gestation as medullary haemo
poiesis begins. 

Lymphocytes are first demonstrable in the 
embryonic thymus (Ackerman, 1967), but 
these thymic colonies can rapidly dissemi
nate during embryonic life and lymphocytes 
are found in blood, spleen, lymph nodes and 
the gastrointestinal tract during the first 
quarter of gestation. The thymic cells are epi
thelial in origin, and follow two lines of 
differentiation: a limited period of lympho
blast proliferation and the formation of 
reticuloepithelial cells. The lymphocyte con
tent of bone marrow rises significantly be
tween 25 and 30 weeks' gestation in man to 
some 25% of the total marrow cells (Yoffey 
and Thomas, 1964; Kalpaktsogrou and 
Emery, 1965). Changes in lymphocyte pro
portion are the only major changes in the 
human fetal differential cell count in the third 
trimester rising from 2 to 8% between 26 and 
30 weeks' gestation (Kalpaktsogrou and 
Emery, 1965; Forestier et al., 1986). 

Studies of lymphocyte type and function in 
neonatal human blood revealed a lower pro
portion of both mature T cells and helper 
cells, together with uncommitted cells (Sol
inger, 1985), the proportion of which fell 
sharply from 32% at 24 weeks' gestation to 
0% at term. It is possible that these uncom
mitted cells may differentiate in an extrathy
mic site and migrate to the spleen, bone 
marrow or other sites. Although there is a 
good mixed lymphocyte reaction at birth, 
cell-mediated lympholysis is poor (Solinger, 
1985). Marodi et ai. (1984) studied granulo-
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cyte and monocyte function in neonatal 
blood. Granulocyte function appeared ma
ture and the oxygen consumption and hydro
gen peroxide production were normal in the 
monocytes, indicating normal functioning of 
the oxygen-dependent microbicidal systems 
of the cells. However, there was a consider
ably diminished capacity to phagocytose and 
kill group B streptococci and Staphylococcus 
aureus. This diminished ability may partly 
account for the susceptibility of the newborn 
to infection. 

(e) Platelets and clotting 

Platelet counts are not markedly different in 
the fetus in the second half of gestation com
pared with adults (e.g. Forestier et al., 1986). 
Platelet function is, however, somewhat dim
inished by comparison with adults, especially 
in relation to response to proaggregatory 
agents such as adrenaline (Mull and 
Hathaway, 1970; Ts'ao et al., 1976; Andrews 
et al., 1985). The lower response to adrenaline 
is associated with a lower number of adreno
ceptor binding sites (C.R. Jones et aI., 1985) 
and may be a protective mechanism in the 
face of the extremely high plasma adrenaline 
concentrations found following vaginal 
delivery in man and other mammals. 

There are also some differences in the clot
ting cascade, especially in relation to the vita
min K-dependent clotting factors (II, VII, IX 
and X), which are between 30 and 70% of 
adult values at full-term delivery, and even 
lower when studied in preterm human in
fants (Glader and Buchanan, 1976). The other 
clotting factors are either unchanged or 
marginally lower. Even well term infants, 
especially if breast fed, are at risk of cerebral 
bleeding or death from haemorrhagic disease 
of the newborn as a result of this relative 
immaturity of the clotting system (McNinch 
and Tripp, 1991). Both the partial thrombo
plastin time (testing the intrinsic clotting 
system) and the prothrombin time (testing 
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the extrinsic clotting cascade) are increased in 
the newborn, and increased further after pre
term delivery (Glader and Buchanan, 1976). 

(f) Blood viscosity 

The whole blood viscosity rises throughout 
the last third of gestation, with parallel in
creases in haematocrit, fibrinogen and total 
protein concentrations although adult visco
sity has not been reached by term. When 
tested at low shear rates, the whole-blood 
viscosity of adult blood, adjusted to a 'fetal' 
haematocrit of 60%, was 90% greater than 
that of very pre-term human infants (Linder
kamp et al., 1984b). The difference became 
less at higher shear rates. The increased 
blood viscosity at low shear rates is a conse
quence of erythrocyte aggregation caused by 
bridging of fibrinogen molecules between 
cells (Linderkamp et al., 1984a). Since fibrino
gen concentrations are decreased before 
birth, the lesser aggregation would be 
expected. This is obviously of physiological 
benefit to the fetus with its low vascular 
resistance and perfusion pressure. But when 
human infants are delivered prematurely, the 
same poor red cell aggregation could predis
pose to intracranial haemorrhage. 

The deformability of red blood cells is 
another important determinant of oxygen 
transport and release to the tissues in the 
microcirculation. Fetal and neonatal red cells 
do not differ from adults in their deformabi
lity on testing in vitro (Linderkamp et al., 
1986). Their filterability may, however, be 
less, and this may in part account for their 
somewhat shorter lifespan. The maternal 
llama has elliptical red cells, presumably an . 
adaptation which is favourable during chro
nic hypoxia at high altitude. Although Sir 
Joseph Barcroft likened the challenges faced 
by the fetus to those of the mountain climber, 
this unusual type of corpuscle has certainly 
not evolved in the human fetus although 
spherocytes (rather than the mature bicon-

cave form) are not uncommon (O'Callaghan 
and Stephenson, 1992). 

8.3.3 LUNG DEVELOPMENT 

(a) Anatomical development 

In man, lung growth and development be
gins early in gestation and continues into 
childhood. Hence, disturbances in utero and 
in early childhood (e.g. congenital abnorm
alities, maternal smoking during pregnancy 
(Young et al., 1991) may have profound 
effects on the subsequent lung growth and 
function of the child (Hodson, 1992). At 
about 4 weeks after conception, the lungs 
begin as a bud arising from the foregut; this 
divides and branches to form the lining of 
the respiratory tract. Bronchial budding con
tinues with further subdivisions so that 
three-quarters of bronchial branching is 
achieved by the 10-14 weeks and the process 
virtually complete by 16 weeks (Helms, 
1992). The canalicular period from 17 to 26 
weeks' gestation represents the first appear
ance of potential gas-exchange surfaces 
(Boyden, 1977), during which alveoli appear 
and develop in both complexity and surface 
area. Not surprisingly, there is an exponen
tial increase in the mortality due to pulmon
ary immaturity for infants born within this 
gestational age window. At birth, the new
born human infant possesses terminal air 
spaces, sufficient for initial gaseous 
exchange. However, only after birth do 
alveoli form and develop to the state found in 
adults. Splanchnic mesoderm envelops the 
dividing bud to form the supporting struc
tures. In the upper airways these are the 
surrounding muscle and cartilage; in the 
lower they form the matrix of elastin and 
collagen which determine the lungs' per
formance characteristics. It also provides the 
other interface of the gaseous exchange, the 
pulmonary capillaries and circulation (Hislop 
and Reid, 1981). 



(b) Lung growth 

Over the second half of gestation, the fetal 
lung grows at a rate similar to the body as a 
whole, whether expressed as wet or dry 
weight or DNA content. Physical factors have 
a powerful influence on the growth of the 
lung whilst hormonal factors modify its rate 
of maturation. The major physical factors in
clude: the space in the thorax, the volume of 
amniotic fluid, fetal breathing and airway dis
tending pressure (Kitterman, 1986). 

Thoracic cage volume 

It has been known for many years that babies 
born with ill-formed diaphragms, such that 
the bowels in part develop in the thoracic 
cage (diaphragmatic hernia), have small 
hypoplastic lungs, and it is this consequence 
of the disorder which is often lethal. This 
effect has been mimicked experimentally in 
fetal animals. For example, Harrison et al. 
(1980) placed an inflatable balloon into the 
left thoracic cage of a fetal lamb and were able 
to demonstrate that when it was inflated the 
lung ceased to grow but when the balloon 
was deflated it began to grow again. So, for 
the lung, the size of the container determines 
its growth, unlike the brain in its distensible 
box. Under normal circumstances, the junc
tions of the cranial vault only seal when the 
brain stops growing. 

Adequate amniotic fluid 

The lungs of the term fetus are not collapsed. 
The potential airways are filled with about 
30 mIlkg body weight of lung liquid, which is 
secreted by the pulmonary epithelium (Jobe, 
1984) (for comparison, the tidal volume of air 
in a newborn infant is 6-10 mlIkg). The clini
cal correlation between chronic amniotic fluid 
leakage (and hence oligohydramnios and fail
ure of lung liquid volumes to be preserved) 
and pulmonary hypoplasia is well recog
nized. Once the fetal skin becomes imper-
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meable to water (section 8.3.8), the kidney is 
the main source of amniotic fluid. If the kid
neys are ill formed and no urine is produced 
(renal agenesis), then there is very little amni
otic fluid. This is usually, if not invariably, 
associated with hypoplasia of the lungs. In 
experimental studies, fetal urine release was 
stopped in rabbits by tying the ureters (in 
lambs by removing the kidneys). This pro
duced oligohydramnios and lung hypoplasia 
but the results were not always clear cut. 
Tapping the amniotic space in early human 
pregnancy (amniocentesis) and drawing off 
fluid also leads to lung hypoplasia. The re
sults are variable and may depend on the 
time of the procedure in the pregnancy and 
whether the membranes continue to leak. 
This has been mimicked experimentally in 
guinea pigs, and it has been shown that even 
a short period of oligohydramnios interferes 
with lung development (Moessinger et al., 
1986). In this species, the extent of this inter
ference depends to a large extent on the time 
of onset (greater impact during canalicular 
stage than terminal sac stage) and to a lesser 
extent on the duration of oligohydramnios. 
Oligohydramnios in the fetal guinea pig for a 
period as short as 8% of gestation led not 
only to a significant decrease in lung volume 
(and the surface area available for gas 
exchange) but also to pulmonary structural 
alterations. The hypoplastic lungs contained 
fewer saccules (fetal 'alveoli') and the amount 
of elastic tissue per unit volume was reduced 
(Collins et al., 1986). So it does seem that loss 
of amniotic fluid produces the lung hypo
plasia. The question is how. It might be 
secondary to limitation in movement and 
compression of the thorax because of the loss 
of liquid (oligohydramnios) or to a fall in 
tracheal distending pressure, or a variable 
combination of these and other factors. 

Fetal breathing movements 

The nature of fetal 'breathing' movements 
will be described later (section 8.3.3d). There 
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is some evidence that integrity of the nervous 
control of the diaphragm, and therefore fetal 
breathing movements, is important in lung 
growth. In human infants, paralysis of the 
diaphragm at birth is rare but does occur; in 
fetal lambs phrenic nerves have been deliber
ately cut. In both situations the lungs are 
hypoplastic. However, it could be argued 
that the paralysed diaphragm ballooned 
upward and exerted its effect by reducing 
thoracic space, and it is this effect, rather 
than the cessation of breathing movements, 
which resulted in lung hypoplasia. However, 
cutting the cervical cord above the phrenic 
nuclei appears to leave the diaphragmatic 
tone intact but abolishes breathing move
ment. In this situation, lung hypoplasia 
occurs, indicating that it is the breathing 
movements which are important (Wiggles
worth and Desai, 1979). 

Pressure in the potential airways 

If the trachea of the fetus is occluded by a 
ligature the lungs become distended (Jost and 
Policard, 1948). The lungs secrete fluid and 
the laryngeal sphincter influences its flow 
into the amniotic space. Experimental partial 
obstruction of the respiratory tract increases 
lung growth; chronic drainage of lung liquid 
has the opposite effect. Thus, a modest air
way pressure may act as a stimulus to lung 
growth, and this will be determined by the 
rate of lung liquid secretion and laryngeal 
sphincter activity. For the purpose of descrip
tion, the physical factors have been discussed 
in isolation but it is obvious that they are 
inter-related. 

(e) Lung liquid 

The lungs secrete a liquid, an activity which 
appears to be essential for lung growth. The 
volume of lung liquid at any moment is 20-
30 mlIkg in the lamb in the last trimester of 
pregnancy (the net flow from the lungs into 
the amniotic cavity is around 500 ml/day) and 

this traffic results in an intratracheal pressure 
around 2 torr, a distending pressure. The 
flow is episodic and reflects fetal breathing 
movements (Adamson et al., 1973). Transient 
negative deflections in intratracheal pressure 
are seen with fetal breathing movements, 
due to downward movement of the diaph
ragm, and these are associated with 'inspi
ration' of a small volume of fluid, but over a 
period of time there is a net efflux of lung 
liquid into the amniotic cavity. If the pressure 
increases, the lung grows more (Alcorn et al., 
1977). It also matures faster, developing more 
surfactant-producing cells (type II pneumo
cytes). The opposite is also true (Olver, 1983; 
Bland, 1986). 

Lung liquid is derived from the pulmonary 
circulation. Water from the pulmonary capil
lary passes first to the interstitial space across 
the endothelial barrier and then into the res
piratory tree across the pulmonary epi
thelium. Strang and colleagues worked out 
some of the rules of this transfer (Olver and 
Strang, 1974). Lung liquid is low in protein 
and bicarbonate, high in chloride, and has a 
relatively low pH. It is the active transfer of 
chloride across the pulmonary epithelium, 
the chloride pump, which draws the water 
out of the protein-rich interstitial space. 
Altering pulmonary perfusion, blocking res
piratory breathing and various drugs and 
hormones have relatively small effects with 
the exception of beta-adrenergic agonists (see 
below). 

At birth the lung liquid has to be cleared to 
make way for air. It was thought that the 
fluid was cleared, in part, by flowing out of 
the upper airway once the head emerged 
from the birth canal and, in part, by lung 
lymphatics and circulation after birth. 
However, there is reasonable evidence in 
experimental animals (Kitterman et al., 1979) 
and in man (Strang, 1977) that: 

1. The rate of lung liquid secretion falls and 
virtually stops by the moment of birth. 

2. Some of the lung liquid has already been 



cleared out of the potential air space by the 
pulmonary circulation, that is the process 
is reversed. 

Cortisol may be involved in the former and 
beta-adrenergic agents in the latter. 

An increased risk of respiratory symptoms 
following Caesarean section is well recog
nized in the human newborn (Tudehope and 
Smyth, 1979; Cohen and Carson, 1985). The 
effect of mode of delivery on lung expansion 
at birth has been examined, and a striking 
difference between vaginal delivery and 
delivery by elective section was that the 
babies in the latter group were more likely to 
fail to retain air in the lungs at the end of the 
first breath (Vyas, 1986). In contrast, babies 
delivered by emergency Caesarean section, 
following the onset of spontaneous labour, 
all achieved an immediate functional residual 
capacity. The differences between the vaginal 
delivery and emergency Caesarean section 
babies is partly due to the fact that about one
third of the fetal lung fluid is removed by the 
squeeze of the baby's chest during passage 
through the birth canal (Greenough et al., 
1992). The differences between the babies 
delivered by elective Caesarean section and 
emergency Caesarean section are likely to be 
due to a combination of the squeezing of the 
thorax within the uterus (especially if the 
membranes have ruptured) and the exposure 
of the fetus to an adrenaline surge. 

(d) Fetal breathing movements 

If one were asked, knowing nothing about 
the subject, whether the fetus would flex its 
diaphragm prior to birth, for otherwise it 
would have to start to contract rhythmically 
at the moment of birth and continue without 
fail until death, then it would seem obvious 
that it would. If one then asked the question 
'how could it work, knowing that the lung 
was filled with fluid rather than air?', then 
the problem becomes more interesting. Add 
to that the question of whether such perform-
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ance would be reflex or under higher cortical 
control and then place that within a develop
mental scale and it is not difficult to appreci
ate why it has fascinated some of the finest 
fetal physiologists (see review Dawes, 1986). 
Leonardo da Vinci thought that the fetus 
did not breathe because, if it did, it would 
drown. However, from the time of Vesalius, 
fetal breathing movements have been ob
served indirectly, and from the 1970s fetal 
breathing has been visualized directly in 
human pregnancy by ultrasound scanning. 
In lambs, fetuses also have intermittent 
periods of rhythmic breathing movement, 
and this has been observed mostly in the 
second half of gestation. Breathing move
ments are irregular in rapid eye movement 
(REM) sleep but become regular in deep 
(non-REM) sleep. Breathing movements may 
be important in lung growth and may well be 
critical for post-natal performance. In the 
sheep fetus, the amount of breathing de
creases as birth approaches and then must 
change to a continuous pattern following 
parturition. 

There is no doubt that fetal breathing 
movements reflect fetal well-being and are 
influenced by hypoxia and hypercapnia and 
are modulated by neurotransmitters and 
neuropeptides, often in ways contrary to 
those which occur after birth. However, fetal 
breathing is discontinuous and, because of 
this and conflicting studies in the literature 
(Blott et al., 1987; Moessinger et al., 1987), the 
use of fetal breathing movements as an index 
of fetal health in clinical practice is limited. 

(e) Lung maturation 

When they speak of the process of lung 
maturation, authorities seek to comment on 
function more than structure and, to a certain 
extent, maturation can be dissociated from 
growth. Thus, a lung may be small but ma
ture. That is, it has the right balance of struc
tural material and epithelial cells to permit 
lung expansion with air and the maintenance 
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of a functional residual capacity. One key 
element of this, which has received consider
able attention, is the secretion of a natural 
detergent, surfactant, by the pneumocyte 
type II cell (Comroe, 1977). By contrast, some 
large lungs may have delayed maturation 
and insufficient surfactant and these present 
the newborn with breathing problems after 
birth. An example is a diabetic infant born by 
elective Caesarean section at term. Some of 
these maturation phenomena are associated 
with birth induction and are accelerated dur
ing the birth process. 

Mechanisms involved include glucocorti
coids, which have been used to induce 
maturation in infants who are threatening 
to be born prematurely (Dancis et al., 1980; 
Crowley et al., 1990; Levene, 1992). Cortisol, 
prolactin and triiodothyronine appear to act 
synergistically in accelerating lung matu
ration in fetal sheep (Liggins, 1990). Neither 
prolactin nor triiodothyronine crosses the 
human placenta in significant amounts, thus 
ruling out the option of fetal therapy via 
maternal administration. However, thyrotro
phin-releasing hormone, a small peptide, 
does cross the placenta, and the results of 
further clinical trials are awaited (Morales et 
al., 1989). It is the beta-receptor agonists 
which are released during the birth process 
which have the most immediate and power
ful effect, stimulating surfactant release and 
manufacture as well as reducing the secretion 
rate of lung liquid (Liggins, 1990). 

(f) Pulmonary circulation 

Owing to the central communications be
tween the circulations in fetal life, there are, 
effectively, large intracardiac (through the 
foramen ovale) and extracardiac (through the 
ductus arteriosus) right-to-Ieft shunts. In 
utero, the two chambers of the heart work in 
parallel, the pulmonary bed taking less than 
10% of the combined output (Teitel, 1992). 
This is not because the vasculature is meagre 
and narrow, but because the vessels are per-

manently and strongly constricted. This is 
achieved by generous muscles in the walls of 
the arteries and arteriole. The tone is main
tained partly by the low fetal P02 (A.I. 
Hyman et aI., 1975; Alpan and Glyman, 1990) 
and fluid-filled unexpanded lungs. 
Expanding the lungs with nitrogen causes a 
fall in pulmonary vascular resistance; it falls 
further if they are expanded with oxygen. 
With the fall in resistance, there is an increase 
in flow and the sequence of events essential 
for lung gaseous exchange and oxygen 
supply is set in train (section 8.4.2). 

8.3.4 KIDNEY DEVELOPMENT AND WATER 
BALANCE 

The fetal kidneys in late gestation appear to 
be the primary source of the amniotic fluid 
(D.P. Alexander and Nixon, 1961; Houston 
and Zeis, 1976) but are not necessary for 
volume regulation or nitrogen excretion since 
the placenta is an extremely efficient dialysis 
unit. A fetus can survive to term without 
kidneys, but the deficient amniotic fluid re
sults in pulmonary hypoplasia, and multiple 
skeletal and cartilaginous anomalies due to it 
being 'squashed' within the uterus (Potter, 
1946). 

The ionic and osmolal characteristics of the 
extracellular fluids of all the vertebrates are 
very similar, and suggest that our common 
ancestor lived in brackish water. The tran
sition from the sea into brackish or fresh 
water with its much lower osmolality, and 
subsequently to dry land, demanded the 
development of regulatory mechanisms to 
avoid on the one hand the cell swelling with 
rupture and on the other desiccation. There 
also developed the need to protect the em
bryonic stages of these adventurous species 
from being osmotically disrupted. The paral
lel development of the genital and urinary 
tracts subserved both these functions, and 
this evolution is recapitulated during mam
malian fetal development. 



Another requirement imposed on the crea
tures who left the water was the need to 
reorganize nitrogen metabolism so that the 
ammonia resulting from protein metabolism 
could be converted into other metabolites 
which, unlike ammonia, are relatively non
toxic. The mechanisms for nitrogen excretion 
and water conservation developed together. 

(a) Structure 

Pronephros 

The pronephros, the most primitive form of 
vertebrate kidney, develops from a mesh of 
capillaries originating from the abdominal 
aorta and functions at a perfusion pressure of 
more than half that in the aorta (see Brod, 
1973). This results in a plasma ultrafiltrate 
which drains into open-ended primitive 
kidney tubules (nephridia) where reabsorp
tion of individual electrolytes takes place. 
Pronephroi are developed in the mammalian 
fetus, but are only present transiently in very 
early gestation. Before the pronephroi de
generate, they have sent paired collecting 
ducts caudally, to empty into the cloaca. 
These structures are essential to the sub
sequent development of the meso- and meta
nephron (Gruenwald, 1952). 

Mesonephros 

Mesonephroi first appear in fishes, and in 
lower vertebrates they serve as the major ex
cretory organ throughout life. The mam
malian mesonephros, which is present only 
in fetal life, shares many features with the 
adult mesonephros in fish, particularly in re
lation to the degree of glomerular and tubular 
development and the sinusoidal nature of the 
tubular circulation (Davies, 1952). It seems 
primarily adapted to life in an aquatic en
vironment, where water conservation is not a 
problem. This limitation may be the reason 
for the evolution of a third type of kidney, the 
metanephros, programmed for water conser-

Fetal physiology 801 

Table 8.11 The mesonephroi of different mam
malian species appear at different periods of 
development and are present for differing periods 
of time. The proportion of total gestation at which 
the organs develop and regress is shown. Data 
from: Bremer, 1916; Kaplan and Friedman, 1942; 
Leeson and Baxter, 1957; de Martino and 
Zamboni, 1966. 

Species Gestation Mesonephroi 
length (days) present 

Rat 22 Vestigial 
Rabbit 31 0.35-0.74 
Guinea pig 68 0.36--0.41 
Pigs 114 <0.25-0.71 
Sheep 147 0.12-0.38 
Man 280 0.08-0.40 

vation as well as the maintenance of ionic and 
osmolar balance and nitrogen excretion. 

In fetal mammals, the mesonephroi de
velop from thoracic and lumbar mesoderm in 
the nephrogenic cord as the pronephroi de
generate. The general development appears 
to be similar in all mammals, but the relative 
stage of gestation at which the mesonephros 
appears (Table 8.11) and its apparent func
tional importance vary widely. 

The mesonephric tubules differentiate into 
proximal and distal segments. The proximal 
tubules have columnar epithelium, character
istic of secretory function, and show a form of 
brush border which stains with periodic acid
Schiff (PAS) and contains alkaline phospha
tase, which is an indicator of the functional 
ability to transfer solutes across cell bound
aries (Davies, 1952; Leeson and Baxter, 1957). 
The distribution of alkaline phosphatase 
seems linked to areas of rapid growth and 
differentiation. The cuboidal cells of the distal 
tubules have neither brush border nor alka
line phosphatase but contain glycogen like 
the longitudinal mesonephric duct (Wolffian 
duct), into which they all drain, and the 
ureter. No loop of Henle is present in meso
nephroi (Kaplan and Friedman, 1942; de 
Martino and Zamboni, 1966). The longitudi-
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nal mesonephric duct persists into adult life 
in the male, as the ductus deferens, but dis
appears almost completely in the female. 

The medial end of the primitive mesoneph
ric tubule develops into a flattened concave 
disc, which gradually deepens into the form 
of a cup. The outer wall becomes the parietal 
epithelium of Bowman's capsule, while the 
inner wall extends over the differentiating 
capillary loops and becomes the glomerular 
epithelium, rich in endoplasmic reticulum 
(see Kazimierczak, 1971). Until relatively re
cently, it was thought that the glomerulus 
developed by the action of formed capillaries 
invaginating Bowman's capsule, but it is now 
generally accepted that glomerular capillaries 
probably develop in situ from mesenchymal 
cells which have migrated into the cleft of 
the S-shaped tubules (for references see 
Kazimierczak, 1971). These glomerular 
capillaries become covered with cuboidal 
epithelium (see above) and progressive con
nection to the primitive dorsal aortae 
proceeds from head to tail (Davies, 1952). 

Although mesonephroi are structurally 
similar in mammalian fetuses, their func
tional capacity and duration of existence 
(Table 8.11) are not. Davies (1952) suggested 
parallels between mesonephric and allantoic 
development, the relative rates being primar
ily dependent on placental permeability. 
Thus in pigs, with epitheliochorial placentae, 
which may present more of a barrier to 
placental transfer of all but the simplest 
substances, the mesonephros is large and 
persistent, and excretes large volumes of 
fluid into a large allantoic sac. Sheep, also 
with epitheliochorial placentae, have smaller, 
less persistent mesonephroi, and a smaller 
allantois, while man, with a very permeable 
haemomonochorial placenta, has a minimal 
allantois and a small, non-functional, short
lived mesonephros. Rats and mice, with hae
moendothelial placentae, have only vestigial 
mesonephroi (Zamboni and Upadhyay, 1981) 
and allantois. There is, however, an excep
tion to this interesting concept in the rabbit, 

which, with a haemodichorial placenta, has a 
functional mesonephros present for some 
40% of gestation (Table 8.11) and a small 
allantois which is restricted to the placental 
surface area. 

The sheep mesonephros is functional by 
day 18 of gestation, and it is at this time that 
the allantois, which has been present as a 
small, almost empty, sac begins to fill up 
(Davies, 1952). In the rabbit, a functional 
mesonephros is not present until day 13 (Lee
son and Baxter, 1957). In the pig, in early fetal 
life, the mesonephroi form up to 20% of the 
total fetal weight and secrete large volumes of 
fluid (Stanier, 1960). The efferent arterioles of 
the porcine mesonephros form a network of 
capillaries over the mesonephric tubules, 
suggesting a capacity for reabsorption even 
though the loop of Henle is absent. However, 
bladder fluid in the pig is iso-osmotic with 
serum, although that in the allantois is hypo
osmotic (Stainer, 1960). It appears that the 
chorioallantois in the pig can reabsorb 
sodium and presumably chloride from at 
least 0.4 of gestation (McCance and 
Widdowson, 1960; Stanier, 1960). Fructose is 
also accumulated in increasing concen
trations in allantoic fluid in the fetal lamb in 
early gestation, although in the amniotic fluid 
the concentration is only about one-tenth 
(Davies, 1952). The reason for this accumu
lation is not known. 

The marsupials are in many ways anomal
ous, but it is interesting that the American 
opossum Didelphis virginiana, whose young 
are born after only 12112 days' gestation, has 
mesonephric kidneys at birth which persist 
until the 10th post-natal day and appear to 
provide the primary excretory capacity for 
the newborn during that time (Krause et al., 
1979). 

Metanephros 

Although structurally similar, the meta
nephroi initially develop their collecting 
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Figure 8.16 Stages in nephron development in the 
mammalian metanephros. The collecting tubule 
system arises from the ureteric bud (see Figure 
8.15) and not de novo as in the mesonephros. 
(Redrawn from Kazimierczak, 1971.) 

day human fetus, showing development of the 
mesonephros and its association with the future 
gonad. Bottom: Longitudinal section through the 
abdominal region of the same fetus. 

ducts in a substantially different fashion from 
the mesonephros. 

As the mesonephros starts to regress, a 
ureteric bud grows out from the mesonephric 
duct close to its junction with the cloaca 
(Figure 8.15) and grows cephalad into the 
most caudal nephrogenic mesoderm, which 
forms a nephrogenic cap over the blind end 
(Figure 8.16). 

This blind end dilates and subdivides, 
forming first the major and subsequently the 
minor calyces. The mesoderm forms conden
sation vesicles around these ampullae. The 
vesicle walls grow differentially and form the 
characteristic S-shaped bodies of very imma
ture glomeruli. The 'tail' closest to the 
ampulla eventually fuses with it, forming the 
distal convoluted tubule; the middle section, 
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Developing glomerular 
capUlaries 

Figure 8.17 Development of the glomerulus and 
proximal and distal tubules of the metanephros. 

as it lengthens, forms the loop of Henle and 
the proximal convoluted tubule, while the 
proximal end of the nephron forms the cup
shaped invagination (Bowman's capsule) 
within which the glomerular capillaries form 
(Figure 8.17) (Aoki, 1966). 

The early calyces themselves subdivide, 
and this process is repeated until some 12 
generations of tubules are present, with their 
associated nephrons. In any species, the 
juxtamedullary nephrons are, thus, most 
mature at any time during gestation, and 
glomerular maturation proceeds centrifu
gally. This pattern of development, and the 
state of maturity at birth, determines renal 
function at birth and in the neonatal period. 

The renal blood supply also develops cen
trifugally, with the arcuate arteries forming 
the first major subdivision after ramification 
of the renal artery. Indeed, the only arteries 
in the developing nephrogenic cortex of pigs 
and rats at the time of birth are the arcuate 
arteries (Kazimierczak, 1971), with interlobar 
and interlobular branches in the more mature 
cortex. These latter give rise to the afferent 
arterioles which run along the prospective 
distal tubules of the more mature glomeruli. 
The efferent arteriole originates from the 
capillaries formed within the glomerulus and 
becomes continuous with the peritubular ca
pillary plexus in the more mature nephrons. 

One of the differences between meso- and 

metanephroi is that a juxtaglomerular appar
atus is developed in the more cortical neph
rons of metanephroi at the hilum of the 
glomerulus, where the early distal tubule 
runs in close apposition to the afferent arteri
ole. This is a relatively late development in 
glomerular differentiation, and has been de
scribed in detail by Kazimierczak (1971) in 
fetal pig, rat and human kidneys. It appears 
that the juxtaglomerular apparatus, with its 
intimate associations with the renin
angiotensin system, has developed to allow 
the fine tuning of sodium balance. 
Conditions which result in increased renin 
synthesis and release from the macula densa, 
with consequent afferent arteriolar vasocon
striction in the more cortical glomeruli, will 
increase the proportion of the intrarenal 
blood flow passing through the juxtamedull
ary nephrons, which have a higher capacity 
to reabsorb sodium. The development of the 
loop of Henle and the juxtaglomerular appar
atus is thus linked to the ability to regulate 
salt and water balance within narrow limits, 
an absolute requirement for terrestrial life, 
whether emergence has been from brackish 
lagoons or from the amniotic fluid. 

A pressor substance, believed to be renin, 
is present in pig mesonephroi (Kaplan and 
Friedman, 1942), but not in the mesonephroi 
of man (de Martino and Zamboni, 1966), cat 
or sheep (Tiedemann, 1976). Pig mesoneph
ric renin is not present in specific granular 
cells, and this discrepancy has also been 
noted in the metanephroi of fetal rats near 
term (Tsuda et al., 1971). In rats, nephrogene
sis is not complete until after birth (Cain and 
Krause, 1971; Goncharevskaya and Dlouha, 
1975; Table 8.12). 

Renin has also been identified in human 
fetal kidneys before Bowie-positive granules 
are identifiable (Molteni et al., 1974). Cells 
containing renin granules can be present be
fore macula densa differentiation has 
occurred (Dhiab et al., 1981); their association 
with the adult-type juxtaglomerular appar
atus is thus a late phenomenon. 



Table 8.12 Nephrogenesis is completed at widely 
differing rates in different mammalian species. 
The timing is shown as a proportion of the length 
of gestation, thus in those species in which 
nephrogenesis is incomplete at birth, a figure of 
more the 1.0 will be found. Data from: Potter and 
Thierstein, 1943; Leeson and Baxter, 1957; 
MacDonald et a/., 1959; Spitzer and Edelman, 1971; 
Broughton-Pipkin, 1973; Goncharevskaya and 
Dlouha 1975; Merlet-Benichou et a/., 1977; Friis, 
1980. 

Species 

Rat 
Rabbit 
Guinea pig 
Pig 
Sheep 
Man 

(b) Function 

Age at completion 

10 days post-natal; 1.45 
17 days post-natal; 1.55 
55 days gestation; 0.81 
21 days post-natal; 1.19 
128 days gestation; 0.87 
35 weeks' gestation; 0.88 

The study of renal function before birth is not 
easy. Measurements of fetal fluid volume and 
electrolyte composition have been made for 
many years in anaesthetized laboratory or 
freshly slaughtered domestic animals (e.g. 
rabbits, McCance and Stainier, 1960; guinea 
pigs, Boyland et al., 1958; pigs, McCance and 
Stanier, 1960; McCance and Widdowson, 
1960; sheep, D.P. Alexander et al., 1958; rhe
sus monkeys, Chez et al., 1964) but these 
were, at best, static measurements. The reali
zation that electrolyte and water absorption 
could take place across bladder and amniotic 
membranes, thus modifying the composition 
of contained fluids, was rapidly followed by 
techniques for measuring function in utero, 
initially in acute experiments and more re
cently in chronic preparations. Indeed, the 
work of Mellor and Slater (1971) showed, 
beyond doubt, the very marked effect of 
anaesthesia and surgery in the fetal lamb on 
amniotic and allantoic fluid composition, and 
in an increased variability in maternal and 
fetal plasma electrolyte concentration. Thus, 
many of the data obtained under anaesthesia 
must be viewed with caution. Longer term 
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experiments are, at present, technically im
possible for the smaller species, and the fetal 
lamb has come to be used very widely in 
studies of fetal renal function, as indeed it 
has for the development of other organ sys
tems. This is, in some respects, unfortunate 
since there appears to be considerable species 
variations in maturation of intrauterine renal 
function. However, in the discussion which 
follows, data will primarily relate to the fetal 
lamb, with mention made of other species as 
available. Some information gained in the im
mediate neonatal period in premature human 
infants will be mentioned, but should not be 
considered representative of normal matu
ration for the reasons outlined in the 
Introduction. 

Glomerular filtration 

The first stage in urine production requires 
ultrafiltration of plasma. The glomerular fil
tration rate (GFR) is substantially lower in the 
fetus than in the newborn, both in absolute 
terms and when expressed relative to body 
weight, body surface area, extracellular fluid 
volume or kidney weight (e.g. Boyland et al., 
1958; D.P. Alexander and Nixon, 1962; 
Robillard et al., 1977; Alt et al., 1984). There 
are both anatomical and functional reasons 
why this should be so: total glomerular 
surface area is less since individual glomeruli 
are smaller (Fetterman et al., 1965; Merlet
Benichou et al., 1981) and their absolute 
number per gram of kidney tissue is less, 
with nephrogenesis continuing in some 
species for days, or even weeks, after birth 
(Table 8.12); the glomerular capillaries are 
still morphologically immature, with a small 
pore size and relatively low water per
meability (Vernier and Birch-Andersen, 
1962); renal perfusion pressure is lower as a 
consequence of the low fetal arterial blood 
pressure (see Dawes, 1968; Gomez et al., 
1984) and the fetal haematocrit is usually 
higher than the adult (see Dawes, 1968), 
although this may not be so in the pig (A.A. 
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MacDonald, 1983). Other features influenc
ing GFR are the colloid osmotic pressure, 
which is lower in fetus than newborn (Baum 
et al., 1971), and a considerable degree of 
intrarenal vasoconstriction. This latter may 
well be hormonally mediated, possible 
through local generation of angiotensin II, 
since it decreases too rapidly after birth 
(Guignard, 1982) to be accounted for in ana
tomical terms. The renin-angiotensin system 
appears to be hyperactive in the newborn of 
all species so far studied (see Broughton
Pipkin and Symonds, 1984), and the early 
development of renin-containing granules in 
cells in apposition to the developing renal 
arterioles (see above) suggests a role in the 
regulation of intrarenal blood flow. 

The renal plasma flow (RPF) is difficult to 
measure in utero since p-aminohippurate, the 
most commonly used marker molecule, is 
less well filtered and secreted by the imma
ture kidney (Calcagno and Rubin, 1963; B.R. 
Cole et al., 1972; Friis, 1979). However, 
measurements made in the young of various 
species post-natally (Calcagno and Rubin, 
1963; Gruskin et al., 1970; Horster and Lewy, 
1970; Kleinman and Lubbe, 1972) suggest 
strongly that RPF in utero will be low, 
whether measured in relation to body or kid
ney weight. 

The maturation of GFR, and the rate at 
which it changes after birth, varies between 
species. In species such as the guinea pig and 
human, where nephrogenesis is complete by 
late gestation (Table 8.12), the post-natal rise 
in GFR is rapid, and will primarily be due to 
the rise in systemic arterial pressure and the 
subsequent perfusion of previously poorly 
perfused, though apparently structurally 
mature, nephrons (Merlet-Benichou et al., 
1981; Chevalier 1982) and the fall in renal 
vascular resistance. However, in species such 
as the rat and rabbit, in which nephrogenesis 
is not complete at birth, the rate of rise will be 
slower, since it will include an actual anatom
ical component in addition to the features 
mentioned above. 

The plasma ultrafiltrate leaves the glomer
ulus and passes into the proximal convoluted 
tubule, where, in the adult, approximately 
70% of its sodium ions and all of its potass
ium ions are reabsorbed; there is active reab
sorption of glucose and passive reabsorption 
of non-ionized organic acids and bases and 
there is secretion by active transport of some 
organic acids and bases. However, the fetal 
glomeruli develop before the tubular system 
and the elongation of the loop of Henle is the 
last major structural development. Thus, 
there is a degree of glomerulo tubular imbal
ance during fetal development (Fetterman et 
al., 1965), which may persist after birth. 

Glucose 

The fetal need to conserve its primary energy 
substrate glucose (Girard et al., 1979) is such 
that no glucose is present in the urine of 
either fetal pigs or lambs from at least as early 
as 0.4 gestation (Parry and Stanier, 1962; D.P. 
Alexander and Nixon, 1963). This evidence of 
early active reabsorption is consistent with 
the presence of alkaline phosphatase in the 
proximal tubules by the end of the first third 
of gestation. However, fetal plasma glucose 
concentrations are low and increasing them 
by infusion, even to concentrations as rela
tively low as some 6.5 mmo1ll1 results in 
urinary glucose loss in the fetal lamb (D.P. 
Alexander and Nixon, 1963). Fetal piglets, 
near term, conserve glucose very efficiently 
with a fractional excretion of glucose of only 
0.4% (Alt et al., 1984). Adult guinea pigs 
usually have a fractional excretion of glucose 
of approximately 1.2% (Merlet-Benichou et 
al., 1981), but at about 0.71 of the gestational 
duration the fractional excretion is about 8%, 
rising to 12% at 0.81 gestation, the period of 
maximal glomerulo tubular imbalance in this 
species, and falling thereafter to 2.5% at term 
(Merlet-Benichou et al., 1981). The immature 
human kidney appears to have a low trans
port maximum (T M) for glucose, even when 
expressed in terms of body weight or body 



surface area (Tudvad and Vesterdal, 1953). 
These low T MS may reflect partly the low GFR 
and partly the tubular functional immaturity. 
The low T M of P AH at this time has 
already been mentioned above in relation to 
measurement of renal plasma flow. Fructose 
is less well reabsorbed than glucose and is 
present in high concentrations in sheep allan
toic fluid from as early as 0.12 gestation, 
when the mesonephros begins to function 
(Davies, 1951). This has led to speculation 
that the secretion of fluid into the largely 
impermeable allantois helps to keep the uter
ine cavity expanded (D.P. Alexander et al., 
1958) and the membrane layers apposed. 

Sodium 

Sodium accumulation is a primary require
ment for fetal growth. The ion freely crosses 
the placenta, and the kidney does not there
fore 'need' to conserve sodium until term. 
However, immediately after birth that need 
becomes paramount, especially since milk 
has a low sodium concentration and the 
ability to conserve sodium is in fact well 
developed in species mature at birth (Spitzer, 
1982). It differs from adult salt conservation 
in that the distal tubule probably plays a 
more important role in utero and in the im
mediate perinatal period in species which are 
mature at birth. 

Fractional sodium excretion (FENa) falls 
progressively during fetal life. In the sheep, it 
is 40% halfway through gestation, falling to 
10% at close to term (D.P. Alexander and 
Nixon, 1961), paralleled by a marked fall 
in urinary sodium concentration (D.P. 
Alexander and Nixon, 1961; Lingwood et al., 
1978a). This increase in sodium reabsorption 
is less than the rise in GFR until late ges
tation, but exceeds it thereafter (Robillard et 
al., 1977). Acute experiments in guinea pigs 
undergoing a saline diuresis showed FENa to 
be 27% at 0.7 gestation, and actually rising to 
45% at 0.78 gestation (Merlet-Benichou et al., 
1981). By term, FENa was still 20% but by 
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days 2-5 post partum it had fallen to 1 %. 
Human babies delivered early in the third 
trimester have FENa of some 5-6% (Siegel, 
1982) and can rapidly develop hyponatraemia 
if not given sodium supplements (Al-Dahhan 
et al., 1983a). Fetal pigs near term have FENa 
of some 2%, falling rapidly to 0.07% by the 
end of the first week of post-natal life (Alt et 
al., 1984). 

It appears that the progressive rise in GFR 
with fetal age is accompanied by a parallel 
rise in sodium and fluid reabsorption across 
the proximal tubule, as is seen post-natally 
(Horster and Valtin, 1971; Spitzer and 
Brandis, 1974). The balance between hydro
static and colloid osmotic pressures across 
the peritubular capillaries will change in late 
gestation, as the colloid osmotic pressure 
rises (Baum et al., 1971), favouring fluid reab
sorption. The main difference in sodium 
reabsorption in the fetal kidney is that the 
very short loops of Henle in the fetal kidney 
do not permit adult-type sodium reabsorp
tion, so that a much greater filtered sodium 
load is presented to the distal tubule (Aperia 
and Elinder, 1981). However, considerably 
more sodium is reabsorbed in this segment 
than in the adult kidney, partly compensat
ing for the inadequate loops of Henle. It 
seems highly probable that the raised plasma 
aldosterone concentrations, characteristic of 
the neonate (Beitins et al., 1972; Katz et al., 
1974; Siegel and Fisher, 1980), may be reflect
ing increased secretion before birth. The 
demonstration of inverse associations be
tween urinary sodium-potassium ratio and 
either plasma concentrations or urinary ex
cretion of aldosterone in the human newborn 
(Raux-Eurin et al., 1977; Sulyok et al., 1979) 
and the fetal lamb (Lingwood et al., 1978a; 
Robillard et al., 1980) strongly suggests a 
functional interaction between the two para
meters in the perinatal period. There is also 
greater binding of radiolabelled aldosterone 
in fetal than adult guinea pig kidney (Pasqua
lini et al., 1972). 

Sodium-potassium ATPase (Na + ,K+-
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ATPase) is a well-defined enzyme which 
drives the sodium pump. Its activity is less in 
kidney tissue from immature than adult rab
bits (Schmidt and Horster, 1977) and rats 
(Dobrovic-Jenik et al., 1984). The adminis
tration of aldosterone to immature but not 
adult rats was associated with a marked in
crease in tubular cellular content of Na + ,K+ -
ATPase (Aperia et al., 1981), again suggesting 
aldosterone responsiveness at this age. 

Data from human infants delivered early in 
the third trimester suggest that, although 
their marked sodium wasting can stimulate 
activity of the renin-angiotensin system (Ste
phenson et al., 1991), their adrenal cortices 
may be unable to synthesize sufficient aldos
terone to counter the salt loss at this stage 
(Sulyok et al., 1979). Similar data are available 
for fetal lambs, in which a progressively 
greater aldosterone response to evoked rises 
in plasma renin activity (PRA) was seen dur
ing the last third of gestation. Younger fetal 
lambs showed no increase in PRA, and hence 
aldosterone concentration, in response to 
frusemide-induced sodium loss (Siegel and 
Fisher, 1980). The prematurely delivered foal 
continues to lose sodium on challenge with 
frusemide, despite very large increases in 
plasma renin and aldosterone concen
trations, which may suggest actual unrespon
siveness of the tubular cells (Broughton 
Pipkin et al., 1984). 

Potassium 

The fractional excretion of potassium is 
approximately 20% in the middle third of 
gestation in the lamb, rising to 45% in the last 
third and 92% by term, falling rapidly there
after (D.P. Alexander and Nixon, 1961; 
Robillard et al., 1980). The concentration of 
potassium in fetal urine, allantoic and amni
otic fluid rises steadily towards term in the 
fetal lamb (D.P. Alexander and Nixon, 1961; 
Mellor and Slater, 1971; Lingwood et al., 
1978b; Robillard et al., 1980) and there is evi
dence for the tubular secretion of potassium 

near term in both sheep (Robillard et al., 1980) 
and guinea pig (Merlet-Benichou and de 
Rouffignac, 1977). The increased kaliuresis in 
late gestation could be a function of the in
creasing GFR, but is more likely to relate to 
the effects of the increasing plasma concen
trations of steroids, especially aldosterone 
(Robillard et al., 1980), as gestation proceeds. 

Water excretion 

McCance and Young (1941) observed that the 
urine of newborn infants was invariably 
hypotonic to plasma, sometimes very much 
so. This observation has been made repeat
edly, in all animal species studied (e.g. 
rabbit, McCance and Stanier, 1960; pig, 
McCance and Stanier, 1960; sheep, D.P. 
Alexander and Nixon, 1961; Matson et al., 
1981; guinea pig, Boyland et al., 1958; Chez et 
al., 1964). Indeed, the osmolality of fetal pig 
urine collected from the bladder was only 
13% of plasma osmolality in mid-gestation, 
reflecting the extremely low urinary urea at 
this time (McCance and Stanier, 1960). 

Since transplacental water flux is substan
tially higher than that needed for normal fetal 
growth (Flexner and Gellhorn, 1942), the pro
duction of a hypotonic urine is not surpris
ing. The greater part of the glomerular filtrate 
is reabsorbed in the proximal tubule, where 
fluid transport is isosmotic. The passive reab
sorption of water following active sodium 
transport is determined by the water per
meability of the proximal tubule, which is 
increased in the immature kidney (Horster 
and Larsson, 1976), and the oncotic and 
hydrostatic pressure gradients in the lumen, 
interstitium and peritubular capillaries (see 
above). The remaining water reabsorption 
occurs mainly in the countercurrent multipli
cation system of the loop of Henle (anatomi
cally immature in utero; see above) and the 
concentrating tubules. 

The two main factors militating against 
efficient concentration, once fluid has left the 
proximal tubule, are the very low medullary 



sodium and urea concentration and a relative 
insensitivity of the duct to vasopressin, poss
ibly mediated by the low cortisol concen
trations in utero (Towstoless et al., 1989). 
Stanier (1972) studied the development of 
intrarenal solute gradients and described 
marked interspecies variability. For example, 
the sodium concentration gradient between 
cortex and papilla in the fetal pig kidney is 
very small indeed up to term, and only 
steepens post-natally, while in fetal lambs, by 
late gestation, the sodium concentration 
gradient is steep. The urea gradient is also 
very small in fetal pigs, and because of their 
extremely fast rate of post-natal growth only 
builds up relatively slowly thereafter. 
McCance and Widdowson (1957) suggested 
that this was likely to be a characteristic of 
species which grow very rapidly post par
tum, but the pig is also anomalous in having 
a water requirement for urea excretion. 

Common to all mammalian fetuses, is the 
fact of earlier development of inner cortical 
nephrons. These take the largest proportion 
of the renal blood flow and, since their effer
ent arterioles supply the medullary vasa 
recta, there will also be a 'washout' effect, 
impeding the build-up of a solute gradient. 

Although the urine is characteristically 
hypotonic at birth, the term fetus can concen
trate it to approximately 150-200% plasma 
osmolality (Robillard and Weitzman, 1980), 
although this is markedly less than the 
adult's concentrating ability. The chronically 
catheterized fetal lamb appears to have func
tional volume and osmoreceptor controls for 
arginine vasopressin (A VP) secretion (Ross, 
1988) and atrial natriuretic peptide secretion 
(Ross et al., 1987), and shows a gradual in
crease in free water reabsorption in late ges
tation (Robillard et al., 1979). The fetus can 
respond to increases in maternal plasma 
osmolality by increasing its urinary osmola
lity (Lumbers and Stevens, 1983) and mark
edly decreasing the urinary flow rate. The 
fetus will also respond appropriately to the 
infusion of exogenous A VP in the last 
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quarter of gestation, by decreasing free water 
clearance and increasing urinary osmolality 
(Lingwood et al., 1978b; Robillard and 
Weitzman, 1980). It seems likely, however, 
that the fetal kidney is less sensitive to A VP 
than is the adult, and Joppich et al. (1981) 
suggested that this might be due to inhibitory 
effects of the high intrarenal concentrations 
of prostaglandin E2 at this time. It might also 
be related to a lesser response of adenyl cyc
lase to AVP (Schlondorff et al., 1978). 

Protein 

The urine from the human fetus in the mid
dle trimester contained no or trace amounts 
of protein when tested with trichloroacetic 
acid (Vernier and Birch-Andersen, 1962) but 
more sophisticated detection techniques have 
shown that urinary proteins of various kinds 
are present in human urine from at least mid
gestation (Kronquist et al., 1984). These in
cluded albumin, a-fetoprotein, transferrin 
and Tamm-Horsfall protein. However, in the 
last quarter of gestation the relative abun
dance of serum-type proteins in the urine 
was much less and resembled the adult pat
tern. Whereas urine from mid-gestation con
tained a complex assortment of polypeptides 
of molecular weight 12 000--40 000 daItons, 
the mechanisms increasing the reabsorption 
of small proteins appeared to have matured. 
The greater permeability of younger fetal 
glomerular capillaries (Vernier and Birch
Anderson, 1962) presumably accounts for 
the relatively large early concentrations of 
urinary protein. The appearance of Tamm
Horsfall protein in the urine of the fetal rat 
parallels functional development of the thick 
ascending limb of the loop of Henle, and may 
be related to the development of impermea
bility to water in this segment. 

The anatomical and functional develop
ment of the fetal kidneys, in which ontogeny 
so well recapitulates phylogeny, is among the 
most complex aspects of fetal physiology. 
The marked effects of anaesthesia and sur-
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gery on renal function also hinder its study, 
and areas such as the renal effects on acid
base balance in utero remain poorly 
understood. 

8.3.5 THE REPRODUCTIVE SYSTEM 

Like the developing kidney, with which it is 
closely associated, the fetal reproductive sys
tem needs to grow and develop, but will not 
have functional demands made on it until 
after birth. 

(a) Structure 

The primitive gonads develop from the 
genital ridges which form on the meso
nephroi. They consist of coelomic epi
thelium, an underlying mesenchyme of 
mesonephric origin, and the germ cells. The 
germ cells arise in the yolk sac very early in 
gestation and migrate to the germinal ridges 
by amoeboid movement, multiplying as they 
go. The germ cells and coelomic epithelium 
together form the cortical germinal epi
thelium (Figure 8.18), while the inner mesen
chyme and the mesonephric tubules form the 
medulla. 

Differentiation in the chromosomal male 
fetus precedes that in the female, as the pri
mary cords grow, branch and attract germ 
cells, becoming the medullary spermato
gonia. The cortex thins and the tunica albugi
nea forms (Figure 8.18). In the chromosomal 
female fetus, the cortex continues to grow, 
with the germ cells embedded in it develop
ing as oocytes. 

There is sexual differentiation in the timing 
of the onset of meiosis in germ cells, which 
occurs substantially earlier in the female than 
in the male fetus. Meiosis of oogonia in 
the human female fetus begins at around 
8 weeks' gestation, resulting in haploid 
primary oocytes, arrested in prophase and 
remaining like this until individual oocytes 
start to mature further at puberty. There is no 
further mitotic division, and the number of 

Testis 
cords 

Cortical cords 
(secondary 
sex cords) 

Germinal epithelium 

Glomerular 
capsule 

Figure 8.18 General gonadal development in the 
mammalian fetus. 

primary oocytes thus falls thereafter. In the 
male, however, mitotic division of the sper
matogonia continues, and meiosis is only 
initiated at puberty, continuing throughout 
life. It is interesting to note that the meso
nephros may secrete a 'meiosis-inhibiting 
hormone'. In those species, such as the pig 
and rabbit, in which mesonephric function 
continues until relatively late in gestation 



Table 8.13 The proportion of gestation at which 
gonadal differentiation in the chromosomal male 
fetus develops varies widely between species. 
Data from: Attal, 1969; Black et ai., 1969; Catt et al., 
1975; Tanner, 1978; MacDonald, 1979; Pointis and 
Latreille, 1986. 

Species 

Man 
Sheep 
Pig 
Guinea pig 
Rabbit 
Rat 

Proportion of gestation 

0.23 
0.24 
0.25 
0.35 
0.55 
0.82 

(Table 8.13), the onset of meiosis in the oogo
nia occurs after sexual differentiation, 
whereas in those species having small and 
minimally functional mesonephroi, such as 
the rat and human, the onset of meiosis and 
sexual differentiation is approximately syn
chronous (Grinsted and Aagesen, 1984). 

Gonadal differentiation is the first sexual 
differentiation to occur and is initiated 
through the presence of a Y chromosome. 
The testis determining factor (TDF), a 120 
kilobase segment of the short arm of the Y 
chromosome, induces testicular differen
tiation by the fifth or sixth week of pregnancy 
in the human fetus (N. Barnes, 1992). The 
presence of testes thus indicates the presence 
of a Y chromosome (unless there is a trans
location of the TDF onto the paternal X 
chromosome, in which case an XX male or XX 
true hermaphrodite can develop). Male sex is 
also associated with the male histocompati
bility antigen, the H-Yantigen, a cell-surface 
protein which is found in the males of all 
mammalian species. The function of this pro
tein, and the nature of its relationship to 
TDF, is not clear. Subsequent male differen
tiation requires testicular hormone pro
duction from the Leydig cells and Mullerian 
inhibitory factor (MIF) from the Sertoli cells. 
Testosterone stimulates the Wolffian ducts to 
become the epididymis, vasa deferentia and 
seminal vesicles. MIF causes local regression 
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of the Mullerian ducts. Androgenic stimu
lation is also necessary for differentiation of 
the external genitalia which, without such 
stimulation, are female in character regard
less of chromosomal and gonadal sex. 

The Mullerian ducts are retained in the 
female fetus, and form the Fallopian tubes, 
uterus and upper vagina; it is the Wolffian 
ducts which regress in this sex, although con
tributing to the ureter and the trigone of the 
bladder. In both sexes the external genitalia 
develop from the urogenital sinus and tuber
cle, and are the last part of the reproductive 
tract to differentiate (see this series, Volume 
2, Chapter 4). 

Male development is, therefore, an active 
embryological process which is complete by 
13 weeks of the human pregnancy. In con
trast, female development may be described 
as the I default option', a passive process 
which proceeds even in a castrated fetus 
irrespective of the genetic sex Oost, 1953). 

The importance of hormonal change in 
governing development and function of the 
reproductive system cannot be overstated, 
and is the subject of the rest of this section. 

(b) Hormonal effects 

Testosterone 

The onset of testosterone secretion by the 
fetal testis appears to be governed by placen
tally produced gonadotrophin (Huhtaniemi 
et al., 1977). It is this locally produced testos
terone which is responsible for the male 
development of the testis. The fetus is pro
vided with a rich source of steroid precursors 
such as progesterone and pregnenolone from 
the placenta, and does not, therefore, need 
the capacity to take acetate or cholesterol 
through the biosynthetic chain to testoster
one. However, there are species differences 
in substrate preference, in that both newborn 
mouse and fetal human testes can utilize 
either progesterone or pregnenolone equally 
in vitro, while fetal rabbit testis preferentially 
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utilizes pregnenolone in the synthesis of 
testosterone (Siiteri and Wilson, 1974). 
Probably very little maternal testosterone 
crosses the placenta (Rigaudiere and 
Despres, 1986). 

The development of a synthetic capacity 
for testosterone either precedes (rabbit and 
rat, Black and Christensen, 1969; sheep, 
Attal, 1969) or appears to be simultaneous 
with (guinea pig, Black and Christensen, 
1969; human, Siiteri and Wilson, 1974) the 
time of testicular cytodifferentiation and en
largement of the interstitial cells. These inter
stitial cells contain substantial quantities of 
tubular smooth endoplasmic reticulum and 
are the primary source of testicular andro
gens (Black and Christensen, 1969; Veyssiere 
et al., 1977). 

The concentration of testosterone in the 
testis reaches a peak during the differen
tiation of the internal genital tract, and falls 
thereafter (rabbits, 0.63 gestation, Catt et al., 
1975; Veyssiere et al., 1976; man, 0.36 ges
tation, Siiteri and Wilson, 1974; pig, 0.31 ges
tation, A.A. MacDonald, 1979). The decrease 
in testosterone formation coincides in man 
with a regression in both the size and number 
of the interstitial cells during the second half 
of gestation (Siiteri and Wilson, 1974) and is 
associated with an accumulation of 170.
hydroxypregnenolone, implying a change in 
enzyme activity. Circulating testosterone 
concentrations are also high during internal 
genital differentiation in fetal pigs, cattle and 
humans, falling thereafter (Veyssiere et al., 
1976). However, although circulating testos
terone concentrations rise sharply after birth 
in some species (e.g. rabbit, Veyssiere et al., 
1976; pig, Ponzilius et al., 1986), in others 
plasma testosterone continues to fall for some 
time post-natally, with only a delayed and 
transient rise (e.g. human, Tanner, 1978; rat, 
Huhtaniemi et al., 1982). 

The fetal ovary appears to have little ca
pacity to synthesize testosterone, but such as 
there is peaks at much the same time as the 
testicular synthetic capacity. In the rabbit, 

fetal ovarian testosterone concentrations are 
only 2% of testicular values at the peak 
(0.65 gestation, Veyssiere et al., 1976). Plasma 
testosterone concentrations in newborn fe
male rabbits, pigs and rhesus monkeys are 
also lower than in males at birth (Veyssiere 
et al., 1976; Huhtaniemi, 1977; A.A. 
MacDonald, 1979), and in this they differ 
from such species as cattle, sheep and man, 
in which there are no sex-linked differences 
in plasma testosterone at birth. 

While locally-synthesized testosterone is 
the active inducer of testicular and Wolffian 
duct differentiation, the embryonic anlagen 
of the external genitalia and the prostate 
primarily synthesize dihydrotestosterone 
(2-0H-testosterone). In man, the 2-0H
testosterone production per milligram of 
tissue in the urogenital sinus is already high 
by 0.2-0.25 of gestation, considerably before 
differentiation of this region. The Mullerian 
and Wolffian ducts show no in vitro capacity 
to synthesize 2-0H-testosterone before the 
end of the first trimester, while none is evi
dent in the epididymis until about halfway 
through gestation (Siiteri and Wilson, 1974). 

Testosterone plays another important role 
in the development of the reproductive sys
tem. The testis must remain as a non-cyclical 
organ, while the ovary becomes cyclically 
active. Determination of cyclicity is made 
through the action of testosterone on the 
hypothalamus, and once exposure to testos
terone has occurred the change is irreversible 
and Jmaleness' is dominant. This Jsensitive 
period' appears to be at the start of the 
second trimester in man (C.W. Harris and 
Levine, 1965), but in species born in a less 
mature state may not occur until after birth. 
This is so, for example, in the rat, in which 
the Jsensitive period' is around 5 days post
natally (C.W. Harris and Levine, 1965). Such 
differences may account for the sexual dimor
phism of gonadotrophin release seen in the 
fetus of some species but not others. 

Testosterone must be converted either to 
oestradiol or to 2-0H-testosterone in the 



hypothalamus before it can exert its effect on 
the brain. Binding sites for both hormones 
are present in the guinea pig brain halfway 
through gestation, and, like man, this is a 
species in which hypothalamic dimorphism 
is of prenatal onset (Pasqualini et al., 1977; 
Rigaudiere and Despres, 1986). Such sites are 
not present in the rat brain until after birth 
(Pasqualini et al., 1977) when hypothalamic 
oestradiol concentrations are high in male 
pups (Rhoda et al., 1987). Once sexual differ
entiation of the hypothalamus has occurred, 
growth rates are enhanced in the male fetus. 

Oestrogens 

The gonadal capacity to synthesize oestro
gens lags behind that for testosterone. Rat 
fetal testicular cells have a very low capacity 
for aromatization, and undetectable oestro
gen production (Tsai-Morris et al., 1986). In 
the sheep, no gonadal oestrogens are detect
able before halfway through gestation (Attal, 
1969). However, measurable plasma concen
trations of sulphated oestrogens are found in 
fetal guinea pigs (Pasqualini et al., 1977), 
mostly unbound. This may be peculiar to the 
guinea pig which has either very low or ab
sent concentrations of a-fetoprotein (AFP), 
which in other species binds the oestrogens. 
Fetal guinea pigs also have high-affinity oes
tradiol binding sites in both uterus and testis, 
from at least halfway through gestation, ris
ing towards term (Sumida and Pasqualini, 
1979), although those in the testis are only 
present at one-seventh the concentration of 
those in the uterus (Pasqualini et al., 1976). 
Conversely, fetal rat gonads have very low 
concentrations of oestradiol receptors (Tsai
Morris et al., 1986). 

Gonadotrophins 

Although it is placental, rather than pituitary, 
gonadotrophin which initially stimulates 
testosterone production by the future testis, 
the fetus in later gestation does acquire a 
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functional hypothalamo-pituitary axis quite 
independent of the mother's. The degree to 
which this influences the fetal gonad 
depends largely on the general maturity of 
the fetus at birth. 

Luteinizing hormone (LH) and follicle
stimulating hormone (FSH) are present in the 
anterior pituitary gland of pigs, cattle and 
man from about one third of gestation 
(Kiser et al., 1975; J.A. Clements et al., 1976; 
Ponzilius et al., 1986). The peak pituitary 
concentrations occur before birth in both 
sexes, and appear not to differ with gender. 
The concentrations fall towards term. 
Gonadotrophin-releasing hormone (GnRH) 
may be present earlier in the hypothalamus 
(e.g. at 0.16 gestation in man) but in vivo 
appears not to interact with the pituitary until 
considerably later (see below). 

Basal plasma concentrations of LH are 
measurable soon after the hormone can be 
detected in the pituitary gland. Release is 
probably pulsatile, as in the adult, but the 
number and amplitude of such pulses is low 
before birth (Ponzilius et al., 1986), falling to a 
nadir at term. Basal concentrations have been 
variously reported as higher in the female 
than the male fetus (rhesus monkeys, Resko 
and Ellingwood, 1985; humans, J.A. 
Clements et al., 1976); lower (cattle, Kiser et 
al., 1975) or the same (pigs, A.A. MacDonald, 
1979; Ponzilius et al., 1986). The lack of sexual 
differences in plasma LH in fetal pigs has 
been attributed to an apparent lack of nega
tive feedback by the moderate testosterone 
concentrations of the fetal male piglet (Ponzi
lius et al., 1986). 

By contrast, the basal FSH concentration is 
substantially higher in human female than 
male fetus during the second trimester 
(Gennser et al., 1976), but even so the concen
tration in males exceeds that in the maternal 
circulation. FSH in the female fetus rises dur
ing the second trimester, falling thereafter to 
very low concentrations at term (Clements et 
al., 1976); this fall is not seen in the male 
fetus. 
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Both LH and FSH plasma concentrations 
rise dramatically after birth in humans and 
pigs, LH concentrations being greater in the 
human male fetus (Clements et al., 1976; 
Ponzilius et al., 1986) but the concentrations 
then fall and remain low until beginning their 
prepubertal changes. 

The concentration of gonadotrophin recep
tors appears to be determined by endo
genous hormone concentrations in the fetus, 
unlike the adult. Where concentrations are 
low, as in the rat, treatment with exogenous 
hormone up-regulates the receptors, and 
allows biological responsiveness to the hor
mone to emerge (Huhtaniemi et al., 1982; Tsai 
Morris et al., 1986). The association constants 
of the LH-hCG receptors of fetal rabbit testis 
halfway through gestation are identical to 
those of adults, suggesting that biological 
activity of the gonadotrophins will depend 
more on receptor number (Catt et al., 1975). 
Binding of labelled hCG by fetal rabbit and 
rhesus monkey testis rises until late mid
gestation, but is stable thereafter, while 
ovarian binding sites are present in much 
lower concentrations (Catt et al., 1975; 
Huhtaniemi et al., 1977). In a series of pre
cisely timed observations, Catt et al. (1975) 
were unable to show a temporal dissociation 
between the appearance of the LH-hCG re
ceptor at 0.60 of gestation and the ability of 
the fetal rabbit testis to synthesize 
testosterone. 

The mutually inter-regulatory role of the 
gonadotrophins and gonadal steroid pro
duction is well documented in utero. The cru
dest demonstration of this is that, following 
castration of male fetuses, LH and FSH con
centrations rise substantially (Resko and 
Ellingwood, 1985; Ponzilius et al., 1986), a rise 
which is blocked by the administration of 
testosterone or 2-0H-testosterone. This rise 
in gonadotrophin concentration is much 
smaller in some species than others, presum
ably relating to immaturity of the pituitary
gonadal axis. In the pig, plasma LH concen
trations only rise after birth following ante-

natal castration; in this respect, as in many 
others, the pig differs from other species of 
similar size and gestation length. Conversely, 
decapitation of the near-term fetal rat is 
associated with retardation of testicular 
growth and the volume and number of the 
Leydig cells (Eguchi and Morikawa, 1968). 
This is a species which does not have a 
placental gonadotrophin, so that pituitary
gonadal interaction must occur in utero for 
normal development. 

The administration of LH or hCG in late 
pregnancy stimulates testicular testosterone 
production in all species studied. This, of 
course, differs from the effects of similar 
administration to adults, in which there is a 
short-lived increase in testosterone secretion, 
followed by receptor down-regulation and 
blockade of synthesis. The transition to an 
adult-type response is well documented in 
the neonatal rat (Huhtaniemi et al., 1982) and 
is paralleled by the disappearance of AFP, 
which binds oestrogen, from the circulation, 
and the rapid development of oestradiol re
ceptors in the testis, both allowing the onset 
of negative feedback by oestrogens on testos
terone synthesis. 

Hypothalamic effects on the gonads are the 
last to manifest themselves in the hormonal 
chain of development of the reproductive 
system. In vivo, fetal calves at 0.40 of ges
tation respond to GnRH by increasing plasma 
LH, female calves showing a substantially 
greater response. Serum testosterone also 
rises following GnRH administration in male, 
but not female, fetal calves (Kiser et al., 1975). 
However, GnRH was without effect on 
human fetal FSH or LHlhCG during the 
second trimester (Gennser et al., 1976), 
although fetal pituitaries in vitro released 
gonadotrophins in response to GnRH at this 
age. Experiments with fetal lambs, rabbits 
and monkeys in vivo near term showed 
stimulation of LH and testosterone secretion, 
although high doses of GnRH were needed 
in the lambs and monkeys (Foster et al., 1972; 
Huhtaniemi et al., 1977; Veyssiere et al., 



1977). This may be due to the low pituitary 
concentrations of gonadotrophins at this 
time. The response tended to fall towards 
term. The fall in basal testicular testosterone 
production towards term (see above) is, thus, 
likely to be related to the declining concen
trations of gonadotrophins, rather than to 
immaturity of the hypothalamo-pituitary
gonadal axis per se. 

Thus, by the time of birth the anatomical 
and hormonal differentiation necessary for 
reproductive function is to a considerable ex
tent complete. The fascinating thing is that 
the system is then largely held in abeyance, 
until such time as maturation of the other 
body systems will allow the female to sup
port a pregnancy. How this state of quiesc
ence is maintained remains something of an 
enigma. 

8.3.6 THE LIVER 

(a) Structure 

The liver develops as a large diverticulum of 
the foregut, from which endodermal cells 
detach themselves and surround the devel
oping network of vitelline veins. The hepatic 
venous circulation is formed by the anasto
mosis and remodelling of the anterior vitel
line and the umbilical veins, while the portal 
vein is derived from the caudal ends of 
the vitelline veins. The hepatocytes are 
surrounded by a network of developing bile 
canaliculi which appear to bud off from the 
hepatic plates. The bile ducts and ductules 
run in parallel with the branches of the devel
oping portal venous and hepatic arterial 
systems (Kaufman, 1992). 

In the fetal lamb, the umbilical vein enters 
the liver and gives rise directly to portal 
branches to the left lobe of the liver. The 
ductus venosus then arises from the umbili
cal vein, which continues to join the portal 
vein, the portal branches to the right lobe of 
the liver arising from near this junction. The 
communication between umbilical and portal 
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veins is sometimes referred to as the portal 
sinus, but no true anatomical sinus exists 
(Rudolph and Rudolph, 1992). Hence, part of 
the flow from the placenta by-passes the liver 
via the ductus venosus which joins the infer
ior vena cava (IVC) in a joint connection with 
the left hepatic vein. The right hepatic vein 
joins the IVC through an adjacent, but separ
ate, orifice. In both the sheep and the primate 
fetus, the proportion of umbilical venous 
return crossing the ductus venosus, and 
avoiding the hepatic microcirculation, aver
ages slightly more than half (Edelstone and 
Rudolph, 1979). Within the IVC, this well
oxygenated blood from the placenta, which 
returns via the ductus venosus, does not 
completely mix with either the poorly oxyge
nated blood returning from the lower body or 
the hepatic venous blood. The stream of 
highly oxygenated blood preferentially 
crosses the foramen ovale and contributes to 
the cerebral arterial supply (Rudolph, 1983), 
this preferential streaming being most pro
nounced in the fetal primate. 

In the horse, however, the caudal end of 
the ductus venosus is obliterated in early ges
tation (e.g. R.J. Barnes et aI., 1979). Thus, in 
this species the umbilical venous blood actu
ally perfuses liver tissue before draining into 
the inferior vena cava via the hepatic veins. It 
used to be thought that a ductus venosus was 
also absent in the fetal pig, but later work 
(R.J. Barnes et aI., 1979) has confirmed the 
presence of a functional hepatic by-pass in 
late gestation, even though its anatomical ori
gin may differ from that in other mammals. 

About three-quarters of total hepatic blood 
flow in utero, in the sheep and primate, is 
derived from the well-oxygenated blood 
(saturation 80%) returning from the placenta 
(Rudolph and Rudolph, 1992). The remain
der is supplied by poorly oxygenated portal 
venous blood, there being minimal supply 
from the hepatic artery in utero. The left and 
right sides of the liver receive different blood 
supplies in fetal life. The left lobe of the liver 
is perfused with relatively well-oxygenated 
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blood from branches arising directly from the 
umbilical vein. The blood perfusing the right 
side of the liver is poorly oxygenated (Dawes, 
1968), with an oxygen saturation little higher 
than that of the portal venous blood (27%) in 
the newborn lamb. The higher proportion of 
haemopoietic foci in this area (Emery, 1956) 
presumably reflects this, erythropoiesis being 
stimulated by hypoxia (section 8.3.2, 'Blood 
and oxygen transport'). 

(b) Function 

Bile production 

Experimental study of fetal bile production is 
technically difficult because the bile canalicu
lus is relatively inaccessible and therefore less 
is known about the ontogeny of this process 
than many other aspects of fetal liver func
tion. In the fetus, nutrition is via the 
placenta, not by the gastrointestinal tract, so 
that the mechanisms for the release of bile, 
including cholecystokinin release, are not 
invoked, and the need for detergent and 
micellar-forming properties of bile in the 
intestine is absent. Perhaps not surprisingly 
then, there is a lower rate of spontaneous bile 
flow in the fetal sheep near term than in the 
adult sheep (Hardy, 1980). Bile can also be 
secreted from the gall bladder from around 
halfway through gestation in man, and there 
appears to be some enterohepatic circulation 
(see Grand et al., 1976). The fetal intestine is 
bacteriologically sterile, and it must therefore 
be assumed that free deoxycholic acid, which 
is formed by bacterial 7 -ex dehydration of 
cholic acid, does not occur in utero (Gustafs
son et al., 1985). However, the primary bile 
acids are found in meconium, which suggests 
that some hydroxylation of cholic acid can 
occur. Human fetal liver in vitro can also hyd
roxylate taurodeoxycholate at least during 
the second trimester, which adult liver only 
does minimally (Gustafsson et al., 1985). This 
presumably provides an alternative pathway 

preventing the build-up of the toxic conju
gated deoxycholic acid. 

Bilirubin metabolism 

The fetal liver plays a major role as a haemo
poietic organ; indeed, in early fetal life hae
mopoietic cells outnumber hepatocytes and 
contribute to the proportionally greater size 
of fetal than adult liver. This aspect of fetal 
liver function is discussed in section 8.3.2, 
'Blood and oxygen transport'. Bilirubin is one 
of the major endpoints of red cell breakdown. 
In the adult, free bilirubin is rapidly bound by 
plasma albumin. Almost all of the bilirubin 
which is absorbed into the hepatic cells is 
then rapidly conjugated, mostly to glucu
ronic acid but a little to the sulphate and 
other substances, before being excreted into 
the bile canaliculi. However, in the fetus, 
although red cell destruction proceeds and 
bilirubin is produced, plasma albumin is rela
tively low (e.g. Baum et al., 1971; Spitzer and 
Edelmann, 1971; Cartlidge and Rutter, 1986) 
and the ability to conjugate is diminished due 
to the absence or very low concentrations of 
hepatic glucuronyl transferase. In the rat, for 
example, there is almost no conjugation be
fore 0.82 gestation and the free bilirubin con
centration is two to three times higher than in 
the adult, partly due to slower placental 
transport in this species than in the guinea 
pig or primates (Muraca et al., 1986). The 
ability to monoconjugate precedes deconju
gation, and by term only 6% of the bilirubin 
in fetal rat plasma is conjugated. However, 
there is a rapid rise in conjugating ability after 
birth, and within 24 h approximately 40% of 
plasma bilirubin is conjugated in this species 
(Muraca et al., 1986). The process takes longer 
in other species, such as man and horse 
(e.g. Gartner, 1981; J.W. Harvey et al., 1984). 
Hence, there is a period of neonatal hyperbi
lirubinaemia (neonatal jaundice) due to the 
breakdown of fetal red cells with increased 
production of bilirubin, enhanced bilirubin 
reabsorption from the intestine via the enter-



ohepatic circulation and a slowly improving 
ability to conjugate bilirubin. It should, how
ever, be remembered that placental transfer 
of bilirubin, the main excretory route before 
birth, depends on the bilirubin remaining 
unconjugated, as a relatively lipid-soluble 
polar substance. 'Inadequate' conjugation 
may thus be an adaptive, rather than an 
immature, mechanism. Bilirubin glucuro
nides have been identified in the amniotic 
fluid of pregnancies complicated by fetal hae
molysis due to blood group incompatibility 
(Rosenthal, 1992). This suggests that the fetal 
capacity to conjugate bilirubin may be stimu
lated by raised circulating bilirubin levels, a 
condition which does not normally obtain 
until after birth because of the efficiency of 
the placenta. The lower conjugating ability of 
the fetal liver means that the ability of the 
fetus and newborn to metabolize and excrete 
drugs is impaired by comparison with the 
adult. 

Plasma protein production 

The liver makes other contributions to the 
composition of the blood (Dancis et al., 1957). 
Fetal hepatocytes synthesize a-fetoprotein. 
This occurs from 0.15 gestation in man, and 
plasma levels reach a peak halfway through 
gestation, by which time all hepatocytes are 
synthesizing the protein. Concentrations 
then fall as the cells are switched progress
ively to the production of albumin (Lindblad, 
1976; Stone, 1981). Even so, plasma albumin 
concentrations tend to be low at birth, espe
cially after premature delivery (Spitzer and 
Edelmann, 1971; Baum and Harris, 1972; 
Cartlidge and Rutter, 1986). The function of 
a-fetoprotein is unknown, but it may serve as 
a primitive form of albumin or have an immu
noregulatory function (Ruoslahti and Hirai, 
1976). Very elevated concentrations at term 
are seen in infants born with a teratoma. 
a-fetoprotein also acts as one of the 'tumour 
markers' if plasma concentrations increase in 
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later life, being particularly associated with 
hepatomas and seminomas. 

The fetal liver also synthesizes various co
agulation factors, particularly prothrombin 
and factors VII, IX and X. This synthesis is 
particularly susceptible to vitamin K de
ficiency, which is therefore associated with 
haemorrhagic disease of the newborn 
(McNinch and Tripp, 1991). These clotting 
factors are present in lower concentrations in 
late fetal and early neonatal life than in adult
hood in all species studied (Dancis et al., 
1957). 

Glycogen storage 

At the moment of birth, the fetus is removed 
from its continuous and regulated supply of 
glucose from the mother, and must rapidly 
switch to utilizing the high-fat relatively low
carbohydrate diet of mother's milk. There is 
usually an interim period before the newborn 
begins to suckle, and during this phase the 
hepatic glycogen stores play a vital role in 
maintaining normoglycaemia. These are built 
up during gestation in all species studied 
(Figure 8.19) at rates which are partly depen
dent on length of gestation, species with 
longer gestations starting to lay down stores 
relatively early, and in a more leisurely 
fashion, than those with shorter gestations 
(Shelley, 1961; Randall and L'Ecuyer, 1976). 

By term, hepatic glycogen concentrations 
are twice those in the adult (approximately 
12 mg per g wet weight compared with 6 mg 
per g wet weight; Lafeber, 1981). Glycogen 
synthesis in utero is under hormonal control, 
with the hypothalamus playing an integra
tive role (see Girard, 1986). As well as insulin, 
the insulin-like factor and cortisol, epidermal 
growth factor (EGF) appears to be involved in 
glycogen deposition in the fetal liver (Free
mark, 1986). The concentration of EGF bind
ing sites rises rapidly from 0.85 gestation to 
term in fetal mouse liver, in parallel with the 
ability to stimulate the incorporation of 
labelled glucose into glycogen and the rise in 
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Figure 8.19 There is a marked rise in hepatic glycogen concentration towards term in all species. The 
transition to an extrauterine environment and activation of the digestive system is accompanied by an 
abrupt fall in these stores, which can then take several weeks to reach adult values. (Redrawn from 
Shelley, 1961, and Randall and Ecuyer, 1976). GA, gestational age; PN, post-natal. 

hepatic glycogen deposition. A stimulatory 
effect of EGF on the size of fetal lamb liver 
has also been reported (Thorburn et al., 1981), 
but this appears to be a generalized phenom
enon, rather than specifically related to glyco
gen deposition. 

It is worth remembering that, although the 
fetal liver markedly accumulates glycogen as 
term approaches, other tissues are also stor
ing this energy substrate. Thus, in species 
which have very little fat at birth, such as 
piglets, the skeletal muscle accumulates sub
stantial glycogen stores before birth, some 
90% of its energy reserves being in this form 
(Randall and L'Ecuyer, 1976). Conversely, 
term fetal rabbits have low glycogen concen
trations in their skeletal muscle (see Dawes, 
1968). Instead they have considerable brown 
and white adipose tissue, providing fuel 
sources for heat production and gluconeoge
nesis which can be switched on after birth. 
For example, beta-oxidation of fatty acids by 
rabbit hepatocytes is eightfold greater in 24-
h-old newborn rabbits than in fetal rabbits 
(Duee et al., 1985). Hepatic fatty acid oxi
dation also increases in the rat during the 
suckling period, compared with fetal life, and 

falls to adult levels during the weaning 
period (E. Bailey and Lockwood, 1973; 
Zimmermann et al., 1986). Such differences 
may also relate, in part, to the fact that the 
piglet is active immediately after birth, and 
needs a direct energy supply for running 
about, while the newborn rabbit lives in a 
nest and has minimal requirements for skel
etal muscular activity. 

Gluconeogenesis 

The process of birth and the interruption of a 
continuous food supply very rapidly deplete 
the hepatic glycogen stores (Figure 8.19; 
Shelley, 1961). The enzymes necessary for 
gluconeogenesis are present in the fetal liver 
of most species except the rat, development 
again occurring relatively SOOner in those 
species with longer gestation periods. 
However, providing that the mother is 
receiving an adequate nutrient intake, intra
uterine gluconeogenesis does not seem to 
occur in species as diverse as the rat, the 
sheep and man. Should the mother rat, rab
bit, guinea pig or sheep be fasted, hepatic 
enzyme induction can occur in utero, espe-



cially that of phosphoenolpyruvate carboxyk
inase (PEPCK), essential in the early steps of 
gluconeogenesis which can then be initiated. 
Birth itself is an important stimulus to cyto
solic PEPCK induction. Glycerol is another 
substrate which can be utilized for fetal 
gluconeogenesis (M. Gilbert, 1977) and the 
enzymes concerned in its metabolism, pri
marily glycerol kinase and glycerol-3-
phosphate (G3P) dehydrogenase, are present 
in fetal liver (Vernon and Walker, 1970; 
Sadava et al., 1987). Hepatic mitochondrial 
G3P dehydrogenase rises sharply after birth, 
which may suggest the activation of a 
glycerol phosphate shuttle. The whole topic 
of perinatal gluconeogenesis has been 
reviewed by Girard (1986). 

Amino acid breakdown 

The degradation of amino acids occurs 
mainly in the liver, and has been studied in 
the fetus largely in terms of induction of the 
various enzyme systems. It is, however, im
portant to remember that the fetus's primary 
need is to synthesize protein, rather than to 
break it down. The fetal lamb can oxidize 
amino acids (F. C. Battaglia and Meschia, 
1988) and can therefore use them as an 
alternative energy source, as can the guinea 
pig (Lafeber, 1981). The rat, however, 
appears unable to do this (Snell and Walker, 
1973). Many liver enzymes are present but 
with low activity, possibly explained by the 
low blood flow and high insulin concen
trations pertaining in utero. The free amino 
acid concentration, with the exception of 
valine and cystine, is high in fetal liver, fol
lowing placental transfer, and this might 
enhance the enzyme activities needed for nu
cleic acid synthesis. However, it has been 
suggested that various hepatic enzymes such 
as tyrosine aminotransferase are inhibited in 
utero (Raiha, 1971) and that the increase in 
Pa02 or hepatic blood flow post-natally 
allows full activity of the enzyme. 
Tryptophan oxygenase also increases mark-
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edly immediately after birth (Lindblad, 1976). 
A summary of amino acid metabolism during 
fetal life is available to the interested reader 
(Lindblad, 1976). 

Fatty acids 

Fatty acids are mostly used in early gestation 
for membrane formation (Naughton, 1981), 
and as triglycerides for fat storage in later 
gestation. The guinea pig, relatively mature 
at birth, has a peaking of the enzymes con
cerned with fatty acid synthesis and of such 
synthesis at two-thirds of the way through 
gestation, coinciding with the development 
of the smooth endoplasmic reticulum and 
with a peak of the enzymes involved in 
NADPH production (Lafeber, 1981). The ex
ception is acetyl CoA carboxylase, which is 
barely detectable in the guinea pig liver at 
term (C.T. Jones and Ashton, 1976). In 
species less mature at birth, such develop
ments occur in the immediate perinatal 
period. 

Urea synthesis 

Hepatic cyclic urea synthesis is a complex 
process involving both mitochondrial and 
cytoplasmic enzymes. The need for urea syn
thesis in utero is small since protein synthesis 
exceeds degradation at this age. It is possible 
that the primary role of the urea cycle antena
tally is to synthesize arginine, since relatively 
little crosses the placenta. Arginine synthe
tase is, however, still relatively low at birth 
(Raiha and Suihkonen, 1968a). Increasing 
synthetic capacity for urea can be demon
strated in vitro from mid-gestation in man, 
and in the last third of gestation in the guinea 
pig and rhesus monkey, in parallel with the 
development of ornithine transcarbamylase 
(Raiha and Suihkonen, 1968a; Lafeber, 1981; 
Holzgreve et al., 1985). In species of short 
gestation, such as the rat, the capacity for 
cyclic urea synthesis in utero is very low, but 
rises rapidly in the first 24 h post-natally to 
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Table 8.14 Some markers of the anatomical development of the stomach in 
various mammalian species in relation to the proportion of gestation at which 
they are identified. Data from: Hill, 1956; Hayward, 1967; Helander, 1969; Arey, 
1974; de Lemos, 1977; MacDonald et al., 1982. 

Species Gastric pits 

Man 0.15 
Sheep (abomasum) 0.46 
Pig 0.63 
Rabbit 0.77 
Rat 0.86 

some 25% of adult capacity (Kadowaki et al., 
1983). This rise in capacity parallels the devel
opment of argininosuccinate synthetase 
activity, which seems to be rate-limiting in 
this species (Raiha and Suihkonen, 1968b). 

8.3.7 THE GASTROINTESTINAL TRACT 

The gastrointestinal (GI) tract is one of the 
organ systems which contributes little to fetal 
well-being before birth, but which becomes 
immediately vital in the post-natal period. 
Maturity of the GI tract varies widely at birth. 
Thus, in the guinea pig the anatomical struc
ture and hormone and enzyme systems of 
stomach and small intestine are effectively 
mature at birth. In the lamb, on the other 
hand, the anatomical and histological devel
opment of the forestomach (rumen, reticu
lum and omasum) lags markedly behind that 
of the abomasum until birth, with rapid 
catch-up growth thereafter (Nickel et al., 
1973); the abomasum is, however, sufficient
ly developed to allow the efficient digestion 
of colostrum and milk. Species born after a 
very short gestation, such as rats, have func
tionally very immature GI tracts at birth, and 
the direct intestinal transfer of macromol
ecules continues for some 3 weeks post
natally (see below). The phased development 
of gastric enzyme systems in man has clinical 
relevance in relation to the selection of appro-

Mucous Chief cells Intestinal villi 
neck cells 

0.15 0.30 0.15 
? 0.58 0.27 
? ? ? 

0.97 0.77 ? 
0.86 1.27 ? 

priate feeding for the very prematurely 
delivered human infant, since survival from 
before the end of the second trimester is now 
possible in specialized units. This topic is not 
considered further in this chapter on normal 
fetal physiology, but is mentioned as an 
example of the numerous ways in which 
basic and applied research are directly related 
in this area. 

(a) Structure 

Although the stage of gestation at which gas
tric development is initiated varies between 
species its early stages are similar in all 
species, with developmental maturity pro
gressing from the proximal to the distal end 
of the tract. Once the dilatation in the primi
tive foregut which will form the stomach has 
arrived at its definitive position, the colum
nar cells of the gastric mucosa are pushed 
progressively into folds with mesodermal 
'cores', forming primitive villi. Gastric pits 
form at the base of these folds, the precursors 
of the gastric glands. The rate of develop
ment of these glands is proportionally slower 
in species with shorter gestation lengths 
(Table 8.14). 

There are also species differences in the 
rate at which different regions of the stomach 
develop; glandular development is faster in 
the fundus than the antrum in man (0.15 



compared with 0.25 gestation), while the con
verse is true in the rabbit (1.0 compared with 
0.61 gestation) (Deren, 1971). 

The histological demonstration of gastric 
enzymes in the fetal stomach is made difficult 
by the apparently different characteristics of 
some of these enzymes before birth. For 
example, although granulation is present in 
human fetal chief cells in the late first trimes
ter, its staining characteristics differ from 
adult pepsinogen (Deren, 1971). The same is 
true for human fetal D cells (gastrin
containing cells; de Lemos, 1977). It is poss
ible that such differences may partly account 
for the wide spread of gestational age across 
which chief cell and parietal cell secretion is 
stated to occur (Table 8.14). It seems likely 
that the neutral gastric pH until close to or 
even after term (see below), may explain the 
differing characteristics of the enzymes. 

The intestinal epithelium is initially strati
fied, with columnar epithelium developing 
by the end of the first third of gestation in 
man (Kelley, 1973) and the sheep (Trahair 
and Robinson, 1986). Microvilli develop 
roughly in synchrony with columnar epi
thelium, together with mitochondria and 
Golgi bodies. Dense bodies and vesicles 
('meconium corpuscles') which may be primi
tive lysosomes appear in the villous epithelial 
cells at much the same time (Andersen et aI., 
1964). The rates of cell turnover and mi
gration in the small intestine appear slower in 
utero than in adulthood in some species (rat, 
human, sheep) but not in others (pig, guinea 
pig) (see Grand et al., 1976; Trahair and 
Robinson, 1986). The colon develops in paral
lel with the small intestine. 

(b) Function before birth 

The function of the gastrointestinal tract falls 
into three broad phases: intrauterine, during 
which minimal, if any, nutritive function is 
served; neonatal, during which a single, en
tirely specific food must be ingested and 
digested; and infant and adult, when wean-
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ing and maturation of function to deal with 
adult foodstuffs occur. Thus, the fetal gastro
intestinal tract has, as it were, a breathing 
space after birth before the full complexities 
of adult feeding are thrust upon it. 

Swallowing 

The fetus shows episodic swallowing move
ments surprisingly early in gestation. The hu
man fetus in the early second trimester can 
apparently swallow some 2-7 ml/day, a vol
ume which increases with gestation age (Prit
chard, 1965; Abramovich, 1970) to some 
450 mVday at term with substantial indi
vidual variation. The fetal lamb, studied 
directly with implanted flow probes, swal
lows a very similar daily volume by term 
(Mistretta and Bradley, 1975), although esti
mates made by a less accurate tracer dilution 
technique suggest considerably greater daily 
swallowed volumes (Tomoda et al., 1985). It 
is fascinating to conjecture whether the fetus 
can taste what it swallows. Morphologically 
mature taste buds are present in man at about 
one-third and in the lamb from about two
thirds of gestation (Bradley and Mistretta, 
1973), while in species of substantially 
shorter gestation, such as the rat, mature 
taste buds do not appear until after birth (1.52 
gestation, Farbman, 1965). The application of 
various taste stimuli to the tongue of fetal 
lambs in the last third of gestation is accomp
anied by consistent responses in fibres of the 
chorda tympani, which does suggest that the 
fetus may be able to sense (although not 
necessarily perceive the 'taste' of) its sur
rounding liquor. 

Protein digestion 

Work by Gitlin et al. (1972) suggested that the 
human fetus could digest proteins present in 
amniotic fluid, and it was therefore sugges
ted that the fetus might derive some of its 
nutritional requirements from swallowed 
liquor. Infants with oesophageal atresia 
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Figure 8.20 The pH of the gastric contents falls markedly in late gestation in the fetal lamb and rat, but 
does not reach adult values until after birth. (Data from Shulkes et al., 1985, and Garzon et al., 1981.) 

tend to be smaller than normal infants. Oeso
phageal ligation in fetal rabbits resulted in 
reductions in both birth weight and crown
rump length (Mulvihill et al., 1985), but when 
fluid was continuously infused into the fetal 
stomach after ligation no such effect was 
seen. These authors suggested that swal
lowed liquor might account for 10-14% of the 
fetuses' daily calorie intake, a figure similar to 
that suggested for the human fetus by Grand 
et al. (1976) and for the rhesus monkey fetus 
(Pitkin and Reynolds, 1975). In passing, it is 
perhaps interesting to note that the con
sumption of carbohydrates and amino acids 
across the intestinal circulation of the fetal 
sheep is such that it appears that nutrients 
derived from the amniotic fluid may in fact be 
being used by the intestine for its own meta
bolism and growth, rather than making any 
general contribution to the fetal nutrient pool 
(Charlton et al., 1979a). It has also been 
suggested that early exposure of the gut to 
various proteins might be a requirement for 
gastric enzyme induction (e.g. Pitkin and 
Reynolds, 1975) and, furthermore, that the 

amniotic fluid contains unspecified gastro
intestinal trophic factors, but this remains to 
be confirmed. 

The fetus acquires its amino acids by pla
cental transfer, and the need for protein de
naturation in utero is thus minimal. Gastric 
acidification, which denatures proteins and 
stimulates pepsin activity for their digestion, 
is a feature only of late gestation. The func
tional ability for acid secretion is, however, 
present before it is physiologically expressed 
and appears to parallel parietal cell develop
ment (Wright, 1963). Figure 8.20 shows the 
temporal changes in the pH of the gastric 
contents of the fetal lamb and rat towards 
term, and it will be seen that, even at term, 
the gastric pH is substantially higher than 
that in the adult (Garzon et al., 1981; Shulkes 
et al., 1985). 

This is a universal finding, and may partly 
be due to the buffering effect of ingested 
amniotic fluid. 

Animal experiments suggest strongly that 
the control mechanisms for gastric acid se
cretion differ in fetus and adult. 



Immunoreactive gastrin is present in the fetal 
stomach from at least halfway through ges
tation in man (see Grand et ai., 1976) and two
thirds through gestation in rabbits (Deren, 
1971), but in addition to the basally low gas
tric acid secretion the acid secretory response 
to pentagastrin is both slow and small before 
birth (e.g. Garzon et al., 1982; Shulkes et ai., 
1985). This, in conjunction with the high 
plasma gastrin concentrations in utero 
(Shulkes et al., 1982) and at birth (Euler et al., 
1977), suggests receptor immaturity, either in 
avidity or number, or the presence of a com
petitive inhibitor. 

Gastrin administration to mature animals 
stimulates DNA and RNA synthesis and pro
motes the growth of the pancreas. The hyper
gastrinaemia of late gestation, with no 
negative feedback control via low gastric pH, 
may thus be exerting a trophic effect on the 
fetal digestive tract. 

In the adult, the stimulatory effects of gas
trin, histamine and acetylcholine on gastric 
secretion appear to be closely related, and it 
has been suggested that histamine may pro
vide a final common pathway. This is not so 
in fetal rats or lambs, in which the responses 
to pentagastrin, carbachol and histamine, 
which begin to appear in late gestation, are 
entirely independent of each other (Garzon et 
al., 1982; Shulkes et ai., 1985), as also seems to 
be the case in the newly born piglet (Forte et 
ai., 1975). Both histamine and vasocative in
testinal peptide stimulate cAMP in gastric 
glands from human fetal stomach in the early 
second trimester (Gespach et ai., 1981), but 
pentagastrin administration was without 
effect in a proportion of infants born in the 
early third trimester (P.E. Hyman et ai., 
1985). 

Prostaglandin E2 (PGE2) exerts a cytopro
tective effect on the mucosal cells in the 
adult, by its effect on sodium transport and 
mucus production. Little is known of its role 
in this respect before birth, but gastric PGE2 
concentrations were unmeasurable in infants 
delivered before the third trimester (Marino 

Fetal physiology 823 

et ai., 1983). An adult-type correlation be
tween gastric pH and PGE2 concentration 
was not reached until 37 weeks' gestation. 

Pepsin secretion may antedate (lamb), co
incide with (rat) or follow (rabbit, pig) the 
onset of gastric acid secretion (Deren, 1971). 
Where its secretion develops post-natally, in
testinal antibody transfer (see below) will be 
possible until such secretion develops. The 
optimum pH for pepsin activity is 1.8-3.5, so 
the high pH of the gastric contents in utero 
and in the immediate perinatal period will 
inhibit its activity. Pepsin secretion occurs 
relatively late in man (approximately 0.86 
gestation), which could theoretically impair 
digestion in the premature newborn. 
However, the very process of birth, and 
gastric distension through feeding, have sub
stantial effects on gastrointestinal functional 
development (see below). 

Intrinsic factor appears to be synthesized 
by the parietal cells from the time of their 
differentiation (see Grand et ai., 1976). Its 
function in utero has not been studied and its 
secretion only increases slowly after birth 
(Deren, 1971). 

Peristalsis in the human small intestine is 
demonstrable in the late first trimester, at 
which time beta-adrenergic receptors are 
already present (see Grand et al., 1976). 
Alpha-adrenergic receptors are only demon
strable somewhat later, and appear to be ana
tomically differently sited. The prominent 
microvillus border, with marked ATPase 
activity, suggests the possibility of some ab
sorption during fetal life, from at least a 
quarter of gestation (Lev et ai., 1972). The 
development of the brush border enzymes 
such as disaccharidases, peptidases and alka
line phosphatase is rapid from this time 
(Menard and Arsenault, 1985), with potential 
functional differentiation of different seg
ments of the small intestine from 0.28 ges
tation. Thus, at 0.28 gestation glucose 
transport is similar in jejunum and ileum, but 
by 0.40 gestation such transport is greater in 
the jejunum (Koldovsky, 1970). 
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Macromolecules such as ferritin and horse
radish peroxidase can be taken up from small 
intestine by the end of the first trimester in 
the human (Moxey and Trier, 1979) and in 
the rhesus monkey (Lev and Orlic, 1973). 
These villous absorptive cells resemble those 
of the adult in primates by approximately 
halfway through gestation, whereas a similar 
appearance is not found until weaning in the 
rat (Moxey and Trier, 1979). 

Carbohydrate digestion 

The intestinal digestion and absorption of 
carbohydrates before birth has been most 
widely studied in the chronically cannulated 
fetal lamb. Ruminant gastrointestinal physi
ology is obviously markedly different from 
that of other animals, so that even more cau
tion than usual is required for between
species extrapolation. The response to duo
denal instillation of glucose increased from 
late gestation to term, in terms of absolute 
blood glucose concentration reached, change 
from basal blood glucose concentration and 
the time to peak response and return to basal 
levels (Charlton et al., 1979b). Lactose admin
istration had similar age-related effects, while 
maltose and sucrose were without effect on 
blood glucose level at any gestational age. 
The smaller, slower effects in younger fetus 
probably relate to lesser absorption across the 
gut, either because of the smaller surface area 
or because of lesser activity of a glucose car
rier. Maltase and sucrase are evidently absent 
in fetal lambs, by contrast with the human 
fetus, in which both are abundant in the third 
trimester (Lebenthal and Lee, 1980). Fructose 
absorption is by facilitated diffusion, rather 
than active transport, and is slow from the 
fetal lamb gut, regardless of gestational age 
(Charlton et al., 1979b). In these experiments 
there was a good overall correlation between 
the change in blood glucose and that in lac
tate, the lactate presumably accumulating in 
the absence of other pathways for pyruvate 
metabolism. 

Similar experiments performed acutely in 
the rhesus monkey in late gestation also 
showed a blunted response by comparison 
with adults, with, under these circum
stances, no change in plasma insulin, growth 
hormone or glucagon (Chez et al., 1974). 
Interestingly, infant monkeys delivered 
prematurely over the same gestation range, 
studied 4-5 h after birth, showed a much 
enhanced response in blood glucose concen
tration, and some increase in plasma insulin 
concentration. 

Fat digestion 

Fatty acids are transported across the pla
centa, and are then used as 'building blocks' 
for more complex lipid structures by the 
fetus. The functional demands for fetal intes
tinallipid absorption must be small, but there 
is evidence for some intrauterine entero
hepatic circulation for biliary lipids. Lipid can 
be absorbed from human fetal small intestine 
by 0.25 gestation, while biliary lipid secretion 
is present at least by halfway through ges
tation (see Grand et al., 1976). However, the 
bile salt concentration is too low in utero to 
allow the solubilization of lipids, so although 
pancreatic lipase activity is present from 
approximately 0.4 gestation in rat, lamb and 
human fetus (Koldovsky, 1970), it may be 
functionally unimportant. Lingual and gas
tric lipase activity is discussed briefly below 
in relation to digestion in the newborn. 

In the human embryo, by 4 weeks after 
conception two pancreatic buds have 
appeared as outgrowths of the lower end of 
the foregut. By 7 weeks, these buds have 
rotated and fused to give the appearance of 
the definitive gland and the pancreatic duct 
has formed. Although the human pancreas is 
anatomically and histologically mature well 
before birth, enzyme secretion is still imma
ture. Differentiation of acinar cells takes place 
from 10 to 14 weeks and endocrine cells 
appear from 8 to 12 weeks. Pancreatic se
cretion does not begin until around the fifth 
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Figure 8.21 Transverse sections through the skin of human fetus of 28--30 weeks' gestation (left-hand 
panel) and one at term (right-hand panel). Note the development of the stratum corneum, with 
desquamation of the outermost epidermal layers by term, and the development of the dermal papillae. 

month, and enzyme activity is detectable in 
human fetal pancreatic tissue from about this 
time. Trypsin, chymotrypsin and carboxy
peptidase appear first in the human fetus, to 
be followed by enterokinase and pancreatic 
lipase (McClean and Weaver, 1993). How
ever, even by term the levels of the last two 
are still less than 20% of the levels achieved in 
childhood. Enterokinase is necessary for the 
conversion of trypsinogen to trypsin, which 
in turn activates chymotrypsin and carboxy
peptidase. Pancreatic amylase is not detect
able in significant amounts until after birth, 
but human milk contains some amylase, 
which may aid digestion of starch at the time 
of weaning (Dewitt et al., 1990). 

The ontogenesis of gastrointestinal and 
pancreatic enzyme systems forms a sub
stantial subject in itself, and is not further 
considered here. The interested reader is 
referred to the reviews by Grand et al. (1976) 
and Saraux and Girard-Globa (1982). 
Pancreatic endocrine function is considered 
in the review by Van Assche and Hoet (1984) 
and in section 8.2.2 in relation to glucose 
metabolism. 

8.3.8 THE SKIN 

The most important functions of the skin in 
extrauterine life are to act as a barrier to pre
vent the loss of water and electrolytes; to 
form a protective layer against the entry of 
such hazards as bacteria; and to provide a 

degree of insulation against extremes of en
vironmental temperatures. The barrier 
properties of the skin lie in the stratum cor
neum, with its flattened, anuclear cells and 
high keratin content, bound together by a 
lipid layer with a specialized 'waterproofing' 
ceramide, polyoxyacyl ceramide (Nugteren et 
al., 1985). However, the stratum corneum de
velops relatively late in gestation, so that the 
barrier properties of fetal skin are poorly 
developed by comparison with those of 
adults. 

(a) Structure 

The early development of the skin is very 
similar in all species. There is an initial single
layered ectoderm (primordial epidermis) and 
a single-layered mesoderm (primordial der
mis). By 0.2-0.38 gestation (man, mouse) the 
germinative ectoderm has produced a single
layered periderm which covers the entire 
surface (Sengel, 1976; Holbrook and Odland, 
1980). The germinative layer will also ulti
mately give rise to the strata spinosum, gra
nulosum and corneum (Figure 8.21). 

By the end of the first trimester in man the 
periderm is beginning to thicken in the plan
tar and palmar regions, and keratinocytes are 
distinguishable beneath it. These are also of 
ectodermal origin. Keratin proteins are found 
in fetal rabbit epidermis at 0.39 gestation, 
considerably before morphological differen
tiation of the epidermis has occurred, but are 
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Figure 8.22 A transverse section through the skin of a term human fetus to show the epidermal 
appendages. 

not present until much later (0.77) in the rat 
(Green and Couchman, 1984). There is a form 
of fetal keratin, of rather lower molecular 
weight, which disappears in late gestation in 
the rabbit (Banks-Schlegel, 1982). Interest
ingly, this is the keratin synthesized by the 
adult human conjunctiva. The development 
of a stratum corneum is dependent on syn
thesis of higher molecular weight, adult-type 
keratins (Banks-Schlegel, 1982). Full keratin
ization is first achieved in the nails (0.40 ges
tation, human) but epidermal keratinization 
is not complete until 0.7 gestation (Weston, 
1985). As the stratum corneum forms, so the 
outer periderm is sloughed off, but this can 
occur at any stage from mid-gestation 
(man) to post-natally (mouse, Holbrook and 
Odland, 1980). 

The dermis forms from mesenchyme, and 

is initially poorly differentiated. It is how
ever, absolutely necessary for the normal 
development of the epidermis. It is identifi
able from about a quarter of the way through 
gestation in the human and pig fetus, but not 
until halfway through in mice (Sengel, 1976). 
Differentiation into the two adult layers is 
fairly slow, and the subdermal fat layer de
velops still later . 

A variety of epidermal appendages (Figure 
8.22) are formed during fetal life, including 
the structures of the hair follicle, the seba
ceous glands, the apocrine and eccrine sweat 
glands and the nails. 

Hair follicles begin as downgrowths from 
the basal layer at the end of the first trimester 
in man and monkeys (Bressler and Munger, 
1983) but much later in rats (0.73, Green and 
Couchman, 1984). However, while in man 



subsequent development to actual hair for
mation takes several weeks, the same pro
gression occurs in 4 days in fetal rats (Green 
and Couchman, 1984). It has been suggested 
that epidermal growth factor (EGF) is impli
cated in the development of hair follicles, 
since numerous receptors for EGF can be 
demonstrated over the outer root sheath and 
the epithelial cell layers at the follicle base 
(Green and Couchman, 1984). Actual hair 
formation begins on the scalp and proceeds 
cephalocaudally, and the hair follicles them
selves are directed backwards. Animals 
which have whiskers (vibrissae) start to de
velop these in parallel with normal hair 
follicles. Small nerve plexuses, probably of 
Schwann cells, are found by halfway through 
gestation at the base of vibrissae follicles in 
mice (Bressler and Munger, 1983), and it 
seems probable that vibrissae only develop 
from such early innervated follicles. Animals 
with hairy skin use hairs as mechanosensitive 
receptors, and here again innervation de
velops relatively early (about 0.40 gestation in 
the rhesus monkey, Bressler and Munger, 
1983) with circularly arranged afferent nerve 
terminals apparent soon after differentiation 
of the hair follicle. 

The initial hair formed by the human fetus 
is the fine, silky lanugo hair, which resembles 
the vellus hair of post-natal life. Lanugo hair 
may be very prominent on the forehead and 
sides of the face, as well as the scalp, but by 
about halfway through gestation the follicles 
on the forehead start to involute and vellus 
hair formation begins, initially at the eye
brows and scalp (Holbrook and Odland, 
1980). Wool-bearing animals do not develop 
lanugo hair (Thorburn et al., 1981) and the 
primary wool fibres only become evident in 
late (> 0.8) gestation. 

Sebaceous glands form from the epidermal 
downgrowths which result in the hair fol
licles and are first evident in human fetus at 
the end of the first trimester. They are active 
in utero, with high concentrations of hydroxy
steroid dehydrogenases present by 0.4 ges-
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tation (Weston, 1985). They are particularly 
responsive to the high levels of androgenic 
steroids which are encountered in the fetal 
circulation and secrete lipid-filled cells in in
creasing numbers into the amniotic fluid as 
gestation progresses. This secretion is pre
sumably an important component of the pro
tective vernix caseosa (see below). 

The eccrine sweat glands also form from 
downgrowths of the basal layer . The terminal 
coils of the sweat gland gradually increase in 
complexity, but the duct can be patent con
siderably before the adult-type structure is 
reached. 

In man, the Pacinian (deep pressure recep
tor) corpuscles are fully formed at term, but 
Meissner's touch receptors are not (Maiback 
and Boisits, 1982). Interestingly, the function 
of the Merkel cells, which are simple touch 
receptors in the adult, may be different in 
utero. It has been suggested (Moll et al., 1986) 
that they subserve a neuroendocrine func
tion, secreting a tissue hormone(s) which 
promotes or induces the local formation and 
growth of such special structures as the hair 
follicles, eccrine sweat glands and/or nerves. 
They appear in the epidermis at the end of 
the first third of gestation and migrate into 
the dermis. However, by late gestation their 
distribution is again confined to the epider
mis, suggesting that their dermal function is 
complete. 

The hormonal factor(s) which regulate dif
ferentiation of the skin and its glands and 
appendages are not well defined. Certainly, 
EGF receptors are demonstrable in the last 
third of gestation in the areas of fetal rat skin 
in which rapid epidermal growth is occurring 
(Green and Couchman, 1984) and the num
ber of receptors falls in parallel with the rate 
of mitosis. The administration of large doses 
of EGF to fetal lambs in the last quarter of 
gestation also evokes a marked hypertrophy 
of epidermal glandular structures, and 
increased skin wrinkling, but the changes in 
the primary wool fibres are degenerative in 
nature (Thorburn et al., 1981). Furthermore, 
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the urinary excretion of EGF is low in neo
nates, whether lambs (Thorburn et al., 1981) 
or humans (Evans and Rutter, 1986a). 

(b) Permeability 

The composition of amniotic fluid in early 
pregnancy closely resembles a dialysate of 
fetal and/or maternal serum (see above). It 
can be shown that the permeability of fetal 
skin to tritiated water before keratinization 
has occurred is very similar to that of chorion 
laeve or amnion (Parmley and Seeds, 1970). It 
thus seems likely that in early gestation both 
water and solutes can pass freely across the 
fetal skin. However, as gestation progresses, 
and the fetal kidneys begin to excrete urea 
into the liquor, the need to avoid osmotic 
dehydration becomes pressing. As soon as 
keratinization is initiated, the skin's per
meability to water begins to drop dramati
cally, and with the attainment of full 
keratinization water diffusion detectable in 
vitro effectively ceases (Parmley and Seeds, 
1970). 

There has been considerable interest in 
transepidermal water loss after birth, since in 
the human newborn epidermal development 
is not complete until 0.85 gestation, and an 
increasing number of babies younger than 
this now survive and need nursing. Even at 
term, skin water losses are considerably 
higher than those of adults for the first few 
hours after birth (Rutter and Hull, 1979b). 
This is largely due to immaturity of the stra
tum corneum, but may also be influenced by 
the low serum albumin concentration normal 
at birth (Hammarlund et al., 1984). Anyone 
who compares an infant delivered at less 
than 28 weeks (0.7) with a term neonatal 
mouse will see the similarities in skin colour 
and texture, with a thin, moist pink skin, 
with prominently visible blood vessels. The 
degree of keratinization is also similar, and in 
a dry environment skin water loss may be up 
to 10 times higher than that in adults (Harpin 

and Rutter, 1983). However, the neonatal 
mouse survives because of the high humidity 
in the nest, and humidification of the incu
bators used for nursing the very premature 
infant is a recent development, in which clini
cal practice has learnt from nature. 

In both mouse and man, exposure to the 
extrauterine environment results in a very 
rapid development of the stratum corneum, 
with corresponding falls in water loss 
through the skin (Harpin and Rutter, 1983). 
This 'speeding-up' occurs even when deliv
ery has been very premature indeed. 
Another consequence is that the evaporative 
heat loss, due to high skin water loss, is 
reduced. A further consequence of the high 
skin permeability before the stratum cor
neum has developed might be turned to use 
for the very premature human newborn. 
Experiments conducted 23 years ago showed 
that if previable human and mouse fetuses 
were immersed in fluid-filled incubators at 
35°C with liquid oxygen tensions of 
250 p.s.i., they could survive for at least 23 h 
(cited in Gleiss and Stuttgen, 1970). From this 
observation arose the concept of enhanced 
percutaneous respiration in the newborn, a 
concept recently supported by studies of hu
man infants born between 25 and 41 weeks' 
gestation. In very premature infants in which 
the stratum corneum was poorly developed, 
oxygen and carbon dioxide were transferred 
up to 11 times faster than in term infants 
(Evans and Rutter, 1986b). It can be calcu
lated that the very premature human new
born could obtain up to 20% of its total 
oxygen requirements transepidermally (Cart
lidge and Rutter, 1987). The skin of such 
infants is also much more permeable to drugs 
and agents such as phenylephrine (Harpin 
and Rutter, 1983). This might provide an ex
tra route of administration such as is being 
tested in adults for the continuous admin
istration of drugs to combat angina. 
Experiments with fetal lambs suggest that 
drugs may also be absorbed from the amni
otic fluid across the fetal skin (Mears and Van 
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Petten, 1977), but it has not been determined 8.4 RESPONSE TO BIRTH 
whether this might be of clinical benefit. 

(c) Temperature regulation 

The adult's skin is an important regulator of 
body temperature, both through variations in 
the blood flow to the cutaneous vasculature 
and by heat loss through eccrine sweating. 
The importance of sweating in this respect 
varies substantially between species, in that 
adult mice, rats, guinea pigs, rabbits and 
dogs hardly sweat at all, whereas men, cattle 
and horses sweat strongly (Precht et al., 
1973). Even at term, however, the human 
newborn is comparatively resistant to sweat
ing, with a considerably higher threshold 
than adults. Infants of less than 32 weeks' 
gestation are apparently unable to sweat at all 
(see Maiback and Boisits, 1982). Term infants 
can respond by sweating to both acetyl chol
ine and adrenaline given intradermally, but 
this ability develops late in gestation, and is 
not found at 0.9 gestation or less. As with 
transepidermal water loss, exposure to the 
extrauterine environment accelerates the 
development of eccrine sweating, but at a 
considerably slower rate. 

Eccrine sweating, induced by increased 
ambient temperature, is under hypothalamic 
control. The so-called 'emotional' sweating, 
induced by stressful events, involves a higher 
centre in the premotor cortex, and its devel
opment appears to be much more tightly tied 
to post-conceptional age. The only species in 
which its development has been studied in 
any depth is man. It is only apparent in the 
human newborn after 36-37 weeks' ges
tation, regardless of whether the baby was 
delivered before this time or not (Harpin and 
Rutter, 1982), and by 40-41 weeks the 
response induced by a painful stimulus is 
similar to that in adults. 

8.4.1 THE ONSET OF BREATHING 

The immediate requirement of the indepen
dent newborn is to establish an alternative 
supply of oxygen. The first step is to open the 
lungs and form a functional residual capacity. 

When the fetus emerges from the birth 
canal it has already experienced many power
ful physiological stimuli, in part a conse
quence of the labour on the mother, but in 
part due to the effect of uterine contractions 
on the placenta and fetus itself. A noxious 
stimulus which might stimulate a gasp in 
utero would have little permanent conse
quence for only a relatively small volume of 
fluid would be drawn into the lung. Once the 
head is surrounded by gas then a stimulus 
that provokes a gasp usually leads to a 
sequence of events which is irreversible. The 
pulmonary adaptation to extrauterine life is 
completed rapidly in healthy, vaginally 
delivered infants but is somewhat slower if 
the infant is born by Caesarean section 
(Palme-Kilander et al., 1993). 

Under normal circumstances the newborn 
gasps within seconds of birth. Precisely what 
causes this response is uncertain, but it may 
well be the consequence of a crescendo of 
novel stimuli, including cold air, particularly 
on the face, the movement of limbs and jOints 
into positions they have never been in before 
and the contact with new and different sur
faces. Many mammals lick the faces of their 
young and in so doing remove fetal mem
branes, clear away debris and provoke respir
atory responses. The whale, which delivers 
under water, immediately turns after the 
birth to follow the newborn as it dashes to the 
surface to take the first breath. Whales have 
been observed to toss their young repeatedly 
out of the water, which may well assist in the 
initial aeration of the lungs. In man, infants 
slow to take that first gasp have, over the 
centuries, been subjected to a range of stimuli 
aimed at provoking a first deep respiration, 
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from anal dilation to a splash of champagne 
on the face. Dangling them by their heels and 
slapping them on the back must be a particu
larly painful experience and is unnecessary; 
nothing seems to stimulate a gasp more effec
tively than blowing cold oxygen around the 
nose and mouth, and this has the advantage 
that when the gasp does occur an oxygen
rich mixture is drawn into the lungs. 

There are a variety of reasons why new
born infants might fail to gasp at birth, from 
intrauterine asphyxia to congenital abnor
malities, but the management of such matters 
is outside the subject of this chapter (Rober
ton, 1986). So too are the mechanisms which 
invoke gasping in asphyxiated newborns; it is 
probable that only in such situations does 
hypoxia or hypercapnia act as a stimulant. It 
is not necessary to postulate that the 'normal' 
infant is asphyxiated by the birth process and 
that asphyxia is a requirement for stimulating 
the initial gasp. Fetuses experimentally 
asphyxiated in utero do make gasping efforts, 
and babies born after intrauterine asphyxia 
often have vernix and meconium in their 
lungs, indicating that they must take deep 
respiratory efforts prior to birth. However, 
anyone who has attempted to study the 
exteriorized fetus close to term knows well 
that even minimal handling or a hint of cool 
air on the face provokes a gasp. Given 
modern anaesthetic techniques, infants born 
by elective Caesarean section are not hypoxic 
at delivery, the cord is pulsating freely and 
yet the majority gasp immediately with hand
ling and clamping of the cord. 

(a) The consequence of the first gasp 

With the first gasp, air is drawn into the lung 
and the liquid-gas interface disappears down 
the respiratory tree. Such would be the sur
face forces that, despite the strength of the 
respiratory effort, that interface would not 
travel very far down the finer divisions of the 
airway if it were not for a natural detergent, 
'surfactant'. This is a phospholipid secreted 

by the type II pneumocytes lining the air 
sacs, and it is the properties of this chemical 
that permit the air to be held in the terminal 
air sacs and alveoli to form the reservoir, 
the residual volume, which is essential 
for gaseous exchange (J.A. Clements, 1977). 
Natural or synthetic exogenous surfactant, 
used to improve lung function in immature 
infants who lack endogenous surfactant 
(OSIRIS Collaborative Group, 1992), prob
ably helps by increasing functional residual 
capacity rather than increasing lung com
pliance (A. Milner, 1993). 

With the first inspiratory effort, air usually 
enters the lungs and with expiration some is 
retained. But this is not inevitably so (A.D. 
Milner and Vyas, 1982). The formation of the 
functional residual capacity does not always 
follow the first inspiration. Examples of 
pressure-volume loops during the initial res
piratory efforts of three infants are shown in 
Figure 8.23. 

In Figure 8.23a, as the intrathoracic press
ure falls, air is drawn in to a volume of 60 ml. 
With expiration air leaves the lungs until 
20 ml is left as a first contribution, as it were, 
to the formation of the residual volume. With 
the second inspirating effort 80 ml is drawn 
in, and at the end 40 ml remains in the lung. 
The residual volume forms in steps. This is 
probably the usual pattern. In human infants 
the functional residual capacity (40 mlIkg) 
forms to about 80% of its final volume in the 
first few minutes. 

However, there are wide variations in 
pattern and timing; this can be easily 
appreciated by watching the respiratory 
movements of newborns at birth. For 
example, some with their first efforts draw 
very little air in. This, along with studies on 
isolated lungs, led to the concept of an 'open
ing pressure'. By this is meant that a certain 
negative pressure had to be generated before 
any air entered the lung, and then air 'rushes 
in'. The opening pressure phenomenon is the 
rule when collapsed isolated lungs are in
flated via the trachea. It may occur under 
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Figure 8.23 Stylized pressure-volume curves of the first three respiratory efforts. The first shows a rapid 
stepwise formation of a residual volume. The second illustrates an opening pressure. The third show 
and infant expelling gas which had entered due to recoil of the chest cage after birth. 

normal circumstances, but whilst in the 
former it probably relates to surface charac
teristics in the latter 'the opening pressure' is 
more likely to be due to upper airway 
obstruction. 

(b) The formation and maintenance of the 
functional residual capacity 

A third sequence of events is shown in Figure 
8.23c. Here the first gasp draws in air but it all 
leaves again; indeed more leaves than was 
inhaled! This clearly demands an expla
nation. Whilst surfactant permits gas to be 
held in the alveolar sacs with the gas-liquid 
interface lining the type I and II pneumo
cytes, it will not, of itself, retain gas in the 
lungs. That demands other forces, namely 
the shape of the chest wall and the tone of the 
diaphragm. For more to leave than is inhaled 
implies that air has entered without obvious 
inspiratory effort. 

In section 8.3.3(c) the formation and circu
lation of lung liquid was reviewed. The vol
ume of lung liquid in sheep is 40 mIlkg, 
which is close to the functional residual 
capacity after birth. It would seem that the 
thorax and diaphragm in its resting state in 
utero hold a volume of fluid equivalent to the 
volume of gas the lungs hold after birth. 
There is some evidence in sheep that this 
lung liquid begins to clear from the lungs in 

preparation for birth. However, at birth in 
man, and presumably other mammals born 
head first, the thorax is squeezed in the birth 
canal. Not infrequently, liquid can be seen 
pouring out of the nose and mouth. When 
the thorax emerges from the birth canal it 
may well resume its initial shape and thus air 
is drawn passively into the lung. Various 
attempts have been made to estimate this 
volume; in man, it can be as much as 40 ml, 
but it is very variable. 

Other mechanisms which have been postu
lated have been 'frog breathing' by gulping 
air, and priapism of the pulmonary vascula
ture, thus splinting the lungs open to hold 
gas. At the present there is little evidence to 
support either idea. It seems far more likely 
that the formation of the functional residual 
volume depends primarily on the tone and 
position of the diaphragm, and this may well 
change prior to the first gasp. Similar se
quences can be seen in the limb muscles as 
they pick up tone and begin to move after 
birth. 

Once the first gasp has been made, then 
the functional residual capacity will be held 
in part by air trapping, but also by the tone 
and position of the diaphragm and chest 
wall. Once a functional residual capacity has 
formed, and only when it has formed, will 
tidal respirations, breathing, commence. 

After birth, with the opening of the pul-
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monary circulation (section 8.4.2), lung liquid 
is drawn from the lungs probably in the main 
via the capillaries and veins, and at a slower 
pace via the pulmonary lymphatics. This too 
results in a passive formation of a residual 
volume, but on a different time scale, and 
may well be responsible for the slow increase 
in functional residual capacity after the first 
few minutes and over the first few hours (for 
review, see Strang, 1977). 

8.4.2 CIRCULATORY CHANGES AT BIRTH 

Whilst the most dramatic action seen at birth 
is the newborn's efforts to expand its lungs, 
the event which has the most profound and 
widespread consequences is the sudden 
irreversible occlusion of the umbilical cord. 

The cord may be occluded in the last stages 
of labour, it may snap at the birth, or it may 
pulsate for a while until some action, stretch
ing or chewing (or, in man, clamping) causes 
the vessels to go into spasm. A whole variety 
of steps are taken by parents, usually 
mothers, to get rid of the 'afterbirth'. For 
herbivores it appears to be the only time they 
eat flesh - a meal rich in iron and long-chain 
polyunsaturated fatty acids amongst other 
things. 

In human infants, many papers have been 
written on the desirability of early or late 
clamping of the cord (Oh et al., 1966), and the 
position of the baby in relation to the pla
cental bed, and the benefits or harm that may 
accrue from milking or massaging the cord. 
In animals who deliver whilst standing, the 
placental bed is higher than the fetus and the 
fetus may receive an additional flow of blood 
via the umbilical vein as it falls free of the 
birth canal before the vessels go into spasm. 
When a mother, lying on her back, is de
livered by a Caesarean section, the infant is 
lifted out of the womb and blood can then 
flow from baby to placental bed. That obvi
ously must be avoided. However, the advan
tages and disadvantages of early or late 
clamping appear to balance out, except per-

haps in the preterm infant (Kinmond et al., 
1993). The newborn with extra blood has 
more problem with neonatal jaundice (Saigal 
et al., 1972) but is less at risk of subsequent 
anaemia. 

Occlusion of the cord leads to certain pre
dictable events. The venous return via the 
umbilical vein ceases, thus the ductus veno
sus collapses, and from then on the portal 
vein is the sole supplier of the portal venous 
system. With the drop in flow through the 
inferior vena cava, the pressure in the right 
atrium falls and the foramen ovale closes, an 
event which is reinforced when the increas
ing pulmonary venous return increases the 
pressure in the left atrium. Also, within 
seconds, the chemoreceptors are perfused by 
blood drawn from the lungs rather than oxy
genated blood from the placenta. With the 
clamping of the umbilical artery, a sudden 
increase in the peripheral resistance occurs 
and the blood pressure rises (Dawes, 1968). 

Expansion of the lung leads to a fall in 
pulmonary arterial resistance and pulmonary 
flow increases. This happens even if the lung 
is filled with nitrogen. If it is expanded with 
air, oxygen is drawn into the body. This 
mechanical effect of lung inflation on pul
monary vasculature is reinforced by the 
effects of falling carbon dioxide, rising pH 
and rising P02, all of which favour pulmon
ary vasodilation, and thus lung perfusion is 
established, maintained and controlled. 
Hormonal changes may also influence pul
monary vascular resistance (Soifer and 
Heymann, 1984; Mott, 1985; Soifer et al., 
1985a,b; Kiihl et al., 1989; Davidson and 
Eldemerdash, 1990; Hargrave et al., 1990) and 
there must also be receptors responsive to 
agents which do not occur naturally but have 
potent pulmonary vasodilator properties, 
such as magnesium sulphate and nitric oxide 
(Kinsella et al., 1992). The sudden drop in 
pulmonary vascular resistance results in a 
reversal of the flow through the ductus arter
iosus. Now oxygenated blood flows back to 
the left atrium, and is distributed by the left 



ventricle, so that oxygenated blood flows 
back through the ductus. The ductus is a 
muscular vessel and its muscular wall is sus
ceptible to P02 such that as the P02 rises the 
muscle contracts, a mechanism which in
volves prostaglandins. Drugs inhibiting the 
synthesis of prostaglandins cause the duct to 
close (Heymann et al., 1976; Rennie and 
Cooke, 1992), whereas an infusion of prosta
glandin E1 can keep the ductus open 
(Hallidie-Smith, 1984). With muscle spasm, 
the ductus closes 'physiologically' within a 
matter of minutes of birth but at this time, 
with an episode of asphyxia, it will open 
again. However, over a matter of weeks the 
closed ductus slowly, seals up anatomically 
and is replaced by a fibrous cord. 

With the fetal channels closed, the ven
tricles now contract in series with equal 
stroke volumes. The systemic blood pressure 
rises and the pulmonary blood pressure falls. 
The systemic arterial Pa02 also increases and 
the supply and uptake of oxygen to many of 
the organs of the body rises. In most mam
malian species the resting metabolic rate at 
birth is relatively low and it gradually in
creases over the first days of life. However, 
the timing and magnitude of the rise varies 
from species to species, and in some little or 
none takes place. The reasons for the increase 
presumably reflect increasing activity in 
organs such as the bowel and liver but poss
ibly, in those animals with advanced motor 
development at birth, increased muscular 
activity to maintain posture. 

8.4.3 NUTRITION 

A less urgent but equally critical consequence 
of interruption of the placental circulation is 
the withdrawal of a 24 h near-constant 
supply of glucose, amino acids and fatty 
acids. The glucose, being available and con
trolled by maternal haemostatic mechanisms, 
was the main source of cellular energy, 
amino acids were directed for structure and 
fatty acids for structure and energy storage. 
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As we have seen in section 8.3.6(b), the 
energy reserves of glycogen and fat vary 
widely with species, and hence their capacity 
to survive in the face of total starvation. 

Independent existence demands a number 
of adjustments. The most immediate is the 
maintenance of the blood glucose level. In all 
species studied, the already relatively low 
blood sugar concentration falls after birth to 
slowly rise again. The fall presumably reflects 
an uptake in excess of supply. The immediate 
source of supply is liver glycogen. Although 
this can be rapidly consumed in the face of 
asphyxial episodes, in most species under 
usual conditions it meets the body's glucose 
needs for some hours. Next, the liver acceler
ates gluconeogenesis from amino acids, 
ketones and fatty acids, and from any lactate 
produced as a consequence of asphyxia 
(Girard, 1986). Ketones themselves may be a 
significant alternative source of energy in 
some species (Warshaw, 1979; Robinson and 
Williamson, 1980). The enzymes involved in 
hepatic gluconeogenesis can be induced by 
catecholamines, glucocorticoids and pituitary 
peptides. Their activity is greatest in fetuses 
with poor growth rates before term (intra
uterine growth retardation). 

Species differences are important in the 
metabolic adaptations to the nutritional 
changes following birth. These changes have 
been most comprehensively studied in the 
rat. The rat fetus is largely dependent on a 
carbohydrate 'diet' (principally transplacental 
glucose) from the mother but, following 
birth, rat milk contains lipid as the predomi
nant energy source. The amount of lipid 
intake then falls again when the rat pup is 
weaned on to an adult rat diet. In an elegant 
series of experiments (Girard et al., 1979; 
Girard, 1986), marked hormonal and enzyme 
changes have been observed during these 
nutritional transitions from placental supply 
to suckling to weaning. These are necessary 
because the newborn rat has a greater 
requirement for glucose utilization per unit 
body weight than the adult animal, partly 
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because of the relatively larger brain size, but 
must achieve this despite a milk which is 
relatively lacking in carbohydrate. The adap
tations involve the switch on of gluconeoge
nesis from amino acid substrates, the 
utilization of alternative fuels such as fatty 
acids and ketone bodies to spare glucose, and 
the inhibition of storage of glucose as glyco
gen. These changes occur very soon after 
birth, and it has been shown that the con
comitant changes in the necessary enzymes, 
such as phosphoenolpyruvate carboxykinase 
(section 8.3.6b), are induced partly by the 
substrates in the diet. At weaning, there is a 
second switch in gene expression to promote 
the synthesis of enzymes which favour stor
age of glycogen as a protection against fasting 
(starvation being more likely in the foraging 
adult than the pup which has a ready supply 
of milk). These adaptations are most obvious 
in the rat, compared with the sheep or the 
human, which have less abrupt substrate 
transitions, but all mammals show similar, 
although perhaps less pronounced, re
sponses following birth. 

In utero, adipocytes are set to store fat and 
indeed take up free fatty acid from the 
circulation. After birth, this process is 
reversed, presumably in response to circulat
ing catecholamines and sympathetic nervous 
activity, and there is release of fatty acids into 
the circulation for use elsewhere. Again in 
utero, peripheral tissues probably have a low 
rate of fatty acid oxidation as an energy 
source; the enzymes for fatty acid oxidation 
are present, but it may take time before they 
become fully functional (Warshaw, 1972; 
Roux and Myers, 1974; Zimmermann et al., 
1986). Certainly triglyceride droplets appear 
in many cells after birth from muscle to 
mucosal lining suggesting fatty acid uptake 
in excess of cellular capacity to use them. In 
contrast, brown adipocytes - at least in 
rabbits - do not appear to have this delay 
(section 8.4.6). 

Whilst the internal adjustments are made, 
the newborn animal seeks an external source 

of nutrient. It is the peculiarity of mammals 
that their mothers supply a special complete 
food mix to meet all the nutritional require
ments of their young. The physiology of this 
remarkable phenomenon is reviewed in 
Chapter 12. 

8.4.4 THE GASTROINESTINAL TRACT 
IMMEDIATELY AFTER BIRTH 

To obtain food the young must suckle. The 
physiological events involved in establishing 
digestion and absorption and the coloniz
ation of the bowel to assist in final digestion 
and excretion are as dramatic, though more 
leisurely, as those involved in establishing 
gaseous exchange (Weaver, 1992). 

Suckling 

Although the fetus swallows amniotic fluid, 
this is less of a challenge than suckling, when 
it is vital that milk is not aspirated in to the 
air-filled lungs. Coordinated sucking and 
swallowing requires competent neurological 
reflexes, laryngeal function and a degree of 
pharyngeal muscle tone that are only 
achieved in the human infant by 35 weeks' 
gestation (Herbst, 1989). This gestational age 
coincides with a significant increase in circu
lating concentrations of intestinal regulatory 
polypeptides (gastrin, motilin, neurotensin) 
in response to milk feeds (Lucas et al., 1978). 
Therefore, unlike other systems which 
mature earlier in gestation and can function 
adequately, although not perfectly, following 
extremely preterm delivery (e.g. the kidney 
and endocrine pancreas), the gastrointestinal 
system cannot support independent nutri
tion until well into the final trimester. 

Gastric acid secretion 

Gastric acid secretion increases dramatically 
after birth in humans (Euler et al., 1979) and 
guinea pigs (Hill, 1956), giving the gastric 
contents a pH compatible with pepsin 



activity within 1-2 h. This process takes some 
36 h in the lamb, and 21 days in the rat (Hill, 
1956). Acid output per kg body weight is low 
at birth in all species, but once initiated rises 
rapidly. In the relatively mature newborn 
lamb and guinea pig it occurs whether or not 
the neonate is fed (Hill, 1956). Pentagastrin is 
without stimulatory effect on acid secretion 
in the newborn term human infant (Euler et 
al., 1979) and basal acid output does not cor
relate with plasma gastrin concentrations. 
This is also so in infants delivered before 37 
weeks' gestation (P.E. Hyman et al., 1985), 
but in both there is a progressive increase in 
response to pentagastrin with post-natal age, 
regardless of post-conceptional age. Plasma 
gastrin concentrations are high at birth in 
most species except rodents, and fall slowly, 
presumably as the negative feedback loop 
from gastric pH is established and gastrin 
receptors mature. 

Effect of feeding 

Natural milk contains a least one growth
promoting hormone, epidermal growth fac
tor (Oka et al., 1983; Read et al., 1984), which 
stimulates gastric and intestinal growth to a 
greater extent than isocaloric formula feed
ing. The presence of food in the stomach 
itself initiates surges in a variety of gastro
intestinal hormones. This has been shown in 
comparisons of enterally and parenterally fed 
premature human infants (Lucas et al., 1986). 
Plasma concentrations of enteroglucagon, 
gastric inhibitory polypeptide, motilin and 
neurotensin were all substantially increased 
by comparison with levels at delivery if 
enteral feeding had been given, but were the 
same or lower following parenteral feeding. 
Since both gastrin and enteroglucagon 
appear to be trophic hormones for gastro
intestinal tissue, the clinical importance of 
this observation is apparent. In later
maturing species, such as the rat, weaning 
has a similar effect. Antral gastrin concen
trations increase sharply at weaning in this 
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species with parallel increases in intestinal 
wet weight and development and relative nu
cleic acid content. Forced early weaning 
accelerates all these processes (Herbst and 
Sunshine, 1969), while prevention of wean
ing delays it (Lichtenberger and Johnson, 
1974). The administration of pentagastrin to 
rat pups which have been prevented from 
weaning stimulates the normal develop
mental changes (Lichtenberger and Johnson, 
1974). 

Immunoglobulin transfer 

One of the most interesting consequences of 
differing gastric acidity, both between species 
and with post-natal age, is the effect on 
immunoglobulin transfer, and hence the 
acquisition of passive immunity. The guinea 
pig, relatively most mature at birth, receives 
maternal antibodies by placental transfer, 
with no post-natal intestinal absorption in the 
face of rapid gastric acidification (Hill, 1956). 
Lambs, foals and human infants take some
what longer to achieve low gastric pH, and 
absorb antibodies from colostrum in the im
mediate post-natal period (Hill, 1956; Jeffcott, 
1975; Grand et al., 1976). Newborn piglets fail 
to acidify their gut contents to pepsin
activating levels until about 5 days post
natally, again coinciding with the period of 
colostrum absorption across the small intes
tine (A.A. Ma~Donald et al., 1982). The rat is 
the most extreme in this context, with highly 
selective uptake, transport and discharge of 
homologous IgG immunoglobulins in the 
proximal small intestine until day 22 post
natally (Deren, 1971; Rodewald, 1973; 
Murphy and Daniels, 1979). At this time 
'closure' occurs abruptly, coincident with the 
onset of gastric acidification and weaning 
(Rodewald, 1973). 

Carbohydrate digestion 

The ability to digest different carbohydrates 
develops at different times in gestation (see 
above) but is adequate at term for sugars 
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characteristic of that species' milk. Thus, in 
man both lactase and sucrase are present and 
functional at term (Lebenthal et al., 1983), 
whereas in the sheep, sucrase is not present 
at birth (Charlton et al., 1979b). There is rapid 
post-natal maturation of the response to a 
glucose load, which appears to be dependent 
on post-natal, rather than post-conceptional, 
age (see Van Assche and Hoet, 1984). 

Protein digestion 

Protein digestion in the newborn occurs 
mainly in the proximal small intestine and 
appears to be adequate, at least in dealing 
with milk proteins. The intestinal concen
tration of trypsin in the human duodenum in 
the neonatal period approaches that of the 
adult (Lebenthal et al., 1983). However, such 
widely differing species as man and the rat 
show very low duodenal concentrations of 
chymotrypsin and trypsinogen at this time 
(Saraux and Girard-Globa, 1982; Lebenthal et 
al., 1983), which increase markedly in the 
post-natal period. The peptides and amino 
acids resulting from primary protein diges
tion are readily absorbed in the neonatal 
period, cytosolic peptidases peaking early 
and declining towards weaning (see 
Lebenthal et al., 1983). Even in the neonatal 
rat, with minimal luminal protein digestion, 
the small intestine has an apparently func
tional active transport system for both neutral 
and basic amino acids, the neutral forms 
being preferentially transported (Murphy 
and Daniels, 1979). The proximal colon of the 
newborn pig, a species idiosyncratic in many 
ways, can also transport amino acids from its 
lumen to the circulation for the first few days 
Oarvis et al., 1977). Whether this extra site of 
absorption is related to their almost total 
retention of ingested nitrogen in early life 
(section 8.4.5) is not known. 

Fat digestion 

Fat digestion, conversely, is not especially 
efficient in neonates, presumably related to 

their low intraluminal concentrations of 
lipase, colipase and bile acids (Saraux and 
Girard-Globa, 1982; Lebenthal et al., 1983). 
This is faintly surprising in view of milk's 
high fat content (up to 53% in the fur seal; 
Jenness, 1974), and the presence of a potent 
lingual lipase in the fetus and newborn, 
which can catalyse gastric lipolytic activity, 
may be a specific adaptation in response to 
these deficiencies. Furthermore, grossly 
raised intestinal concentrations of colipase, 
which protects lipase from rapid degra
dation, have been found in the neonatal rat, 
which may enhance the activity of such lipase 
as is present (Saraux and Girard-Globa, 
1982). Again, the neonatal piglet is anomal
ous, with a considerable colonic capacity for 
lipid absorption during the first few post
natal days Oarvis et al., 1977), presumably 
necessitated by the low (7%) fat content of 
pig milk Oenness, 1974). 

It seems possible that the relatively poor 
lipid absorption of the neonatal period may 
adversely influence the absorption of the fat
soluble vitamins A, 0, E and K, but the neo
nate has been born with placentally derived 
stores of these vitamins, so that deficiency is 
not usually encountered. Absorption of the 
water-soluble vitamin BI2 in the newborn rat 
is highest in suckling and lowest in adult rats 
(Said et al., 1985) and involves a carrier
mediated system. Serum BI2 concentrations 
in the human are high at birth, but fall to a 
nadir by 30-40 days, only reaching adult 
values by 3-4 months (Grand et al., 1976). 
This might be related to the substantial 
requirements for the vitamin in the face of 
low concentrations of intrinsic factor. 

Ion absorption 

Ion absorption in the immediate neonatal 
period seems not to have been widely 
studied, although species differences would 
be expected in view of the differing ionic 
composition of the milks. Iron uptake across 



the duodenum has been found to be substan
tially higher in the newborn guinea pig than 
the adult, probably because all the villus 
enterocytes take up iron, rather than only 
those at the villus tips (Debnam et al., 1987). 
It is of some practical interest that the gastro
intestinal absorption of sodium in the human 
newborn is directly related to conceptional 
age, and that premature infants are thus at 
risk of sodium loss in the stools as well as in 
the urine (AI-Dahhan et al., 1983b). The in
creasing gastrointestinal sodium absorption 
is probably mediated via aldosterone, as in 
the kidney. 

Peristalsis and defecation 

The neuromuscular development of the hu
man gut occurs principally in the first trimes
ter. Circular and longitudinal muscle are 
present in both small and large bowel by 10 
weeks, and the autonomic neural plexi are 
identifiable by 13 weeks. These structures, 
necessary for peristalsis, are morphologically 
mature long before enteral feeding is 
required or coordinated sucking and swal
lowing possible (see above). The preterm 
human infant passes an average of one stool 
per day from as early as 25 weeks' gestation, 
even if not enterally fed (Weaver and Lucas, 
1993). This suggests that there is an intrinsic 
pattern of large bowel motor activity which 
can function in a coordinated propulsive 
fashion from just after mid-gestation. This 
does not usually lead to defecation in utero, 
though what prevents prenatal evacuation is 
not known, meconium-stained liquor occur
ring only rarely before term (Lucas et al., 
1979; Mathews and Warshaw, 1979). At term, 
this is often not a normal event but, rather, 
occurs as a sympathetically mediated re
sponse to fetal distress. 

The newborn infant has no voluntary con
trol over evacuation, and defecation probably 
occurs as a reflex response to rectal load. Milk 
feeds entrain the intrinsic activity of the colon 
and induce regular defecation at a frequency 
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determined by the volume of the products of 
digestion which reach the rectum; the more 
feeds, the more stools (Weaver and Lucas, 
1993). Although the amount of stool varies, 
the water content remains within a narrow 
range (around 70%) even in preterm infants, 
suggesting that the water reabsorptive func
tions of the colon are present before term. 
After the first week of life, stool volume falls 
although milk intake continues to increase, 
partly due to a further maturation of the 
water-conserving capacity of the gut. 

Although the fetus derives its nutrients 
transplacentally, nevertheless gastrointesti
nal development at birth is such that function 
can be immediately 'switched on', and in a 
way matched to the composition of the 
mother's milk. The widely differing ways in 
which individuals of differing species ulti
mately reach the common stage of weaned 
self-sufficiency is one of the many marvels of 
growth and development. 

8.4.5 KIDNEY FUNCTION AFTER BIRTH 

At the moment of birth, the fetus is abruptly 
removed from its dialysis unit, and must very 
rapidly run its own excretory function. It is 
helped in this by the fact of being in an 
anabolic state, so that requirements for urea 
excretion are low, and by the fairly low 
sodium content of milk. However, the low 
urea excretion itself influences the kidney's 
ability to concentrate the urine, and the low 
sodium content of milk can put in jeopardy 
those species such as the horse and man 
which can to some extent tolerate preterm 
delivery, since the premature foal and human 
are both at risk of moving into negative 
sodium balance (AI-Dahhan et al., 1983a; 
Broughton-Pipkin et al., 1984). The post-natal 
maturation of renal function is partly depen
dent on anatomical changes, but the import
ance of these changes varies from species to 
species. Thus in man, and in guinea pig, 
nephrogenesis is complete before term (Table 
8.12; M.S. MacDonald and Emery, 1959; 



838 Fetal physiology 

Spitzer and Edelmann, 1971), while in the pig 
and rabbit nephrogenesis continues for up to 
3 weeks post-natally (Leeson and Baxter, 
1957; Broughton-Pipkin 1973; Friis, 1980). 
However, in all species there is an initial 
glomerular preponderance, with short proxi
mal tubules and loops of Henle at birth. 

The distribution of the cardiac output 
changes dramatically after birth, particularly 
in the renal circulation. Thus in fetal lambs 
some 3-4% of the combined ventricular out
put perfuses the kidneys, but shortly after 
birth this has risen to 8-10% (Iwamoto et ai., 
1985) and similar or greater increases are seen 
in other species. This must suggest a fall in 
renal vascular resistance and such has been 
shown in the immediate perinatal period 
(e.g. Jose et al., 1971; Spitzer and Edelman, 
1971; Bailie et ai., 1980). The plasma angioten
sin II concentration falls after birth (Robillard 
and Nakamura, 1988; Robillard et ai., 1988), 
and may partly account for this fall in renal 
vascular resistance; increased production of 
vasodilator prostanoids may also be impli
cated, as may the release of atrial natriuretic 
peptide, which antagonizes angiotensin 
(P.J. Harris et al., 1987; Varille et ai., 1989; 
Stephenson and Broughton-Pipkin, 1990). 

Glomerular filtration 

The GFR rises after birth in all species studied 
at a rate too fast to be the result of purely 
anatomical change. For example, the GFR is 
nearly five times higher at the end of the first 
post-natal week in the lamb than in late 
gestation (Robillard et ai., 1980), while it 
doubles over the first week in the term hu
man infant (see Aperia and Zetterstrom, 
1982; Coulthard, 1985). The rise in the guinea 
pig is less dramatic, more maturation having 
taken place in utero (Spitzer and Edelman, 
1971; Merlet-Benichou and de Rouffignac, 
1977). The rise is still slower in piglets, which 
only increase their GFR by a third over the 
first 7 days (Friis, 1979), but there is an ana
tomical impediment in the shape of epithelial 

diaphragms over the glomerular fenestrae in 
this species. 

Most of the rise in GFR is undoubtedly due 
to the rise in mean arterial pressure and fall in 
renal vascular resistance after birth, but these 
are not the only explanations. The hydraulic 
permeability of the glomerular membrane 
itself and the surface filtration area also in
crease with post-natal age (Spitzer and 
Edelman, 1971). There are also changes in the 
forces opposing filtration, as the colloid os
motic pressure and the hydrostatic pressure 
in the early proximal tubule rise, but these 
are more than counterbalanced by the rise in 
systemic arterial pressure and fall in renal 
vascular resistance. 

Sodium 

The distal tubular sodium reabsorption in the 
term newborn is highly efficient, a necessary 
corollary to the otherwise high sodium loss 
consequent on the short proximal tubules. 
This appears to be due to the very high 
plasma aldosterone concentrations found at 
birth (e.g. Beitins et al., 1972; Giry and Delost, 
1974) and results in a fractional excretion of 
sodium of less than 1 % shortly after birth 
(e.g. Merlet-Benichou and de Rouffignac, 
1977; Robillard et al., 1977, 1980; Alt et ai., 
1984), allowing the accumulation of the 
sodium needed for growth. The darker side 
of this lies in the inability of the newborn to 
excrete a sodium load (Dean and McCance, 
1949; Goldsmith et ai., 1979), but this is un
likely to be of practical importance to species 
other than man in whom iatrogenic inter
ference or over enthusiastic formula feeding 
may overload the baby's kidneys. 

The marked rise in sodium reabsorption 
after birth is paralleled by a sixfold rise in 
renal oxygen consumption in the lamb and 
rat (Iwamoto et al., 1985). Fetal kidneys can 
store glycogen, and it appears that the 
necessary enzymes for gluconeogenesis are 
present in the kidney at birth, since higher 
renal venous than arterial plasma glucose 



concentrations can be observed post-natally 
(Iwamoto et aI., 1985). This ability presum
ably provides the kidney with an energy re
serve to allow for the rapid increase in 
function during the period after birth and 
before suckling and digestion are initiated 
when circulating plasma glucose concen
trations can fall fast (section 8.4.4). 

Potassium 

The fractional excretion of potassium rises 
sharply after birth (e.g. Robillard et al., 1980), 
and this is also presumably a function of the 
high plasma aldosterone concentrations. 
Urinary acidification is not very efficient in 
the first few post-natal days (see Guignard, 
1982), and this may partly reflect preferential 
exchange of potassium for sodium at the dis
tal tubule. The neonatal kidney reabsorbs 
nearly all the filtered phosphate (McCance, 
1972), and this will also inhibit hydrogen ion 
excretion. Furthermore, the renal threshold 
for bicarbonate is low at birth (see Guignard, 
1982) so that urinary pH is relatively high at 
this time. 

Water excretion 

In most species the urinary osmolality is low 
at birth, although the mature guinea pig fetus 
can produce a hypertonic urine, thought to 
be due to its high plasma A VP concentrations 
(Merlet-Benichou and de Rouffignac, 1977). 
It appears however, that in other species 
the effector link between A VP and cyclic 
AMP may be immature at birth (see Joppich 
et aI., 1981; Siegel, 1982). Free water clear
ance is therefore reduced and water 
intoxication occurs more easily than in the 
adult (Tarnow-Mordi et al., 1981; Vanapruks 
and Prapaitrakul, 1989). The osmotic 
threshold (the plasma osmolality above 
which A VP secretion is stimulated) is lower 
in term infants than in adults (Sujov et aI., 
1984), but there is some evidence for a sup
pression of A VP with fluid loading in term 
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human babies (Aperia et al., 1984). The high 
prostaglandin production of the medulla will 
also inhibit the action of AVP. Furthermore, 
the urea-dependent concentrating gradient is 
very small in the medulla of the newborn 
kidney because of the rapid utilization of 
nitrogen by the growing tissues (see Siegel, 
1982). The hypertonicity of the inner medulla 
is still further lowered by the decreased 
sodium reabsorption in the shortened 
ascending limb of the loops of Henle. The 
extracellular fluid volume is considerably 
greater per kg body weight in the newborn 
than the adult (Anthony et al., 1992; 
Stephenson and Rutter, 1992a), and the 
initial 'failure' of concentrating ability allows 
the excretion of this excess fluid in the 
physiological diuresis and weight loss of the 
first few days. This diuresis is most marked 
in species such as the guinea pig, which are 
relatively mature at birth, and least in those 
born at a more immature stage, such as the 
rat, although even in the latter the ability 
develops rapidly after birth (D.P. Alexander 
and Nixon, 1961). Conversely, the inability of 
the newborn to excrete a concentrated urine 
means that it can become dehydrated con
siderably more easily than the adult, so that 
conditions such as scouring (diarrhoea) and 
vomiting are of greater clinical significance at 
this age. 

Relatively little appears to be known about 
the effect of parathormone (PTH) on the neo
natal kidney (Senterre and Salle, 1988), but 
since that kidney avidly reabsorbs virtually 
all the filtered phosphate it must be assumed 
either that plasma PTH is very low at this 
time or that PTH receptors are absent or non
functional (McCance, 1972). Conversely how
ever, the kidney'S ability to convert vitamin 
D3 to the active 1,25-dihydroxycholecalciferol 
appears to be present well before term in man 
(McCance, 1972). 

The kidney of the newborn mammal differs 
markedly in function from that of the adult, 
and yet we should not be too hasty in regard
ing this 'immaturity' as being disadvanta-
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geous. Rather, it stems from the newborn's 
need for different patterns of solute reabsorp
tion to allow for rapid growth and the ex
cretion of the 'excess' extracellular fluid 
volume of the fetus (Shaffer, 1987; Simpson 
and Stephenson, 1993). It is only when for 
ethical or economic reasons we attempt to 
salvage the prematurely born human infant 
(Stephenson and Rutter, 1992b) or thor
oughbred foal that the lack of integration of 
the facets of renal function before birth can 
become life-threatening (Wilkins, 1992). 

8.4.6 COLD 

Not only does birth result in occlusion of the 
cord so that the lungs must begin gaseous 
exchange, the bowel to absorb nutrients and 
the kidney control water and ions, the devel
oping mammal also loses the protection of 
the uterus. In utero, the fetus is largely in
active and warm. With birth comes the free
dom to move about. For some newborn it is a 
necessity if they are to survive. For example, 
the newborn whale must swim to get oxygen, 
the newborn caribou born on migration must 
stay with the herd. Exercise will put much 
greater demands on the cardiorespiratory 
system than those necessary to meet resting 
requirements. The fact that the newborn sur
vive suggests that the cardiorespiratory re
serves after birth are considerable. 

A major metabolic challenge that all new
born experience is cold exposure. Except 
under experimental procedures the fetus 
does not experience cold, so in its broadest 
sense the systems for thermoregulatory con
trol are untested. An outline of the nature of 
thermoregulatory responses is given in 
Figure 8.24 (Mount, 1979). 

The environmental temperature at which 
mammals feel 'comfortable', that is given the 
choice the one they would select, is deter
mined, amongst other things, by size, ther
mal insulation (amount of fur) and resting 
metabolic rate. For these reasons the 'comfor
table' temperature will be higher in newborn 

than in adults. Newborns can withstand pro
longed hypothermia, just as they can survive 
prolonged asphyxia and trauma, much better 
than adults. Nevertheless, hypothermia is a 
common cause of death. Parents, usually 
mothers, often go to considerable lengths to 
minimize the effects of the cold environment. 
Thus, they provide nests in which a litter can 
huddle (e.g. rabbits) and they may adjust the 
time they spend huddled with their young in 
the nest according to ambient temperature 
(rats and mice in cold environments), they 
may go to great lengths to select a warm dark 
protected spot (cats) or hide their young deep 
in their fur (polar bears in ice caves) or con
tinually cuddle their young so that they be
come a part, as it were, of the maternal body, 
thus negating the disadvantage that follows 
the body weight-surface area ratio. It is the 
behavioural characteristics of the parents 
which are paramount in keeping their young 
warm to ensure their survival. 

However, the young also make behav
ioural responses within minutes of birth 
aimed at keeping themselves warm (D. Hull, 
1982). The blind, comparatively hairless new
born rabbit senses the cold and drags itself, 
given a choice, to a warm spot which it will 
select to ±1°C O. Hull and Hull, 1982). It is 
warmth that attracts the newborn and creates 
the huddle in a litter, and probably draws 
them to their mother when she visits the nest 
to feed (once or twice daily). Newborn rats 
clustered in a ball take turns to be on the 
outside or in the middle (Alberts, 1978). 
Similarly, piglets in a row continually move 
their positions so that the same piglet is not 
always at the end. 

The behavioural responses of newborn 
human infants to overheating are limited to 
reducing insulation by kicking the covers off, 
putting hands or feet outside the bedclothes 
or adopting the 'sunbathing' posture which 
exposes the greatest possible surface area to 
the air (Rutter and Hull, 1979a). The in
adequacy of these behavioural responses is 
suggested by the epidemiological associ-
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Figure 8.24 Thermoregulatory diagram. Data shown are for a naked infant at term. 

ations between both sleeping prone and the 
amount of bedclothes and an increased risk 
of sudden unexpected death in infancy. The 
face and forehead account for up to 25% of 
the surface responsible for heat loss in the 
newborn infant, and it is thought that the 
prone infant cannot lose heat effectively and 
that overheating is a crucial step in 'cot death' 
(Anonymous, 1990). 

It was once thought that newborn mam
mals were poikilothermic. Certainly some 
have very little capacity for thermogenesis for 
some days after birth (hamsters, lemmings) 
(Edson and Hull, 1981); others develop a con
siderable thermogenic capacity within the 
first 2 or 3 days (mice and rats) (Vinter and 

Hull, 1982), whilst others show a striking 
response within minutes of birth (guinea 
pigs, rabbits, pigs, lambs) (Holloway, 1984). 
In most newborn mammals the site of this 
non-shivering thermogenesis is brown adi
pose tissue (Nicholls, 1984; Cannon, 1985) 
(rabbits, guinea pigs), but in others it is a 
mixture of brown adipose tissue and shiver
ing (lamb and ox), whilst the piglet appears 
to depend on shivering alone (G. Alexander, 
1975). The human infant has a modest meta
bolic response to cold within hour of birth, 
but by 24 h cold exposure can double the 
metabolic rate (Ricquier, 1984). However, it is 
rabbits, pigs and lambs that have been shown 
to have impressive metabolic responses to 
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cold exposure. They can often treble their 
minimal rate within minutes of cold ex
posure, demonstrating in another way their 
considerable cardiorespiratory reserve (Hey, 
1969). 

Brown adipose tissue is yet another illus
tration of the wide variation between species 
(Benito, 1985). In some species it is a major 
organ and when fully active it can consume 
twice as much oxygen as the rest of the body; 
in others it is absent (D. Hull, 1966, 1970). But 
it also illustrates why the study of fetal physi
ology is of interest for its own sake, for the 
tissue in many species develops in the uterus 
where it has no function, to respond at birth 
and in the early phase of independent exist
ence only to bow from the stage before 
adulthood. 

8.5 CONCLUSION 

This chapter is too brief to be comprehensive. 
Inevitably the topics which have been 
emphasized reflect the authors' own interest 
and in that sense it lacks balance. Likewise, 
not every assertion is supported by a refer
ence to the relevant observations and investi
gations. The aim has been to provide the 
reader with an introduction to some of the 
characteristics of fetal physiology and the 
various ways they have been studied. 

Much remains to be learnt about the fetus 
in mid-gestation, about the determinants of 
organ growth and development, on how the 
fetus controls its nutrient uptake and gaseous 
exchange and about the mechanisms and 
determinants of placental function. 
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9.1 INTRODUCTION 

The discovery in 1910 (see Liggins, 1988, for 
historical review) of the dependence of con
tinuing pregnancy in rodents on the corpus 
luteum and the subsequent isolation of pro
gesterone seemed to provide a sound basis 
for the mechanism initiating parturition. The 
'progesterone withdrawal' hypothesis gained 
widespread acceptance regardless of whether 
the maintenance of pregnancy was corpus 
luteum dependent or placenta dependent. 
Because the luteotrophic complex of hor
mones in rodents is of maternal origin, little 
reason existed to depart from the traditional 
view that the mechanism resided in the 
mother rather than the conceptus. However, 
the 1950s saw increasing awareness of the 
evidence that fetal genotype in farm animals 
and certain fetal malformations in both man 
and farm animals influence the duration of 
pregnancy. With the unequivocal demon
stration in 1967 that hypophysectomy in fetal 
sheep abolishes the initiation of parturition, 
the pendulum swung decisively away from 
maternal control towards fetal control and 
the fetal endocrine system became the focus 
of attention of most investigators. 

Their convenient size, docility and toler
ance of complex surgical procedures in the 
fetus ensured the sheep was the favoured 
experimental animal, but hopes that the 
mechanism elucidated in sheep could be ex
trapolated across all species were soon dis
pelled. Broad fundamental differences in 
the comparative physiology of parturition 
emerged. At one end of the spectrum lies the 
sheep, in which the fetal endocrine system 
dominates all other influences; at the other 
end lie the primates, in which the fetus itself 
appears to have only a very minor role. The 
latter should not be misunderstood as indi
cating a major maternal role but rather that 
tissues of the conceptus other than fetus (the 
placenta and membranes) are important. 

Two discoveries in particular have been 
helpful in determining where in the spectrum 

a particular species is likely to be. First, pros
taglandins, particularly prostaglandin F2<x, 

were found not only to activate contractility 
of the pregnant uterus but also to induce 
luteolysis. Second, activity of the placental 
17a-hydroxylase enzyme, which catalyses 
the conversion of progesterone or pregneno
lone to oestrogen, was shown to be inducible 
by fetal cortisol, thus providing a link be
tween the fetal hypothalamic-pituitary
adrenal system and the relative production 
rates of oestrogen and progesterone in those 
species in which the placental enzyme is 
present. 

Species lying at the 'non-fetal' end of the 
spectrum have been the most resistant to suc
cess~l investi.gation, mainly because the sys
tem IS paracnne rather than endocrine; the 
study of the chemical messengers by which 
the fetal trophoblast of the placenta and 
me~branes communicates directly with the 
contIguous uterine epithelium (decidua) 
presents obvious difficulties. 

Given a previously unstudied species, 
~es~g~ng experiments that will place the 
mdIvIdual appropriately in the general 
classification has become relatively straight
forw~rd, requiring an answer to only two 
questIons: 

1. Does luteectomy or PGF2<x -induced luteo
lysis lead to parturition? 

2. Does the placenta contain an active 17a-
hydroxylase? 

If the answer to either question is affirmative, 
furthe.r investigations can follow the patterns 
establIshed for species such as the rabbit and 
the sheep respectively. If the answers to both 
questions are negative, further investigations 
are ill-defined because of the lack of strong 
hypotheses. 

Abbreviations used in chapter: 

17a-OH-P 4 17a-hydroxyprogesterone 
17a-Ps 17a-hydroxypregnenolone 
20a-P 4 20a-hydroxypreg-4-en-3-one 

(20a-dihydroprogesterone) 



20u-ol 
ACTH 
BNC 
CG 
CL 
CRF 
DAG 
DHEA 
DHEAS 

EIP4 
EIPS 

EMG 
EGF 
GH 
GnRH 

hCG 

HDL 
HETE 
HSD 
IL 
IP 
LDL 
LH 
LT 
MCR 
MPA 
oPL 
P4 

Ps 
PAF 
PAPSI 

PG 
PGE2 
PGF2a 
PGEM 
PGFM 
PGHS 
PL 
PL 
RIA 
RU486 

SJ3-pregnane-3u,20u-diol 
adrenocorticotrophic hormone 
binucleate cells 
chorionic gonadotrophin 
corpus luteum!corpora lutea 
corticotrophin-releasing factor 
diacylglycerol 
dehydroepiandrosterone 
dehydroepiandrosterone 
sulphate 
oestrogen-progesterone ratio 
endogenous inhibitor of 
prostaglandin synthase 
electromyogram 
epidermal growth factor 
growth hormone 
gonadotrophin-releasing 
hormone 
human chorionic 
gonadotrophin 
high-density lipoprotein 
hydroxyeicosatetraenoic acid 
hydroxysteroid dehydrogenase 
interleukin 
inositol phosphate 
low-density lipoprotein 
luteinizing hormone 
leukotriene 
metabolic clearance rate 
medroxyprogesterone acetate 
ovine placental lactogen 
progesterone 
pregnenolone 
platelet-activating factor 
pregnancy-associated 
prostaglandin synthase 
inhibitor 
prostaglandin 
prostaglandin E2 
prostaglandin F2a 

prostaglandin E2 metabolite 
prostaglandin F metabolite 
prostaglandin H synthase 
placental lactogen 
phospholipase 
radioimmunoassay 
mifepristone 
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TP A 12-0-tetradecanoylphorbol 13-
acetate 

TX thromboxane 

9.2 MAN 

9.2.1 INTRODUCTION 

The mechanism of initiation of parturition in 
man is unknown, but several hypotheses 
have a general acceptance. Foremost among 
these is the view that the release of eicosa
noids underlies the major physiological 
changes in both the smooth muscle and con
nective tissue of the pregnant uterus that lead 
to the onset of parturition. Since neither pro
gesterone (P 4) nor oestrogen concentrations 
change acutely at term as they do in many 
other species, other triggers to eicosanoid re
lease are being sought; most favoured for this 
role is oxytocin which, although unaltered in 
circulating concentration, may have heigh
tened activity at term by virtue of increased 
numbers of receptor sites. The eicosanoid 
mainly responsible for parturition (PGE2 or 
PGF2a) and the major site of synthesis 
(amnion or decidua) are subjects of 
controversy. 

Circumstantial evidence from experiments 
in nature provided by congenital defects of 
the pituitary or adrenals points to the human 
fetus having a modulating rather than a 
controlling role in initiating parturition. 
Accordingly, attention tends to be directed to 
the likelihood that the mechanism resides in 
a paracrine relationship of the fetal mem
branes and/or placenta and the maternal deci
dua. Several possible paracrine signals have 
been proposed but all remain speculative. 

This review of human parturition assumes 
a central role for eicosanoids and considers 
the evidence supporting this assumption, the 
known actions of eicosanoids on the uterus, 
and the sites and control of eicosanoid syn
thesis. In addition, the possible contributions 
of hormones other than eicosanoids that act 
on the uterus independently of interactions 
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with eicosanoid synthesis are reviewed. It is 
recognized, however, that the field of smooth 
muscle physiology is advancing rapidly and 
that endothelium-derived relaxing factor 
(EDRF) and endothelin, which are probably 
important in the paracrine control of vascular 
smooth muscle, are unexplored as potential 
agonists for uterine smooth muscle. A major 
shift in emphasis in human parturitional 
physiology in the future remains a possi
bility. 

9.2.2 ROLE OF THE FETUS 

The weight of circumstantial evidence de
rived from various congenital malformations 
and disorders involving fetal endocrine 
organs is against an active role of the fetus in 
initiating parturition. A malformation that is 
associated consistently with early or late 
delivery in the absence of a mechanical factor 
such as polyhydramnios has yet to be ident
ified. Lack of the pituitary in anencephaly 
(W.M. Hcnnebier and Swaab, 1973) or of the 
hypothalamus Ganigan et aI., 1962) is compat
ible with delivery at term, as is congenital 
absence of the fetal adrenals (Pakravan et aI., 
1974). The administration of large doses of 
corticosteroids to the mother is not associated 
with preterm delivery, although glucocorti
coid activity in fetal blood rises to concen
trations at least equal to those of the term 
fetus (Ballard and Liggins, 1982). 

Corticotrophin-releasing factor (CRF) is se
creted by the cytotrophoblast and is present 
in fetal blood (Goland et aI., 1986). CRF syn
thesis is stimulated by glucocorticoids, and a 
positive-feedback loop involving fetal pitu
itary ACTH and adrenal cortisol secretion 
may lead to rising cortisol concentrations pre
partum (B.G. Robinson et aI., 1988). Quartero 
and Fry (1989) proposed that CRF potentiated 
the inotropic effect of oxytocin on strips of 
human myometrium. The concentration of 
CRF in maternal plasma increases 50-fold 
during the third trimester (Sasaki et al., 1984; 
Goland et aI., 1986), suggesting that CRF 

could contribute to the increasing sensitivity 
to oxytocin that develops at this time. 

9.2.3 PROGESTERONE 

The assumption is usually made that uterine 
quiescence throughout human pregnancy is 
dependent on a direct effect of progesterone 
(P4) on smooth muscle, as it does in various 
experimental animals. However, the sup
porting evidence is not conclusive, depen
ding mainly on observations that removal of 
the corpus luteum (CL) before 50 days in 
pregnant women is followed by abortion 3 or 
4 days later when the plasma P 4 has fallen 
from >60 to <15 nmolll (Csapo and 
Pulkinnen, 1978). Administration of P4 pre
vents abortion after CL excision (luteectomy). 
When luteectomy is performed between 50 
and 60 days, P4 concentrations fall to 30 
nmol!1 but pregnancy is not interrupted. 
Studies with pharmacological agents that in
hibit P 4 synthesis or block its actions are not 
entirely in keeping with observed effects of 
luteectomy. Epostane, which interferes with 
the synthesis of P4 and oestrogen by inhibit
ing 313-hydroxysteroid dehydrogenase, is in
effective in inducing abortion although a 
sustained fall in plasma P 4 concentrations to 
<20% of pretreatment values is maintained 
for several days (Pattison et aI., 1984). 
Mifepristone (RU486), a potent P4 antagonist 
that displaces P4 from its receptor, consist
ently interrupts early pregnancy (Kovacs et 
al., 1984) but is unreliable after the first tri
mester unless used in conjunction with a PG 
(Bygdeman and Swann, 1985). This differ
ence may reflect a more complete blockade 
of progestational action by mifepristone or 
may also be due to the concomitant inhibition 
of oestrogen synthesis by epostane. How
ever, neither agent reliably interrupts mid
trimester pregnancy, suggesting that a re
duction in the concentration or action of P 4 is 
insufficient in itself to cause parturition. 

Low concentrations of plasma P 4 through
out pregnancy are compatible with normal-



term pregnancy (see Parker et al., 1986), but 
administration of P 4 or potent analogues to 
women at term fails to prolong pregnancy 
(Csapo et al., 1966), an observation that is not 
surprising in view of the likelihood that 
nuclear P 4 receptor sites are likely to be 
saturated at term and that receptor site con
centrations do not diminish before labour 
starts (Kreitmann and Bayard, 1979). The 
concentration of P 4 in the myometrium 
increases to term and the ratio of P 4 to 
oestradiol-17[3 remains unchanged (Batra and 
Bengtsson, 1978). 

The weight of evidence is therefore 
strongly against parturition at term being the 
result of loss of the inhibitory effects of P 4. 
However, P4 may have an important role in 
the maintenance of human pregnancy by 
contributing to the maintenance of uterine 
quiescence. 

Spontaneous and oxytocin-induced con
tractility of strips of human pregnant myome
trium are inhibited by P4 (Kumar et al., 1962, 
1967). The inhibitory effect was attributed by 
Daniel and Singh (1958) to hyperpolarization 
of smooth muscle cell membrane, but Jung 
(1962) and Kao and Nishiyama (1964) 
reported contradictory findings and the mat
ter remains unresolved. However, P 4 has a 
characteristic effect on the action potential, 
the amplitude of which becomes irregular, 
with a poor correlation of action potentials 
and mechanical activity. Carsten (1979) 
reported that P4 inhibits ATP-dependent cal
cium binding in a microsomal preparation of 
pregnant myometrium. Garfield (1988) de
scribed a marked increase in the number of 
gap junctions in human myometrium during 
labour, which is likely to cause the myome
trium to function as a syncytium with 
enhanced propagation of action potentials. P 4 
inhibits gap junction formation in rat myome
trium, but evidence of such an effect in hu
man myometrium is lacking. 

Progesterone has the potential to modulate 
uterine contractility by influencing the con
centration of various receptors. Progesterone 
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down-regulates activity of oxytocin receptors 
and oestrogen receptors in rats (Soloff et al., 
1983). Neither of these actions is known to 
occur in human pregnancy, but low concen
trations of oxytocin receptors until late preg
nancy (Fuchs et al., 1984) and of oestrogen 
receptors throughout pregnancy (Batra and 
Bengtsson, 1978) are consistent findings. 

Local changes in tissue concentration of 
steroid hormones may take place that are not 
reflected in the circulation. A direct action of 
P 4 on the fetal membranes is unlikely because 
of the absence of specific binding, although 
specific binding of testosterone is readily de
monstrable (De Cicco et al., 1984). Schwarz et 
al. (1977) described a specific P4-binding pro
tein in amnionchorion which could regulate 
local concentrations of P4. However, the pro
tein is transcortin-like rather than a unique 
P 4-binding protein, having a lO-fold greater 
affinity for cortisol than for P4. Decidua, like 
the endometrium, has specific P 4 receptors 
and, in view of the responsiveness to P 4 of 
the non-pregnant endometrium from which 
the decidua is derived, it is likely to be a 
target tissue for P 4 action in regulating oxy
tocin action and PG synthesis. Local P 4 con
centration could also be influenced by a 
change in rate of metabolism at the site of its 
local (non-placental) production. 

Challis and Mitchell (1988) suggested that 
P4 acts in an autocrine or paracrine fashion 
and that local changes in concentration 
would not be detectable in the systemic circu
lation. The hypothesis had two main tenets: 
(1) that extraplacental intrauterine tissues can 
synthesize and metabolize P 4 and (2) that P 4 
production within the fetal membranes and 
decidua is sufficient to not be overwhelmed 
by placental production or that production 
occurs in a compartment that is isolated from 
systemic influences. Confirming the report of 
Gibb et al. (1978), Challis and Mitchell (1988) 
demonstrated the uptake of pregnenolone 
(Ps) and its conversion to P 4 by dispersed cell 
preparations of amnion, chorion and deci
dua, the activity being greatest in the chor-
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ion. The activity was less in tissues obtained 
after the spontaneous onset of labour than in 
those obtained at elective Caesarean section 
at term (B.F. Mitchell et al., 1987). Amnion 
contains little 313-hydroxysteroid dehydro
genase (313-HSD), being formed predomi
nantly from 20a-dihydroprogesterone, and 
activity is greatest before the onset of labour 
(Challis and Vaughan, 1987). Fetal plasma 
concentrations of pregnenolone sulphate are 
high in late pregnancy, indicating that the 
conversion of Ps to P 4 by chorion and decidua 
forms an important local source of P 4 which is 
'withdrawn' at the onset of labour. Pulkkinen 
and Enkola (1972) reported a gradient of P4 

concentrations with increasing distance from 
the placenta, a finding consistent with local 
production, but the concentration did not 
differ between tissues obtained before or dur
ing labour. Further support for the concept of 
local production of P 4 by membranes and 
decidua comes from the observation that the 
concentration of P 4 in these tissues is con
siderably higher than that in the maternal 
circulation. The role of P 4 in regulating PG 
synthesis is considered below. 

9.2.4 OESTROGENS 

The concentrations of oestrone, oestradiol-
1713 and oestriol rise progressively through
out pregnancy, but there is no abrupt in
crease before the onset of labour (Chew and 
Ratnam, 1976; Boroditsky et al., 1978; 
Hartikainen-Sorri et al., 1981; B.S.B. Block et 
al., 1984) unless the subjects are highly 
selected (Turnbull et al., 1974). The concen
tration of oestradiol-1713 in myometrium dur
ing pregnancy is low and does not increase at 
term (Haukkamaa and Lahteenmaki, 1979), 
but an increase in the nuclear fraction in 
labouring patients was described by Hilary 
and Cohen (1981). The human placenta lacks 
17a-hydroxylase activity and consequently 
depends on androgen (mainly dehydroepian
drosterone sulphate, DHEAS) derived from 
the fetal and, to a lesser extent, maternal 

adrenals as the substrate for oestrogen syn
thesis. DHEAS is present in the fetal circu
lation in increasing concentrations to term 
(Laatikainen et al., 1980; Parker et al., 1982). 

Attempts to alter the length of pregnancy 
by manipulating the concentration of circulat
ing oestrogen, either by changing the rate of 
production of oestrogen by the placenta or by 
administering oestrogen, have not been con
vincing. Intravenous injections of DHEAS 
markedly increase circulating levels of 
oestradiol-1713 and oestriol but do not cause 
uterine contractions (Korda et al., 1975). 
Conversely, administration of corticosteroids 
(e.g. 20 mg of prednisone per day) depresses 
circulating oestrogen concentrations to about 
10% of normal values by inhibiting fetal and 
maternal adrenal secretion of DHEAS but 
does not prolong pregnancy. Similarly, 
depressed concentrations of circulating 
oestrogens occur in a sex-linked genetic 
disorder, placental steroid sulphatase defi
ciency, which impairs the conversion of 
DHEAS to DHEA (France and Liggins, 1969) 
but is compatible with the spontaneous onset 
of labour at term, although dystocia may be 
associated with impaired cervical ripening in 
some primigravid patients. Whether the 
administration of large doses of oestradiol-
1713 to women at term stimulates labour re
mains uncertain. Pinto et al. (1967) claimed 
that significantly more women in a controlled 
trial started labour within 7 days of a single 
intravenous dose of 200 mg of oestradiol-1713 
and increased uterine activity was found in 
uncontrolled studies after administration of 
large doses of oestrogens (Jarvinen et al., 
1965; Larson et al., 1973). Flint (1979) con
sidered that any part played by oestrogens in 
the onset of labour is likely to be permissive 
rather than obligatory. 

Nevertheless, oestrogen synthesis at a local 
level may have an active part in the initiation 
of labour. The amniotic fluid contains high 
levels of steroid conjugates, particularly oes
trone sulphate and DHEAS, both of which 
increase rapidly in concentration towards 



term and are accessible to the fetal mem
branes as substrates for metabolism to oestro
gens (Turnbull et al., 1977) .. Chorio~ and 
decidua, but not amnion, contam sterOId sul
phatase activity capable of hydrolysing oes
trone sulphate and DHEAS and liberating 
free oestrone and DHEA (Romano et al., 
1986). The presence of 1713-HSD in the mem
branes and decidua was evident because of 
the conversion of oestrone to oestradiol-1713. 
The greater activities of the enzymes in 
labour are not reflected in the tissue concen
trations of oestrone or oestradiol-1713, which 
are the same before and after labour, and the 
extent to which these findings in vitro can be 
extrapolated to the situation in vivo is 
unknown. 

Oestrogen administration stimulates uter
ine activity, but the spontaneous a~d 
oxytocin-induced contractility of myometnal 
strips in vitro is consistently inhibited by oes
trogen. The inhibitory potency of oestrogen 
greatly exceeds that of P 4, not only in animal 
tissues (Hempel and Newman, 1965) but .also 
in human tissues (Bamafi and LarragUlbel, 
1974). This paradox may be resolved by the 
stimulatory effects of oestrogen on the re
lease of PGs which are evident in vivo but 
may be absent in muscle strips separated 
from the endometrium. 

Oestrogen is undoubtedly important in 
promoting growth of both the muscular and 
connective tissues of the pregnant uterus, 
readily demonstrated by observing the re
sponse of the non-pregnant uterus to pro
longed treatment with oestrogen. The uterus, 
although devoid of contents other than 
hypertrophied endometrium, may reach a 
size and appearance equivalent to that of 
pregnancy at 3 months. There is no dire~t 
evidence that oestrogen enhances oxytocm 
sensitivity or promotes the formation of. oxy
tocin receptors, P4 receptors and gap .Junc
tions in women. The role of oestrogen m the 
control of PG synthesis is discussed below. 
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9.2.5 OXYTOCIN 

The discovery of oxytocin and its sub
sequent clinical use in human pregnancy led 
to observations that fulfilled many of the 
requirements for an agent with a. do~~~nt 
place in the physiological mecharusm IDlbat
ing parturition. Oxytocin is measurable by 
highly sensitive assays in most women 
throughout pregnancy (Kumaresan et ai., 
1974; Dawood et ai., 1979a) and there is a 
weak trend to rising concentrations through 
pregnancy (Dawood et al., 1979b; ~ellers et 
ai., 1981). The amniotic fluid contams oxy
tocin, which is apparently of maternal ori~n 
because the concentration in pregnanCIes 
with anencephalic fetuses do not differ from 
those in women with normal fetuses (Swaab 
and Oosterbaan, 1983). Oxytocin is the most 
potent known natural substance that stimu
lates uterine contractions in pregnancy. 
During labour, spike concentrations of oxy
tocin may (Gibbens et al., 1972; Leake et ai., 
1981) or may not (Sellers et al., 1981) occur. 
Intravenous infusion of oxytocin stimulates 
contractions at any stage of pregnancy 
although very large amounts are required in 
early pregnancy. In late pregnancy, the sen
sitivity to oxytocin progressively increases 
to the extent that a response is elicited at 
term by an infusion rate (1 miu/min) equiv
alent to the estimated rate of endogenous 
production (Caldeyro-Barcia and Sereno, 
1961). However, oxytocin infusions are 
effective in inducing labour only when the 
pregnancy is at term or beyond, a~d the r~
sponse is inconsistent unless amruotomy IS 

performed concurrently. The rapid increa~e 
in oxytocin sensitivity appears to begm 
around the 20th week of pregnancy (Turn
bull and Anderson, 1968) for reasons that 
are uncertain. 

Although studies of oxytocin were eclipsed 
when the possibilities of PGs were reahzed, 
there has been a resurgence of interest in 
oxytocin, particularly in relation to i.ts recep
tor concentrations in the myometnum and 
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decidua. Oxytocin may also be a specific 
stimulus to PG synthesis. 

Crude membrane fractions of human myo
metrium contain specific binding sites for 
oxytocin that fulfil several criteria for recep
tors (Soloff et al., 1974; Sakamoto et al., 1979), 
including inhibition of binding of labelled 
oxytocin by synthetic oxytocin analogues in 
the rank order of their potencies. Fuchs et al. 
(1982a) obtained samples of myometrium and 
decidua parietalis from women at Caesarean 
section or hysterotomy at or before term. 
Crude membrane fractions were prepared 
from homogenates incubated with EDTA to 
dissociate endogenous oxytocin from binding 
sites. Myometrial receptor concentrations 
increased eightfold from low concentrations 
at 13-17 weeks to term and more than 
doubled early in labour. In advanced labour, 
the concentration had fallen sharply, possibly 
because the samples taken from lower seg
ment incisions were composed mainly of 
cervical tissue. Similar concentrations of re
ceptor sites and changes with gestation 
length and labour were found in decidua. It 
was suggested that the increase in receptors 
lowers the sensitivity of the myometrium to 
oxytocin to the point where activation occurs 
and labour begins. 

Incubation of decidua parietalis with a high 
concentration of oxytocin stimulates the re
lease of PGE and PGF (Fuchs et al., 1981; T. 
Wilson et al., 1988), suggesting that myome
trial activity is stimulated by oxytocin directly 
and indirectly by PG liberated from the 
decidua. 

The increase in receptors with the onset of 
labour in women cannot be attributed to an 
increase in the oestrogen-P 4 ratio, which 
appears to be unchanged. In rats there is a 
close correlation between the concentrations 
of oxytocin receptors and tissue PGF2a and a 
marked reduction in receptors during treat
ment with an inhibitor of PG synthesis (W. Y. 
Chan, 1987). Enhanced responsiveness to 
oxytocin after treatment with PGE2 occurs in 
human pregnancies near term (Embrey, 1969; 

Brummer, 1971) and in vitro in excised human 
myometrial strips (Brummer, 1971) and is 
consistent with the formation of receptors in 
response to PGs. 

An oxytocin antagonist, 1-deamino-2-D
Tyr(OE+ )-4-Thr-8-0m-oxytocin (CAP 440), 
inhibits oxytocin-stimulated activity of 
human myometrial strips (Melin et al., 1986), 
and appeared to inhibit contractions in pre
term labour in an uncontrolled pilot study 
(Akerlund et al., 1987). 

Chibbar et al. (1991) demonstrated the pres
ence and expression of oxytocin mRNA in 
chorionic membrane and decidua and con
cluded that oxytocin is synthesized in fetal 
membranes. Whether the rate of synthesis 
changes at the onset of labour remains to be 
determined. 

9.2.6 RELAXIN 

Human relaxin, a protein of approximately 
6 kDa molecular weight, has been sequenced 
(Hudson et al., 1983) and recombinant 
material is available. It shares considerable 
structural homology with insulin and the 
insulin-like growth factors. Despite progress 
with genetic aspects of human relaxin, the 
role of relaxin on the myometrium in human 
pregnancy remains enigmatic (for review see 
Bryant-Greenwood, 1991). 

Plasma concentrations of relaxin in preg
nant women are low compared with sows 
(Eddie et al., 1986) and fall progressively 
through pregnancy, showing no evidence of 
the marked prepartum rise in concentration 
that is characteristic of certain animal species. 
In early pregnancy relaxin is secreted by the 
CL and circulating concentrations become 
undetectable after luteectomy. Whether other 
sources, such as the decidua, contribute to 
plasma levels in late pregnancy is unknown. 

Immunofluorescence studies using anti
bodies raised against the connecting peptide 
of human relaxin (Sakbun et al., 1987) have 
demonstrated the presence of relaxin in 
the decidua at term, and it is likely that 



the tissues synthesize rather than sequester 
the hormone because it persists after luteec
tomy (Yki-Jarvinen and Wahlstrom, 1984). 
Although the concentration of relaxin in deci
dua is very low, Bryant-Greenwood and 
Greenwood (1988) postulated that the hor
mone diffuses from the site of production to 
adjacent smooth muscle and connective tis
sues to exert a variety of biological actions. 

Porcine relaxin applied to the cervix of 
women at term causes it to ripen rapidly in a 
manner similar to that occurring normally 
before labour or after treatment with PGs 
(MacLennan et al., 1980), but whether endo
genous relaxin promotes collagenolysis in the 
cervix and fetal membranes under physio
logical conditions remains to be determined. 
The effect of relaxin is uncertain (Beck et al., 
1982; MacLennan et al., 1986). Indeed, a re
port that relaxin inhibits the production of 
PGE by amnion when the membrane is taken 
at elective Caesarean section, but stimulated 
production in membranes taken after spon
taneous labour (Lopez-Bernal et al., 1987a), 
suggests that inhibition or stimulation of 
uterine activity might occur, depending on 
the circumstances. 

9.2.7 PROLACTIN 

Prolactin, produced by the decidua, accumu
lates in high concentrations in amniotic fluid, 
reaching maximal values at 14-18 weeks. 
Although placental prolactin is immunologi
cally indistinguishable from pituitary prolac
tin and is biologically active, control of its 
secretion appears to be independent of the 
dopamine system (Golander et al., 1979) but 
dependent on a product of arachidonic acid 
metabolism, its secretion being inhibited by 
arachidonic acid (Handwerger et al., 1981). 
Decidual prolactin is probably involved in the 
regulation of water exchange across the fetal 
membranes and the control of amniotic fluid 
volume (see McCoshen, 1988 for review) but 
the relevance of decidual prolactin to partur
ition is unclear. Krug et al. (1983) reported 

Man 873 

that the production rate by decidua obtained 
after spontaneous labour was greater than 
that obtained at elective Caesarean section, 
which is inconsistent with the observation 
that prolactin inhibits the production of PGE 
in incubates of combined amnion-chorion
decidua (Tyson et al., 1985). Furthermore, the 
finding that steroid sulphatase activity in 
decidual cells harvested at delivery is higher 
than in those harvested at elective Caesarean 
section (Braverman and Gurpide, 1986) is in
consistent with the observation that prolactin 
stimulates the hydrolysis of oestrone sul
phate (sulphatase activity) in prelabour cells, 
whereas hydrolysis in cells obtained after 
delivery is inhibited (Krug et al., 1983). 
Further investigations are required to eluci
date the interrelationships of decidual pro
lactin, hydrolysis of oestrogen sulphates and 
synthesis of PGs. 

9.2.8 EICOSANOIDS 

The evidence that eicosanoids dominate the 
mechanism initiating human labour is strong 
but not conclusive. A crucial piece of evi
dence (the release of eicosanoids immediately 
preceding the start of labour) is missing, 
which is not unexpected when the difficulties 
of predicting labour and of obtaining samples 
from suitable sites are considered. The 
hypothesis that favours involvement of eico
sanoids is supported by a number of clinical 
observations. 

1. Administration of prostaglandin (PG)F2<x' 
E2 or various active analogues causes abor
tion or labour at any stage of pregnancy 
from soon after implantation to term. The 
clinical features of abortion or labour 
mimic those of the spontaneous event and 
include not only myometrial contractions 
but also increased distensibility and effa
cement of the cervix. Eicosanoids differ in 
this respect from other oxytocic agents 
such as oxytocin, which cause strong con
tractions but not cervical effacement or 
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progressive labour unless the pregnancy is 
near term. 

2. PG antagonists such as indomethacin or 
fenamic acid derivatives inhibit labour 
even when the cervix is partly dilated. 
Labour resumes when the antagonist is 
withdrawn. 

3. The concentrations of PGF2ctf PGE2 and 
their metabolites in amniotic fluid and 
plasma increase progressively after the on
set of labour. 

4. Successful, but not unsuccessful, induc
tion of labour at term with oxytocin is 
associated with a sustained increase in the 
concentration of prostaglandin F metab
olite (PGFM) in maternal plasma. 

5. Infection (amnionitis) and trauma (amnio
tomy), which cause release of eicosanoids, 
are often followed by labour. 

6. Intra-amniotic injection of arachidonic 
acid causes abortion. 

7. No agents are known to induce abortion 
or labour without having at least the 
potential for stimulating release of 
eicosanoids. 

Measurements of primary eicosanoids in tis
sues and fluids that accurately reflect concen
trations in vivo are difficult to obtain for a 
number of reasons. In tissues, they are 
rapidly released rather than stored and so the 
concentrations are very low. Trauma stimu
lates the rapid synthesis of arachidonic acid 
metabolites, which then accumulate during 
the short time between excising and process
ing tissues. The primary PGs, particularly 
PGE2, are unstable and tend to decompose 
during extraction. Furthermore, PGE2 and 
thromboxane (TX) A2 are released by plate
lets trapped in tissues and present in blood 
samples. These problems have been over
come to a large extent by the addition of 
enzyme inhibitors such as aspirin to collected 
samples and by assays of stable metabolites 
such as PGFM, bicyclo-PGE, TXB2 and 6-
keto-PGFt. Stabilizing primary PGs by meth
oximating them in the sample and assaying 

the conjugate with a specific antibody is 
an alternative approach that is proving 
successful. 

(a) Concentrations in plasma and amniotic 
fluids 

Reports of plasma concentrations of PGF2a in 
pregnancy are notable mainly for lack of 
agreement on absolute values or patterns. In 
reviewing these reports, Keirse (1979) con
cluded that the concentrations of PGF in the 
peripheral circulation cannot be interpreted 
as a measure of uterine PG production. 
Assays of PGFM, however, have resulted in 
more consistent results showing low and 
unchanging values throughout pregnancy 
with a marked rise in established labour and 
a progressive increase as the cervix dilates 
(Green et al., 1974; Fuchs et al., 1983a; Nagata 
et al., 1987). Close sequential sampling im
mediately before and after labour has not 
been reported, and whether PGFM values 
rise before labour is unknown. Rasmussen et 
al. (1985) found up to a 25-fold increase in 
concentrations of PGFM in peripheral plasma 
in women infused at term with PGF2a at a 
rate sufficient to induce labour, a finding they 
interpreted as indicating that if PGF2a is cau
sally related to the onset of spontaneous 
labour generation must take place locally in 
tissues in, or close to, the site of action. The 
concentrations of PGF and PGFM in amniotic 
fluid follow a pattern similar to that of PGFM 
in plasma, showing no changes before the 
onset of labour but a progressive increase 
during labour (Keirse, 1979). Amniotomy is 
associated with a rapid rise in concentration 
of PGFM and TXB2 but not of 6-keto-PGFta in 
amniotic fluid (M.D. Mitchell et al., 1978a, 
1979a). Makarainen and Ylikorkala (1984) 
confirmed the increase in TXB2 but found 
that levels of 6-keto-PGFt also increased. The 
observation that the concentrations of PGFM 
in plasma and amniotic fluid rise early during 
spontaneous labour but not until late in 
oxytocin-induced labour (Keirse et al., 1974; 



Fuchs et al., 1983a) is consistent with the idea 
that the release of PGF2a is causally related to 
the onset of labour rather than being a conse
quence of uterine contractions. 

The concentration of PGE2 in amniotic fluid 
is similar to that of PGF2 and rises in parallel 
(Keirse and Turnbull, 1972), but there is dis
agreement about plasma values. M.D. 
Mitchell et ai. (1978b), who assayed PGE, 
found no significant change in PGE, whereas 
Husslein (1984) found an approximate doub
ling of PGE metabolite (PGEM) values in 
labour. Assays of bicyclo-PGEM (a very 
stable substance) showed little (M.D. 
Mitchell et al., 1982a) or no (Brennecke et al., 
1985) increase in plasma concentration in 
labour. 

Products of the lipoxygenase pathway are 
present in amniotic fluid and the concen
trations are higher in labour. Concentrations 
of 12-HETE (hydroxyeicosatetranoic acid) are 
similar to those of PGE2 and PGF20u whereas 
those of 15-HETE and leukotriene (LT)B4 are 
much lower (Romero et al., 1987a). 

Measurements of eicosanoids in tissue are 
unlikely to indicate concentrations in vivo, 
but probably indicate the capacity of the tis
sue for synthesis which, assuming massive 
release of arachidonic acid in response to 
trauma, is likely to be rate-limited by PGH 
synthase. With these qualifications, the data 
of Willman and Collins (1976) indicate that 
the amnion and decidua have the highest 
concentrations after labour, which is consist
ent with observations of production rates of 
incubated or perfused tissues. 

(b) Production of eicosanoids by 
intrauterine tissues 

Eicosanoids modulate cell activities through
out the body, but the tissues of the uterus 
and fetoplacental membranes show consider
able variation in the quantity of eicosanoids 
released and in the spectrum of products. 
Production rates have been studied in several 
ways, including measurement of radioactive 

Man 875 

products formed from labelled arachidonic 
acid and measurement of unlabelled ma
terials using static incubations of homogen
ates, organ cultures or superfusion systems. 
Organ culture or superfused dispersed cells 
are the preferred systems. In general, results 
with different systems are similar. The 
amnion is the most active tissue and gener
ates predominantly PGE2 and lesser amounts 
of PGF2a (M.D. Mitchell et al., 1978c; Okazaki 
et aI., 1981a; Olson et al., 1983; Manzai and 
Liggins, 1984; K.A. Skinner and Challis, 
1985). Myatt et al. (1985) found that radio
labelled confluent cultures of amnion cells 
release mainly HETEs when the cells are ob
tained before labour and mainly PGE2 when 
the cells are obtained during labour. 

Decidual tissue releases more PGF2a than 
PGE2 or PGIz (Olson et al., 1983, Manzai and 
Liggins, 1984), whereas release of PGI2 pre
dominates in cultures of myometrium (Omini 
et aI., 1979). The source of PGIz in myome
trium is likely to be vascular endothelium, 
but smooth muscle cells also produce PGIz 
(Keirse et aI., 1984). The chorion cells release 
PGF2a, PGE2 and 6-keto-PGF1a but are most 
active in the metabolism of prostanoids by 15-
dehydrogenase and reductase enzymes 
(Okazaki et al., 1981b), which is reflected in a 
greater output of PGFM than from other 
tissues (K.A. Skinner and Challis, 1985). 
Comparison of the rates of production of pro
stanoids by decidua and fetal membranes ob
tained before or after the onset of labour 
consistently shows greater activity of the in
labour tissues (Olson et aI., 1983), but the 
cause is uncertain (see below). The specific 
activity of phospholipase (PL) C and PLA2 

measured in the various tissues is unchanged 
with the onset of labour (Okazaki et al., 
1981a), but this may reflect the difficulty of 
assessing the activity in vitro of an enzyme 
such as PLA2 that is present in vivo mainly in 
an inactive form but readily activated by ex
traction procedures. 

Other sources that may contribute to the 
pool of prostanoids in amniotic fluid include 
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the umbilical cord (cultures of which release 
PGI2 from the blood vessels), the amniotic 
epithelium, predominantly PGE2 (M.D. 
Mitchell et al., 1980a), and fetal urine, which 
contains PGE2 and PGF2a in appreciable con
centrations (Casey et al., 1983a). 

The hypothesis that PGE2 arising from the 
amnion initiates labour has been suggested 
because the major prostanoid formed by fetal 
membranes in vitro is PGE2, the concen
tration of PGE2 in amniotic fluid rises in 
labour, the rate of production of PGE2 in
creases in labour and PGE2 is more potent 
than PGF2a in inducing parturition. How
ever, more reliable assays of PGE2 metab
olites reveal no increase in circulating 
concentrations during labour (Brennecke et 
al., 1985). Moreover, doubt has arisen as to 
the amount of unmetabolized PGE2 that is 
able to pass through the membranes to reach 
the decidua and myometrium. McCoshen et 
al. (1987) studied membranes mounted in a 
dual-chamber perfusion apparatus which 
allowed the passage of labelled PGE2 in either 
direction: about 50% of PGE2 placed on the 
fetal side of the amnion alone crossed the 
membrane within 4 h and less than 5% tra
versed the combined amnion and chorion. To 
the contrary however, Nakla et al. (1986) 
reported that unmetabolized PGE2 traversed 
full-thickness membranes in either direction 
and the rate of passage was greater after 
labour. The reason for these disparate results 
is not clear. Furthermore, pregnancies in 
which the amnion is detached from the chor
ion deliver normally at term unless the mem
branes rupture prematurely. 

Casey and MacDonald (1988) reject amnion 
as the primary source of PGs, preferring the 
decidua as the source and PGF2a rather than 
PGE2 as the active PG for a number of 
reasons. They argue that through most of 
pregnancy the rate of production of PGF2a by 
the decidua is rate limited by inhibition 
imposed by the fetal decidual paracrine 
system and that it is withdrawal of this 
inhibition that leads to labour. The amnion 

acquires arachidonic acid only from the 
amniotic fluid and, although arachidonic acid 
is lost from the membranes in early labour, 
the content is restored in late labour at a time 
when the concentration of arachidonic acid in 
amniotic fluid is rising rapidly (Keirse et al., 
1977; Okita et al., 1983). This suggests the 
decidua as a source of arachidonic acid enter
ing the membranes and amniotic fluid. 

Casey and MacDonald (1988) calculated 
that the rates of production of PGF2a and 
PGE2 are low, even in labour, and that be
cause of the very high rate of clearance in the 
lungs the concentrations in maternal periph
eral blood may not increase measurably. 
They compared the rate of intravenous in
fusion of PGF2a needed to induce labour with 
estimates of the rate at which endogenous 
PGF2a is released (calculated from the plasma 
concentration of PGFM and the rate of its 
clearance). The rate of uterine secretion of 
PGF2a estimated in this way is about 100 
nglmin, and the rate at which infused PGF2a 

reaches the uterus is about half this value. 
Although these approximations involve a 
number of assumptions, it appears that suf
ficient PGF2a is released in early labour to be 
responsible for its onset. Whether the source 
of PGF2a is decidua or myometrium is uncer
tain, but decidua is favoured because levels 
of 6-keto-PGF1a in maternal plasma or amni
otic fluid do not rise in parallel with PGFM, 
as would be expected if myometrium was the 
source. The possibility that decidual PGF2 

arises from amniotic PGE2 converted by the 
enzyme 9-keto-reductase can be ruled out be
cause the specific activity of the enzyme in 
decidua is much lower than that of 15-keto
PG dehydrogenase, which would result in 
inactivation of PGE2 rather than conversion 
to PGF2a (Niesert et al., 1986). 

The decidual stromal cells in which phos
pholipids are highly enriched with arachi
donic acid are generally considered to be the 
cell type mainly responsible for the synthesis 
of PGF2a, although epithelial cells also have 
this capacity. Decidual stromal cells may be 



macrophage-like, derived in part from bone 
marrow cells (Bulmer and Sutherland, 1983; 
Casey and MacDonald, 1988), becaus~ bo~h 
are sites of I-hydroxylation of 2S-0H-Vltamm 
D3 and of production of l3-endor~hin and 
both respond to exposure to bactenal endo
toxin by releasing quantities of PGs and 
cytokines. An inconsistency is th~ predomi
nant production of PGF2a by decIdua but of 
PGE2 by macrophages. More than one source 
and more than one prostanoid may be in
volved in the initiation of labour; for 
example, amniotic PGE2 may enhance forma
tion of various receptors in decidua and de
cidual PGF2a may activate the myometrium. 
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(c) Control of PG synthesis 

Evidence for many aspects of the system 
regulating PGs in pregnant h~man u~erine 
tissues is missing or uncertam, making a 
coherent description impossible. To provide 
some orderliness to the fragments that are 
available, the following review will refer each 
section to Figure 9.1, with an appended nu
meral referring to a numeral on the diagram, 
i.e. Figure 9.1.1, etc. 

Arachidonic acid is stored in fetal mem
branes and decidua (Figure 9.1.1), mainly in 
the sn-2 position of the glycerophospholi
pids, phosphatidykholine, phosphatidyleth
anolamine and phosphatidylinositol, all of 

a\ ·d .... ;....----- Cell membranes -----" Inositol phospholipids G) ~ Glycerophospholipi s • 

® ® 

Inositol @) 
triphosphate 

® 

Monoacylglycerol (MAG) 

Lipoxygenase 
® 

Leukotrienes Prostaglandins Thromboxanes 

Figure 9.1 The arachidonic acid cascade. See text for details. 
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which are enriched with arachidonic acid 
relative to other tissues (Okita et al., 1982a) 
for reasons that are uncertain but possibly 
due to an effect of P 4. Triglycerols in the 
membranes are not enriched and do not be
come depleted of arachidonic acid in labour. 
The release of arachidonic acid is controlled 
by one of two phospholipases. Many studies 
of PL activity have been in fetal membranes 
and there is a dearth of information about 
decidua. Phospholipase A2 activity (Figure 
9.1.2) in fetal membranes is relatively specific 
for phosphatidylethanolamine substrates 
(Okazaki et al., 1978) and is a microsomal 
enzyme that is activated by Ca2+ at neutral 
pH, unlike lysosomal PLA2, which is acti
vated at acid pH independently of Ca2+. The 
rate of release of arachidonic acid from 1-
palmitoyl, 2-arachidonyl glycerophosphoeth
anolamine by PLA2 is approximately four 
times that from the corresponding form of 
phosphatidykholine. In addition, PLA2 has 
specificity for glycerophospholipids contain
ing arachidonic acid rather than oleic acid at 
the sn-2 position. Phospholipase C (PLC), 
which has specificity for phosphatidylinositol 
(Figure 9.1.3), is the first in a series of en
zymes that release arachidonic acid from 
amnion and is Ca2+ dependent (DiRenzo et 
al., 1981). Phospholipase C effects the release 
of inositol triphosphate (IP3) (Figure 9.1.4), 
giving rise to diacylglycerol (DAG) (Figure 
9.1.5), which becomes the substrate for DAG 
diacylglycerol lipase (Figure 9.1. 6) with libe
ration of the fatty acid from the sn-1 position. 
A monoacylglycerollipase (Figure 9.1.7) cata
lyses the final step, liberating arachidonic 
acid from the sn-2 position. DAG lipase and 
monoacylglycerol lipase are present in fetal 
membranes and decidua (Okazaki et al., 
1981c). The concentration of free arachidonic 
acid is determined not only by the activity of 
the PLs and the rate at which it is metab
olized but also by the rate at which it is rein
corporated into glycerophospholipids by 
lysophosphatide acyltransferase activity 
(Figure 9.1.8) and at which DAG is recycled 

through diacylglycerol kinase activity to 
phosphatidic acid and thence back to phos
phatidylinositol. The increase in the concen
tration of DAG observed in in-labour amnion 
(Okita et al., 1982b) is consistent with acti
vation of the PLC pathway during labour and 
with the finding that the specific activity of 
DAG lipase in amnion, chorion and decidua 
does not increase from early to late preg
nancy (Okazaki et al., 1981a), suggesting that 
the production of arachidonic acid through 
the PLC pathway may be limited to some 
extent by DAG lipase activity. However, the 
relative importance of PLC-mediated and 
PLA2 -mediated release of arachidonic acid as 
substrate for PG synthesis in labour is un
known. Prostaglandin synthesis may be 
initiated by agonist-activated PLC activity, 
leading to subsequent liberation of arachi
donic acid from DAG, and the secondary re
lease of PGs then results from activation of 
PLA2 by-products (DAG and IP3) of the PLC 
pathway, but studies of human uterine tis
sues to assess such a hypothesis are lacking. 

In general, PG production is rate limited by 
arachidonic acid availability determined by 
PL activity, but some evidence in animal 
species suggests that PGH synthase (PGHS) 
(Figure 9.1) may also impose restraint on the 
rate at which arachidonic acid is metabolized 
to prostanoids in intrauterine tissues 0.5. 
Robinson et al., 1978; Risbridger et al., 1985). 
In women, the concentration of PGHS in pla
cental and myometrial microsomes (Keirse et 
al., 1984) increases threefold in pregnancy, 
which is consistent with the enzyme being 
rate limiting in early pregnancy. At term, 
however, the extremely rapid release of 
PGF2a into the maternal circulation and amni
otic fluid after amniotomy or cervical stimu
lation (Turnbull et al., 1977) does not suggest 
low capacity for metabolism of arachidonic 
acid. In vitro experiments in which arachi
donic acid is added to homogenized tissues 
or cell cultures are difficult to interpret be
cause the release of endogenous arachidonic 
acid may already be high. Even so, prep-



arations of chorionic membrane and decidua 
in vitro respond to the addition of arachidonic 
acid with increased production of PGE2 

(Lopez-Bernal et al., 1987b). Present evidence 
points to the rate-limiting step in prostanoid 
synthesis at term as being phospholipase 
activity, but this does not exclude PGHS 
activity as a limiting factor in earlier preg
nancy. Indeed, Marshall et al. (1987) esti
mated that the capacity of the human body 
for the synthesis of PGs is 1000 times greater 
than the amount actually produced (as 
measured by urinary excretion), and they 
argued that the biosynthetic system must be 
restrained under normal circumstances by 
factors in addition to availability of arachi
donic acid. They postulate the natural self
destruction of PGHS and the destruction by 
peroxidases of the hydroperoxides formed by 
the enzyme on which its activity is depen
dent as two of these factors. Presumably, 
PGHS activity places a ceiling on the magni
tude of the response in PG production that 
can be elicited by arachidonic acid release. 

The activity of PGHS may be subject to 
regulation by protein kinase C. Phorbol 
esters and synthetic DAG, both of which 
stimulate protein kinase C, also stimulate 
PGHS in dispersed amnion, and this action 
as well as that of epidermal growth factor 
(EGF) and glucocorticoids is blocked by staur
osporine, an inhibitor of protein kinase C 
(Zakar and Olson, 1988, 1989). 

(d) Stimuli of prostanoid synthesis 

Various agents, of maternal and fetal origin, 
stimulate arachidonic acid release and are 
thought to activate PLs, but little detail is 
available from studies of human tissues. A 
role for oxytocin in stimulating PG synthesis 
is supported by clinical and biochemical ob
servations. Oxytocin receptors in the myome
trium and decidua increase with the start of 
labour. Infusion of oxytocin to induce labour 
in women at term is associated with a sus
tained increase in concentrations of PGFM in 
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the circulation of those in whom the infusion 
is successful but a transient increase only in 
those in whom labour does not become estab
lished (Fuchs et al., 1983a). The decidua or 
the myometrium is the likely source of the PG 
release in response to oxytocin because the 
response persists for at least 2 h after delivery 
of the placenta and membranes (Fuchs et al., 
1982b). Oxytocin stimulates release of PGE 
and PGF2a from incubated portions of term 
decidua but not from myometrium (Fuchs et 
al., 1981). Perfusion of a dispersed decidual 
cell preparation pulse labelled with [3H]_ 
arachidonic acid showed that oxytocin (and 
histamine and bradykinin) stimulates an im
mediate release of arachidonic acid and PGF2 

which is greater from cells obtained after 
labour than before labour (T. Wilson et al., 
1988). The response to oxytocin is presum
ably mediated by oxytocin receptors, and cer
tain post-receptor responses in myometrial 
and decidual cells have been described by 
Schrey et al. (1987): oxytocin and vasopressin 
stimulated the accumulation of inositol phos
phates (Figure 9.1.4) and DAG (Figure 9.1.5), 
thereby demonstrating activation of PLC. 
Both the binding of oxytocin to its receptor 
and the release of inositol phosphates by 
hydrolysis of phosphatidylinositol are 
inhibited by the oxytocin antagonist CAP 440 
(Lopez Bernal et al., 1989). Guanosine 
triphosphate-binding proteins (G proteins) 
that are thought to transduce receptor
mediated signals have yet to be studied in 
uterine tissues. 

The roles of oestrogen and P 4 in stimu
lating prostanoid release in human preg
nancy are indeterminate because of the 
difficulty in manipulating hormonal actions 
in vivo. The P 4 receptor antagonist, mifepris
tone, is relatively ineffective in inducing mid
term labour unless supplemented by PG 
(Baulieu et al., 1987), and this suggests that P 4 

withdrawal may not be involved in promot
ing PG release. Production of PGs is 
increased slightly but not significantly in de
cidual cell cultures in response to P4 and 
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mifepristone compared with that to P 4 alone 
(Kelly and Smith, 1987). 

Oestradiol-17f3 stimulates the production 
of PGF2a by incubated dispersed cell prep
arations of non-pregnant endometrium 
(S.J.M. Skinner et al., 1984; Schatz et al., 1987) 
and by endometrial explants (Leaver and 
Richmond, 1984), but studies of tissues from 
pregnant women have not been reported. 

Amniotic fluid contains a number of con
stituents that stimulate prostanoid pro
duction, but most remain uncharacterized 
and the site of action undetermined. Platelet
activating factor (PAF; 1-0-alkyl-2-acetyl
sn-glycero-3-phosphocholine) is known to 
stimulate the synthesis of prostanoids in 
various tissues (Hanahan, 1986). Amniotic 
fluid from women before the onset of labour 
contains no measurable PAF, but amniotic 
fluid from about half a group of women in 
labour contained P AF activity detected by 
chromatography and platelet aggregation 
(Billah and Johnston, 1984). Similar findings 
were reported by Nishihira et al. (1984), who 
identified P AF by mass spectrometry. P AF 
stimulates contractions of human myome
trium in vitro (Tetta et al., 1986), and this 
effect is thought to be caused by an increase 
in cytosolic Ca2+. Several possible sources of 
P AF have been suggested. P AF is detectable 
in the urine of newborns (Billah and 
Johnston, 1984) and is formed in organ cul
tures of fetal lung and may enter the tracheal 
fluid to reach the amniotic fluid (D.R. 
Hoffman et al., 1986). Amnion contains PAF 
and its precursors and has the capacity to 
synthesize PAF, but Billah et al. (1985) were 
unable to demonstrate its release. The pro
duction of PGE2 by amnion is stimulated by 
PAF, probably by increasing cytosolic Ca2+ 
and activating PLC and PLA2• Angle et al. 
(1988) proposed that the release of prosta
noids and the onset of labour is stimulated by 
P AF entering amniotic fluid from the matur
ing lung, but the normal duration of preg
nancy in association with fetuses with 
complete tracheal atresia (which prevents the 

passage of lung fluid) weighs against this 
hypothesis. A similar hypothesis was pro
posed by Lopez-Bernal et al. (1988), who 
showed that the production of PGE by incu
bated discs of amnion was stimulated by 
human pulmonary surfactant. The fatty acids 
of surfactant glycerophospholipids are com
posed of about 2% arachidonic acid, and 
surfactant may provide substrate for prosta
noid synthesis. 

Casey et al. (1983b) identified a protein or 
protein-associated substance in fetal urine 
that markedly stimulated PGE2 synthesis in 
amnion cells in monolayer culture and 
suggested that it was of renal origin. 
Strickland et al. (1983) showed that unex
tracted fetal urine in a concentration of 20% 
or greater stimulates PGE2 synthesis by 
bovine seminal vesicle microsomes. The 
activity was heat stable and of molecular 
weight <12 kDa but was not purified. 
Hypotheses proposing a fetal urinary con
stituent as a trigger to labour are not sup
ported by experiments of nature since fetuses 
that are unable to urinate because of lack of 
kidneys or obstruction of the renal tract are 
delivered spontaneously at term. 

A fraction of amniotic fluid which passes 
through a membrane with a molecular 
weight exclusion of 1000 stimulates PGE2 

production by bovine seminal vesicle micro
somes (Cohen et al., 1985). The stimulatory 
activity increases throughout pregnancy and 
is greatest in labour. The relationship of this 
activity to the activity described in fetal urine 
is unclear, but both are of low molecular 
weight. Rehnstrom et al. (1983) demonstrated 
that crude amniotic fluid from late pregnan
cies in an unspecified concentration increases 
production of PGE and PGF by decidua and 
myometrium. The possibility that the active 
material is arachidonic acid was not 
excluded. 

Schrey et al. (1987) used the ability of the 
phorbol ester, 12-0-tetradecanoylphorboI13-
acetate (TP A) to bind to and activate protein 
kinase C (thereby mimicking the action of 



DAG) to explore the role of DAG in stimu
lating prostanoid production in decidual 
cells. TPA rapidly stimulated release of 
arachidonic acid from phosphatidylcholine, 
accompanied by a fall in phosphatidylcho
line, extracellular accumulation of choline 
and cellular accumulation of phosphorylcho
line. Schrey et al. (1987) interpret their obser
vations as consistent with a model in which 
protein kinase C activation leads to arachi
donic acid mobilization from decidual cell 
phospholipid by a mechanism involving 
PLA2 -mediated phosphatidylcholine hydro
lysis and PLC-mediated phosphatidylinositol 
hydrolysis, coupled with further hydrolysis 
of the DAG product. This study incidentally 
raises the possibility that decidua differs from 
amnion in that phosphatidylcholine rather 
than phosphatidylethanolamine may be the 
major source of arachidonic acid for metab
olism to prostanoids. Schrey et al. (1987) did 
not suggest a mechanism linking protein 
kinase C with activation of phospholipases 
but it may inactivate a phospholipase inhibi
tory protein. 

EGF, which is present in amniotic fluid, 
stimulates the production of PGE2 and lipoxy
genase products by confluent cultures of 
amnion cells (M.D. Mitchell, 1987), but there 
is no evidence that the concentration of EGF or 
its receptor undergoes changes at term. 
Amnion discs release PGE2 into the incu
bation medium when exposed to low concen
trations of isoproterenol (DiRenzo et al., 1984). 
The response is inhibited by propanolol and 
reproduced by dibutyryl cyclic AMP, which 
supports beta-adrenergic stimulation. 

Various non-physiological agents pre
sumed to stimulate PG release are used as 
methods of inducing abortion or labour or 
arise as a consequence of pathological states 
in pregnancy. They include intra-amniotic 
hypertonic or irritant solutions, extra
amniotic fluids or foreign bodies and amnio
nitis. The concentration of PGF2o: in amniotic 
fluid is raised 24 h after the intra-amniotic 
injection of hypertonic saline when uterine 
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activity is beginning (Gustavii and Green, 
1972). The effects of amnionitis, which is an 
important cause of preterm labour, have been 
studied extensively. Bacterial endotoxin (a 
lipopolysaccharide), released into the amni
otic fluid in substantial quantities during 
infection (Romero et al., 1987b), stimulates 
the production of cytokines by decidua 
(Romero et al., 1989a-c). Three of these cyto
kines, interleukin la, interleukin 1~ and 
tumour necrosis factor, which accumulate in 
amniotic fluid, are potent stimuli of PGF2o: by 
decidua (Casey and MacDonald, 1988; M.D. 
Mitchell et al., 1990) and are thought to 
mediate the effect of amnionitis in provoking 
preterm labour. The mechanism by which 
cytokines stimulate prostanoid synthesis in 
decidua has not been studied. 

(e) Inhibitors of prostanoid synthesis 

Increased prostanoid synthesis at term could 
reflect either the activity of various stimuli, 
the withdrawal of tonic inhibition or both of 
these. Several putative inhibitors are present 
in pregnancy, but evidence of a reduction in 
effect at term is lacking for most of them. 

Abel et al. (1980) measured the concen
tration of PGE and PGF2o: in the endo
metrium of women with intrauterine or 
ectopic (tubal) pregnancies and found that 
the concentrations are significantly less than 
in the endometrium throughout the normal 
menstrual cycle. Because the effect on the 
endometrium is the same whether the con
ceptus is inside or outside the uterus, Abel et 
al. (1980) concluded that the suppression of 
endometrial synthesis of PGs in early preg
nancy may be mediated systemically rather 
than through a local action of the conceptus. 
The obvious candidate for a circulating in
hibitor is P 4, which reduces the production of 
PGF2o: by secretory endometrium in organ 
cultures over a period of days (Kelly and 
Smith, 1987). However, the concentration of 
PGs is raised in mid-luteal endometrium, 
when P 4 levels are as high as in early preg-
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nancy (Levitt et al., 1975; Mathius and Kelly, 
1978), and the production rate of PGFza in 
perfused endometrium is maximal in the late 
luteal phase (S.J.M. Skinner et al., 1984). The 
apparent conflict between the known inhibi
tory effect of P 4 and the high concentration of 
PGs present in secretory endometrium is 
probably reconciled by reports from animal 
studies showing that although P 4 inhibits 
synthesis it also increases the capacity for 
synthesis in vivo (Kelly and Smith, 1987). The 
concentration of PGs in excised tissues prob
ably reflects the capacity for synthesis rather 
than the actual levels present in vivo because 
of rapid production by the traumatized tis
sue. The contrast of the concentrations in 
endometrial tissue in the mid-luteal phase 
(which are high) with the production rates in 
perfused tissues at the same time in the men
strual cycle (which are low) (Liggins et al., 
1980), suggests that the capacity for synthesis 
of PGs is impaired in early pregnancy by a 
circulating agent that is unlikely to be P 4. The 
addition of 10-6 M progesterone to dispersed 
decidual cells reduces the rate of release of 
arachidonic acid within 15 min, although it 
has no effect on PLAz activity in a cell-free 
system (T. Wilson et al., 1986), suggesting a 
direct physical action rather than an effect 
mediated by nuclear receptors and transcrip
tion of mRNA. A similarly rapid effect of P4 

on contractions of the monkey vas deferens 
stimulated by Ca2+ was noted by Moroshita 
(1986). 

Various unidentified compounds with in
hibitory effects on PG synthesis have been 
located in amniotic fluid or incubation media 
conditioned by decidua or amnion. Saeed et 
al. (1982) studied the effect of crude amniotic 
fluid on the rate of conversion of arachidonic 
acid to PGEz by bovine seminal vesicle micro
somes and found that inhibitory activity is 
greatest in early pregnancy, is less at term 
and falls further in labour. The inhibitory 
activity is directed against PG synthase and 
may be proteinaceous (Brennecke et al., 
1983). A preliminary report by Reddi and 

Norman (1985) described inhibition of micro
somal PGE and PGF production by amniotic 
fluid from about one-third of women not in 
labour, but PGF was not inhibited during 
labour. Culture medium conditioned by deci
dua from women at term but not in labour 
has marked inhibitory effects on the pro
duction of PGEz by amnion cells in mono
layer culture (Romero et al., 1987c), but 
Manzai and Liggins (1984) reported inhi
bition of endometrial production of PGE and 
PGF by medium conditioned by incubation 
with dispersed amnion cells from non
labouring women: the inhibitory action was 
absent when amnion cells from women in 
labour were used. The inhibitory effect is not 
reversed by arachidonic acid, suggesting that 
the site of action may be on PG synthase. 

An endogenous inhibitor of PG synthase 
(EIPS) identified in plasma of human and 
other animals was postulated as playing a 
part in parturition (Saeed et al., 1977), but 
measurements of plasma concentrations of 
EIPS by radioimmunoassay throughout preg
nancy and labour show no trends consistent 
with lessening of inhibitory activity with the 
onset of labour (Brennecke et al., 1984). A 
protein known as pregnancy-associated pros
taglandin synthase inhibitor (P APSI) was 
identified in human amniotic epithelium by 
immunohistochemistry using an uncharac
terized antibody against P APSI (Mortimer et 
al., 1985); although the protein was present in 
most of the tissues of 15 women at term, 
none was found in five women in labour. 

Recent interest has centred on proteins 
with PLAz inhibitory activity belonging to the 
lipocortin family, which were first identified 
by Hirata et al. (1980) and Blackwell et al. 
(1980). The glucocorticoid-dependent lipocor
tins have molecular weight of 15-37 kDa. 
They are polar glycoproteins containing 
about 10% carbohydrate. Lipocortin I (Mr 

37 000) has been sequenced and cloned 
(Wallner et al., 1986) and has partial hom
ology with kinases and their substrates. 
Lipocortin mRNA is present in large amounts 



in lung, thymus, spleen and placenta. Short 
stretches of internal hydrophobic residues 
may be involved in binding Ca2+. Analysis of 
genomic DNA reveals only one unique gene, 
which suggests that other PLAz-inhibitory 
proteins in the same family are products of 
proteolytic cleavage or of aggregation. The 
physiological role of lipocortins I and II (Mr 

37 000) is not known, and it is possible that 
PLA2 inhibitory activity is not their main 
function. The lipocortin molecule is inacti
vated by phosphorylation (Hirata, 1983), 
which is probably catalysed by protein kinase 
C because activation of protein kinase C by 
phorbol ester stimulates PLA2 activity, pre
sumably through reduced inhibitory activity 
of the lipocortins. 

Confirmation of the relevance of lipocor
tins to the initiation of human parturition 
comes from the isolation from amniotic fluid 
of a protein with inhibitory activity against 
PLA2 (T. Wilson et al., 1985). A molecular 
weight of 80 kDa distinguishes it from the 
smaller lipocortins I and II, but in other re
spects the physical characteristics are similar. 
The protein is liberated during incubation of 
chorion, amnion and decidua, particularly 
from chorion (T. Wilson et al., 1989). The 
activity of this protein, named gravidin, evi
dent in medium from incubates of chorion 
taken before the start of labour, disappears in 
labour. Gravidin is a potent inhibitor of 
PLA2, being active at concentrations as low as 
10-10 M in dispersed whole-cell preparations 
of decidua as well as in cell-free preparations 
of porcine pancreatic PLA2 • It is not yet 
known whether gravidin is glucocorticoid de
pendent like lipocortin I and II, but the high 
concentrations of cortisol (10-5 M) required 
to inhibit the synthesis of PGF2a in the endo
metrium (S.].M. Skinner et al., 1984) and the 
absence of effects of large doses of corticos
teroids on the initiation of labour (Casey et 
al., 1985) suggest that it is not. A possibility 
yet to be investigated is that gravidin is pro
gesterone dependent, thereby providing an 
additional mechanism by which uterine 
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quiescence and impeded PG synthesis is 
maintained by P4 throughout pregnancy. 

A P 4-dependent protein, blastokinin 
(Krishnan and Daniel, 1967) or uteroglobin 
(Beier, 1968), is a low molecular weight 
(15 kDa) molecule first found in the rabbit 
uterus in early pregnancy but is also present 
in other reproductive and non-reproductive 
tissues. It inhibits both chemotaxis of human 
neutrophils and thrombin-induced platelet 
aggregation. These effects depend, at least 
in part, on potent PLA2 inhibitory activity, 
but the protein is genetically distinct from 
the lipocortins. A uteroglobin-like protein 
identified in late-luteal phase human endo
metrium and characterized both biochemi
cally and immunologically (Kikukawa et al., 
1988) has yet to be studied in pregnancy. In 
the non-pregnant endometrium, the concen
trations of uteroglobin and tissue PGE2 and 
PGF2a are inversely related and vary accord
ing to whether the endometrium is oestrogen 
or P 4 dominated. Another protein, inter
feron, has the potential for involvement in 
the control of prostanoid synthesis in preg
nancy. Members of the interferon family, 
ovine trophoblastic protein 1 and bovine tro
phoblastic protein 1, are implicated in the 
inhibition of endometrial PGF2a synthesis in 
early pregnancy in sheep and cattle that pre
vents luteolysis and permits implantation 
(sections 9.5 and 9.7). Recombinant 2a
interferon inhibits the production of PGE2 

and PGF2<x in explants of placenta and chor
ioamnion (G.E. Rice and S.P. Brennecke, 
personal communication) but has no effect on 
arachidonic acid-stimulated production, 
suggesting that the site of inhibitory action 
may be on a phospholipase. 

9.2.9 SUMMARY - A MODEL 

A soundly based model is not yet possible 
and the following proposal is necessarily 
speculative but may serve as a useful frame
work in which to incorporate future 
developments. 
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The earliest identifiable events in labour 
are increases in the production of PGF2a and 
in the concentration of uterine oxytocin re
ceptors; a relatively small increase in prosta
noid production, perhaps PGE2 by amnion, 
may stimulate oxytocin receptor formation, 
which leads in turn to a response to circulat
ing oxytocin manifested in the myometrium 
by contractility and in the macrophage-like 
decidual stromal cells by PLC-mediated 
stimulation of PGF2a production. The latter 
involves two pathways, one mediated by 
inositol triphosphate, which increases 
cytosolic Ca2+, thereby activating PLA2, and 
the other mediated by diacylglycerol, which 
activates protein kinase C, leading to acti
vation of PGHS and to the phosphorylation 
and inactivation of gravidin, thereby enhanc
ing further the activity of PLA2 . Positive
feedback loops involving prostanoid
enhanced oxytocin responsiveness and 
oxytocin-stimulated prostanoid synthesis in 
particular, lead to rapidly escalating release 
of PGF2a from the abundant stores of arachi
donic acid in the fetal membranes and 
decidua. 

The signal to the foregoing events is un
known. Although, by analogy with experi
mental animals, the idea that the signal 
emanates from the fetus is appealing, no con
vincing evidence of fetal involvement, either 
by a circulating hormone or by a substance 
entering the amniotic fluid, has been forth
coming. The wide range but normal mean 
length of gestation in anencephalic pregnan
cies uncomplicated by polyhydramnios 
suggests that the fetus has, at most, a per
missive role. Available evidence points 
strongly to the mechanism initiating labour 
being an intrauterine, paracrine system and 
consequently to the signal arising in the 
placenta/chorion. Local changes in oestrogen 
and P 4 metabolism could then alter the ratio 
of the two hormones to promote prostanoid 
release, but evidence that this occurs in vivo 
and of how it is regulated is lacking. 
Alternatively, the initiating system may be 

activated by a chorionic genetic clock trans
duced by protein kinases yet to be identified. 

The release of PGF2a from the decidua has 
multiple consequences for the uterus. The 
myometrium is stimulated not only by a 
direct action but also by potentiating the re
sponse to oxytocin and possibly by promot
ing the formation of gap junctions. The 
connective tissue of the cervix and uterine 
body undergoes complex biochemical 
changes that lead to softening and distensibi
lity identical to the changes in response to 
relaxin; indeed, although circulating relaxin 
concentrations are unchanged at term, locally 
formed relaxin may mediate the action of pro
stanoids on connective tissues. 

9.3 MONKEY 

9.3.1 INTRODUCTION 

Studies relevant to parturition have been 
made mainly of the rhesus monkey (Macaca 
mulatta) with a few of baboons (Papio papio), 
cynomolgus monkeys (Macaca fascicularis), 
the sooty mangabey (Cercocebus atys) and the 
common marmoset (Callithrix jacchus). The 
following account refers to rhesus monkeys 
unless otherwise specified. 

The initiation of parturition in the monkey 
shares many features in common with hu
man pregnancy, but human and non-human 
primates differ in the extent to which CIS and 
CI9 steroids are 16a-hydroxylated in the 
fetus. The human fetus has very active 16a
hydroxylation, and consequently the major 
oestrogen entering the maternal circulation is 
oestriol with relatively small amounts of oes
trone and oestradiol-17\3, whereas non
human primate fetuses have low 16a
hydroxylase activity (Heinricks and Colas, 
1970) and the major oestrogens are oestrone 
and oestradiol-17\3. The physiological signifi
cance of this difference remains unexplained. 
Another consequence of the lack of placental 
17a-hydroxylase (Ainsworth et al., 1969) is 
the absence in primates of either a sharp fall 



in P 4 production or rise in oestrogen pro
duction as the rate of conversion of P 4 to 
oestrogen is unresponsive to fetal cortisol 
concentrations. 

9.3.2 ROLE OF THE FETUS 

Maternal hypophysectomy is associated with 
normal parturition at term (Smith, 1954; Chez 
et al., 1970), lending support to the generally 
held view that control of parturition in the 
monkey is intrauterine rather than a maternal 
endocrine function. As in human pregnancy, 
however, available evidence points to the 
fetus as having no more than a permissive or 
modulating role, implying that the control
ling mechanism lies in the placenta and/or 
fetal membranes, although there is much less 
direct evidence to support this supposition 
than there is for human pregnancy. 

Fetal hypophysectomy, performed by 
implanting radioactive capsules in the pitu
itary fossa (Chez et al., 1970), is followed by 
labour at term. Surgical removal of the fetal 
head does not alter the mean duration of 
pregnancy (163 days vs. 167 days in controls) 
but alters the distribution, with births spread 
fairly evenly over a period of 50 days from 
137 days onwards (Novy et al., 1977). This 
pattern of deliveries is similar to that in hu
man pregnancies complicated by anence
phaly (W.M. Honnebier and Swaab, 1973). 
Fetal adrenalectomy has not been performed 
successfully, but continuous administration 
of glucocorticoids to the mother for 2-3 
weeks before term in doses that inhibit fetal 
adrenal function as evidenced by low oestro
gen production and adrenal hypoplasia is 
associated with normal-term delivery (Challis 
et al., 1974a). More prolonged treatment with 
dexamethasone (for 5 weeks before term) 
leads to prolonged pregnancy in most, but 
not all, animals (Novy and Walsh, 1983; 
Mitchell et al., 1984), which is consistent first 
with the non-involvement of fetal cortisol in 
the initiation of parturition and, second, with 
oestrogen having a permissive role. 
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Fetectomy is associated with placental 
retention to approximately term. Van 
Wagenen and Newton (1943) claimed that 
fetectomy did not alter the normal timing of 
placental delivery, but Lanman et al. (1975) 
found that fetectomy resulted in placental 
expulsion around term with a distribution 
similar to that occurring after fetal decapi
tation. Five baboons in which fetectomy was 
performed at 100-109 days delivered the pla
centas on day 168/9 (term 184 days) (Albrecht 
et al., 1980). By contrast, Nathanielsz et al. 
(1990) reported that five monkeys fetecto
mized at 120-130 days' gestation retained the 
placenta for 21-32 days beyond term except 
for one delivered by hysterotomy at term be
cause of cord prolapse. The results of the 
fetectomy and hypophysectomy experiments 
are consistent with a signal initiating partur
ition arising in the placenta and/or fetal mem
branes and with refinement of the precision 
of the signal being provided by the fetus, 
perhaps via the fetal zone of the adrenal. 

9.3.3 PROGESTERONE 

Progesterone (P 4) is secreted throughout 
pregnancy by both the placenta and the CL. 
Indeed, the concentration of P4 in the utero
ovarian vein is at least as high as that in the 
uterine vein (Walsh et al., 1977a), but this 
does not reflect the relative production rates 
because of the much higher blood flow in the 
uterine veins. The CL continues to secrete P 4 

after removal of both the fetus and placenta 
by Caesarean section in hypophysectomized 
monkeys, although at a much reduced rate 
(Walsh et al., 1977b). Since fetectomy alone 
does not cause a fall in uterine vein or periph
eral P 4 concentrations, it is likely that CL 
function throughout pregnancy is normally 
maintained by a product of the placenta, 
probably chorionic gonadotrophin. Luteo
lysis preceding parturition is unlikely in view 
of the persistence of P 4 secretion from the CL 
after Caesarean section. 

The mean concentration of P 4 in maternal 
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plasma shows little change throughout most 
of pregnancy (Figure 9.2). 

Immediately prepartum, the concentration 
either remains unchanged (Stanczyk et al., 
1986) or rises inconsistently (Challis et al., 
1974b). P4 concentrations follow a similar pat
tern in baboons (Albrecht, 1980; Albrecht et 
al., 1980), cynomolgus monkeys (Stabenfeldt 
and Hendrickx, 1973a; Hodgen et al., 1977), 
bonnet monkeys (Macaca radiata) (Stabenfeldt 
and Hendrickx, 1972) and the sooty manga
bey (Stabenfeldt and Hendrickx, 1973b). In 
none of these species is there evidence of a 
fall in plasma P 4 concentrations before par
turition. There is a different pattern of con
centrations of P 4 and oestradiol-17J3 in 
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Figure 9.2 Maternal venous concentrations of 
hormones in rhesus monkeys from Day 120 of 
gestation until spontaneous delivery at term. 
(Reproduced with permission from Novy and 
Walsh, 1983.) 

common marmosets (Chambers and Hearn, 
1979; and Torti et al., 1989; Figure 9.3). 

P 4 remains at levels similar to the luteal 
phase until about 90 days of pregnancy, 
when values increase rapidly to a peak at 
110-130 days (term 144 days). Concentrations 
then fall steeply to values approximating 
those of early pregnancy 4-10 days before 
term and to undetectable levels at partur
ition. The marmoset is the only primate in 
which a marked prepartum fall in plasma P 4 

concentrations has been reported. The mar
moset placenta secretes P 4 from early preg
nancy (Hodges et al., 1983). The high levels in 
late pregnancy are considered by Torti et al. 
(1989) to be of placental origin, and the pre
partum fall probably results from reduced 
synthesis of P 4. 

Both the mother and the fetal monkey 
show marked diurnal variations (up to 100%) 
in plasma P 4 concentrations with a peak at 
22:00-24:00 h and a trough at 08:00-10:00 h 
(Walsh et al., 1984), which is the reciprocal of 
the diurnal rhythm of cortisol concentrations 
in the maternal plasma (Figure 9.4). 

The changes in P 4 concentration are 
thought to be due in part to alterations in the 
rate of secretion of pregnenolone by the fetal 
adrenal and in part to displacement of P 4 

from cortisol-binding globulin by high con
centrations of cortisol in the morning. A simi
lar diurnal variation in the fetal levels of 
DHEAS coincides with that of P 4, and both 
are thought to be a passive response of the 
fetal adrenal to inhibition of fetal ACTH se
cretion by the maternal diurnal rhythm of 
plasma cortisol, which readily crosses the 
monkey placenta (Novy and Haluska, 1988). 
Uterine activity also exhibits a diurnal 
rhythm during the week before term with an 
increase during the hours of raised P 4 and 
DHEAS concentrations from 22:00-02:00 h. 
However, the association is not causal since 
the fluctuations in P 4 and DHEAS are abol
ished by infuSing the fetus with ACTH, but 
the diurnal rhythm of uterine activity persists 
although it is abolished by maternal adminis-
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Figure 9.3 Maternal peripheral plasma concentrations of progesterone ( A), oestradiol 1713 (0), oestrone 
(x) and LHlCG (6) hormones during pregnancy in marmoset monkeys. P= parturition. (Reproduced 
with permission from Chambers and Hearn, 1979.) 

tration of dexamethasone (Ducsay et al., 1983; 
Walsh et ai., 1984). 

Haluska et ai. (1987a) found that oral 
administration of mifepristone (20 mglkgl 
day) for three doses at about 130 days of 
gestation was followed by a sustained in
crease in uterine activity until Caesarean sec
tion was performed after 48 h. Uterine 
activity (predetermined by intra-amniotic 
pressure and EMG) differed from normal 
labour in that the contractions were of longer 
duration (38 min) and lower frequency (5/h). 
The concentration of PGFzou 6-keto-PGF1o., 

PGFM and bicyclo-PGEz in amniotic fluid 
increased, but not until 40 h after the onset of 
uterine activity. The cervix did not soften or 
dilate. These results differ from those of Wolf 

et al. (1989), who gave a single oral dose of 
mifepristone (25 mg) to 19 cynomolgus mon
keys on day 160 of pregnancy (term 167 
days): they observed slight (0.5-1.0 cm) cer
vical dilatation in 15 animals, but uterine 
activity (by manual palpation) was noted in 
only two animals, both of which delivered 
within 48 h. The reason for these disparate 
results is uncertain but is unlikely to be 
attributable to the difference in species or to 
differing gestational ages. It is clear, how
ever, that withdrawal of P4 action in late 
pregnancy fails to induce normal parturition 
in either species although P 4 receptors are 
blocked and oestradiol receptors increase 
after treatment with mifepristone (Haluska et 
al., 1990a). 
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9.3.4 OESTROGEN 

The fetal monkey has a functional fetoplacen
tal unit in which oestrogen synthesis by the 
placenta depends on a supply of androgens 
(androstenedione and DHEAS) by the fetal 
adrenal (Walsh et al., 1980). Inhibition of 
adrenal activity by maternal dexamethasone 
administration decreases oestrogen and 
androgen concentrations in the mother and 
fetus. Conversely, stimulation of the fetal 
adrenal with exogenous ACTH while endo
genous ACTH is inhibited by dexamethasone 
sharply increases androgen and oestrogen 
levels. Oestrone is the major oestrogen in the 
fetal circulation and oestradiol-17J3 predomi-
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nates in the mother (Challis et al., 1974b; 
Resko et al., 1975). The concentrations of oes
trone and oestradiol-17J3 remain constant 
during the last third of pregnancy until the 
last few days, when the concentration of both 
oestrogens rise by approximately 10% (Walsh 
et al., 1979) (Figure 9.2). Similar patterns of 
oestrone and oestradiol-17J3 in the maternal 
circulation are present in the baboon 
(Albrecht et al., 1980) and cynomolgus mon
key (Hodgen et al., 1977). Like P4, plasma 
concentrations of oestradiol-17J3 in marmo
sets differ from those of other monkeys in 
that values do not rise immediately prepar
tum (Torti et al., 1989): There are very low 
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concentrations before 90 days, peak values at 
110-130 days and a trend to falling levels in 
some animals at term (Figure 9.3). Walsh et 
al. (1980) proposed that the terminal rise in 
oestrogen concentrations in rhesus monkeys 
provides a mechanism for a fetal effect on the 
timing of parturition. Experimental anen
cephaly reduces oestrogen concentrations 
and disturbs the distribution of pregnancy 
lengths (Novy et al., 1977) and the adminis
tration of oestrogen induces delivery in mon
keys with prolonged pregnancies and low 
oestrogen levels as a result of fetal death. 
Subsequent experiments by these and other 
workers make it unlikely that the prepartur
ient rise in oestrogen triggers parturition, 
although it probably reflects an increase in 
adrenal activity and cortisol secretion that has 
an important role in promoting the final 
maturation of the fetal lungs and other 
organs. Inhibition of the rise in oestrogen by 
maternal dexamethasone treatment does not 
alter pregnancy length (Challis et al., 1974a). 
Raising circulating oestrogen concentrations 
to very high levels by maternal treatment 
with oestradiol fails to initiate labour (Novy 
and Walsh, 1983). Insertion of Silastic cap
sules loaded with oestradiol into the amniotic 
sac is also ineffective (Novy and Haluska, 
1988). When fetal monkeys were infused 
with ACTH from 125-135 days of gestation 
until delivery, there were several-fold in
creases in the concentrations of cortisol, 
DHEAS and oestradiol-17~, but delivery 
occurred normally at term (Novy and 
Haluska, 1988). In baboons, prolonged 
administration of the anti-oestrogen, etha
moxytriphetol, does not alter pregnancy 
length (Albrecht, 1980). However, the con
comitant increase in maternal plasma concen
trations of oestradiol-17~ and fall in P4 
suggest that (1) oestrogen synthesis in the 
baboon placenta is subject to feedback regu
lation and (2) oestrogen is required for sus
tained high production of P 4. 
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9.3.5 OXYTOCIN 

The concentrations of oxytocin are low in 
maternal plasma and amniotic fluid through
out the second half of pregnancy in rhesus 
monkeys and show no upward trend 
towards term (M.D. Mitchell et al., 1980b). 

A diurnal rhythm of oxytocin in maternal 
plasma coincides with that of P4 and of uter
ine activity (M.B.O.M. Honnebier et al., 
1989a). The nocturnal uterine activity is 
abolished by a single bolus of a competitive 
oxytocin antagonist, suggesting a causal re
lationship between oxytocin concentrations 
and uterine activity at 98-117 days' gestation. 
Moreover, sensitivity to exogenous oxytocin 
is greatest at the time of nocturnal uterine 
activity (M.B.O.M. Honnebier et al., 1989b). 

In baboons, oxytocin concentrations in ma
ternal peripheral plasma are similar to those 
in rhesus monkeys but are more variable and 
show a weak positive correlation with 
gestational age (Dawood et al., 1979b). The 
concentration in uterine vein plasma is 
significantly higher than that in peripheral 
plasma, and the values in umbilical vein 
blood and fetal jugular blood sampled at the 
time of Caesarean section (three animals near 
term) are substantially higher than in ma
ternal blood. Maternal infusion of oxytocin at 
a rate of 1-40 miu/min near term causes a 
dose-related increase in uterine activity be
ginning with the smallest dose. A bolus dose 
of 10 miu of oxytocin injected into the umbili
cal vein at the time of Caesarean section is 
followed within 15 min by a transient in
crease in concentration in maternal plasma 
and a rise in concentration in amniotic fluid. 
A massive intravenous bolus of oxytocin 
(20 U) given to cynomolgus monkeys near 
term failed to induce labour (Wolf et al., 
1989). 

Hirst et al. (1991) did not confirm fetoma
ternal passage of oxytocin even when infused 
into the fetus in large amounts. The concen
tration of oxytocin in maternal plasma 
increased from 136 days, but only in samples 
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taken at night, and a further increment was 
noted in labour. Oxytocin receptors increased 
fourfold from 130 days to the early post
partum period. Hirst et al. (1991) concluded 
that a combination of increased concen
trations of plasma oxytocin and myometrial 
oxytocin receptors facilitates delivery. 

9.3.6 RELAXIN 

In the rhesus monkey (Weiss et al., 1981) and 
the baboon (Castracane et al., 1985), relaxin 
becomes detectable in the circulation early in 
pregnancy and persists at constant levels to 
term. Although the source of circulating 
relaxin in these species is the CL (Ottobre et 
al., 1984), relaxin remains detectable in deci
dua, placenta and myometrium after luteec
tomy (Castracane et al., 1985), suggesting that 
local production may contribute to the 
physiological role of relaxin. 

9.3.7 EICOSANOIDS 

A role for PGs in the initiation of parturition 
in monkeys is supported by evidence similar 
to that in human pregnancy. Administration 
of PGEz or PGFza induces premature labour 
or abortion in rhesus monkeys (Kirton et al., 
1970; Challis et al., 1974b), although extra
amniotic injection of arachidonic acid fails to 
do so (J.S. Robinson et al., 1978). Daily intra
muscular injections of PGFza at 142-151 days 
of gestation is followed by delivery in 2-6 
days. Conversely, treatment with the PG 
synthase inhibitor, indomethacin, prolongs 
pregnancy (Novy et al., 1974). However, few 
studies that systematically investigated eico
sanoids in monkeys at term and in labour 
have been reported and information is frag
mented and incomplete. The most detailed 
report is that of M.D. Mitchell et al. (1976), 
who measured PGF and PGFM in peripheral 
plasma and amniotic fluid of rhesus monkeys 
in late pregnancy. The concentration of 
PGFM in plasma is similar to that in non
pregnant animals (Cornette et al., 1974) and 

falls significantly in the last 5 days of preg
nancy. At least up to 24 h before parturition 
no increase in circulating PGFM is present. In 
amniotic fluid, however, both PGF and 
PGFM increase fourfold in the last 5 days of 
pregnancy (M.D. Mitchell et al., 1976; Dubin 
et al., 1988). When pregnant monkeys were 
treated with betamethasone for 2 weeks from 
120 days, the low concentration of amniotic 
fluid PGFM at 133 days in controls was un
affected by treatment, but at 160 days, when 
PGFM had increased substantially in con
trols, the concentrations in betamethasone
treated animals remained low (Dubin et al., 
1988). Oestrone, oestradiol-17J3 and P4 con
centrations were unaffected by treatment, 
whereas cortisol levels were markedly 
reduced. Cortisol concentrations had 
returned to control values at 160 days. 
Maternal plasma levels of oestradiol-17J3 
were suppressed during treatment but did 
not differ from controls at 160 days. The 
authors speculate that the low amniotic fluid 
concentrations of PGFM 4 weeks after discon
tinuing treatment with betamethasone may 
be due to induction of a protein that inhibits 
PLAz or PG synthase. The fetal adrenals 
failed to recover from suppressed growth. 

Walsh (1991) found that PGFza in amniotic 
fluid was undetectable until 1-2 weeks before 
delivery and increased in association with a 
nocturnal pattern of strong uterine activity in 
two of five animals; two other animals began 
labour and delivered with very little increase 
in PGFza levels. In contrast, the concen
trations of 5-HETE and LTC4 were higher and 
rose markedly and consistently up to 7 days 
before the start of labour. There is a rise in 
amniotic fluid levels of 5-HETE and a similar 
increase in LTB4 but no change in 15-HETE; 
similar but not significant changes in these 
lipoxygenase metabolites were observed after 
the maternal administration of mifepristone. 
Walsh (1991) suggests that 5-HETE and LTC4 
may stimulate uterine contractions or have 
chemotactic effects. LTC4 may lack oxytocic 
effects in monkeys since it is ineffective in 



stimulating human myometrial strips in vivo 
(Bryman et al., 1985; Lopez-Bernal et al., 
1989), but 5-HETE stimulates human myome
trial tissue in a dose-dependent manner (Ben
nett et al., 1987) and could contribute to the 
initiation of labour in monkeys. 

Amnion, chorion, decidua and myome
trium obtained by Caesarean section at 140-
168 days of pregnancy all release PGs in a 
superfusion system (M.D. Mitchell et al., 
1978d). The major product at all gestational 
ages is PGE from amnion. Decidua parietalis 
releases increased quantities of PGF and 
PGFM towards term, their total approximat
ing half that of PGE from amnion at 168 days. 
In all tissues, the ratios of PGEIPGF and PGFI 
PGFM increase at term. 

The role of eicosanoids in determining the 
types of uterine activity immediately preced
ing the onset of parturition remains unclear. 
Uterine contractility in pregnant monkeys is 
of two types: 

1. Periods of EMG activity lasting for at least 
3 min at least throughout the second half 
of pregnancy and showing no diurnal 
rhythm; and 

2. contractions of <1 min in duration make 
their appearance in late pregnancy. 

The latter have a strong diurnal rhythm with 
peak activity between 22:00 and 02:00 h (Duc
say et al., 1983), which coincides with the 
peaks in the concentrations of P 4 and DHEAS 
in the fetal circulation. At approximately 1 
week before parturition the nocturnal periods 
of uterine activity increase progressively to a 
crescendo 48-72 h before delivery. Novy and 
Haluska (1988) suggest that parturition in this 
species is an extension of a normally occur
ring nocturnal pattern of uterine activity in 
late pregnancy. The diurnal rhythm of uter
ine activity persists in animals in which the 
diurnal pattern of secretion of DHEAS is 
abolished by fetal infusion of ACTH, thus 
excluding the fetal adrenal as the source of 
the rhythm. In monkeys treated with RU486, 
an exaggerated diurnal rhythm of uterine 
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activity was observed during the first 24 h 
but thereafter activity increased steadily 
without evidence of diurnal variation 
(Haluska et al., 1987a). The cause of the diur
nal rhythm is unknown, although it probably 
has important implications for understanding 
the mechanism initiating parturition in non
human primates. 

9.3.8 SUMMARY 

Many aspects of parturitional physiology in 
monkeys have features in common with 
human pregnancy, and it seems likely that a 
paracrine mechanism is involved in both 
species. The monkey fetus seems to have 
little more than a permissive role, as evi
denced by a lack of consistent effects on 
pregnancy of length of hypophysectomy, 
decapitation, corticosteroid treatment or 
stimulation of the fetal adrenals with ACTH. 
Oestrogen and P 4 show no pronounced 
changes prepartum, and experimental 
manipulation of their concentration has no 
consistent effects in initiating or delaying par
turition. The postulated paracrine system is 
further supported by the tendency of the 
placenta to remain in situ after removal of the 
fetus until approximate term or later in mon
keys and 2 weeks before term in baboons. 
Overall, however, ignorance of the mechan
ism initiating parturition in non-human 
primates is even greater than that in humans. 

9.4 PIG 

9.4.1 INTRODUCTION 

The commercial importance of the pig 
industry in most countries has ensured that 
considerable research funds have been 
directed into pig research. The relatively high 
perinatal mortality in this species has led to 
an emphasis on parturitional research. Not 
only is the pig a CL-dependent species, but it 
is also polytocous and so, if more than one of 
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the fetuses initiates parturition, how are their 
actions coordinated? 

In ruminants, activation of the hypo
thalamic-pituitary-adrenal axis increases 
fetal plasma cortisol concentrations, initiating 
parturition and causing the synchronous 
maturation of the key organs essential for 
post-natal survival. In pigs, the two pro
cesses may be separate but, if so, they must 
be linked in some way to ensure that the 
piglets are mature at the time of birth. The 
pig represents a great technical challenge for 
fetal physiologists; not only are the fetuses 
small (smaller than fetal lambs) but there are 
so many. Moreover, relaxin is found in pigs; 
it is easily measured, is released from the CL 
and inhibits uterine activity. 

9.4.2 PROGESTERONE 

(a) Corpus luteum 

The maintenance of gestation in the sow 
depends on the continued secretion of P 4 by 
the ovary. The placentas may make a small 
contribution to P 4 production during late 
pregnancy but ovariectomy performed at any 
time during gestation rapidly terminates 
pregnancy, indicating that placental P4 pro
duction is inadequate for the maintenance of 
pregnancy (du Mesnil du Buisson and 
Dauzier, 1957). Progesterone replacement 
therapy will prevent abortion after ovari
ectomy (Fevre et al., 1968; First and 
Staigmiller, 1973), and the induction of addi
tional CL on day 103 or 107 prolongs ges
tation (Bosc et al., 1974; Martin et al., 1977). 
Between four and six CL are needed for the 
production of sufficient P 4 to maintain late 
pregnancy (Martin et al., 1977). Abortion 
occurs if maternal P 4 falls below 4 ng/ml 
(Ellicott and Dziuk, 1973; Nara et al., 1981). 

The length of gestation in the sow is 112-
116 days. Maternal plasma P4 concentrations 
fall slowly over the last 10-14 days of ges
tation before decreasing rapidly in the final 
24-36 h before farrowing (Robertson and 

King, 1974; Baldwin and Stabenfeldt, 1975; 
Silver et al., 1979a). 

(b) Placental synthesis 

There is clear evidence that the placenta pro
duces P4 during late pregnancy. Fetal P4 con
centrations are higher than maternal 
concentrations (Barnes et al., 1974; Silver et 
al., 1979a; Hagen et al., 1983). The mainten
ance of high fetal P 4 concentrations in fetuses 
in ovariectomized sows (Randall et al., 1986) 
and in sows after luteolysis induced with clo
prostenol (Silver et al., 1983) indicates that 
uterine uptake and placental transfer of P 4 

from the mother are unlikely. There is a nega
tive arteriovenous difference for P 4 across the 
umbilical vessels, suggesting placental pro
duction of P4 (Hagen et al., 1983; Nase et al., 
1985), and the fetal placenta can synthesize 
P4 from Ps in vitro (Craig, 1982). This con
firmed histochemical (Christie, 1968; Dufour 
and Raeside, 1969) and biochemical (Ains
worth and Ryan, 1966) evidence of 3j3-HSD in 
the pig placenta. The source of Ps is not 
known: cholesterol may be synthesized in 
situ or taken up from the maternal circulation 
and then converted to Ps, or Ps may be de
rived from the maternal or fetal circulations. 
There is no information on the circulating 
concentrations of Ps.in the sow. 

When the luteal source of P 4 is removed 
(by ovariectomy) and replaced by medroxy
progesterone acetate (MPA) (Craig, 1982), 
there is a negative arteriovenous difference 
for P 4 across the maternal placental vessels. 
Maternal P 4 concentrations increased from 
day 104 to 110 and then decreased until the 
expected day of delivery (day 114). There are 
potential problems with the use of MP A be
cause it depresses ovarian production of P 4 

during the luteal phase in human (Johans
son, 1971; Shinada et al., 1978) and rats 
(Sunde et al., 1982). However, the adminis
tration of MP A to sows in late pregnancy did 
not suppress P 4 production as judged by ma
ternal P4 concentrations (Whitely et al., 1990), 



and there is a negative arteriovenous differ
ence for P 4 in the umbilical vessels of fetuses 
of ovariectomized sows (Randall et al., 1986). 

The major source of P4 in the fetal circu
lation therefore appears to be the fetal pla
centa. The contribution of the fetal adrenal to 
the fetal P 4 pool would seem to be minimal 
(MacDonald et al., 1980). However, in the last 
24 h of gestation, when there is a sharp fall in 
maternal P4 levels, fetal P4 concentrations 
rose in both arterial and umbilical venous 
blood, presumably due to increased syn
thesis not decreased metabolism of P 4. Flint et 
al. (1979) noted a decrease in the formation of 
polar metabolites (pregnanetriols and preg
nanediols) from P4 by the term placenta, but 
the presence of high P 4 concentrations in 
samples taken from piglets at birth suggests 
that the P 4 may be derived from the adrenal 
which is maximally stimulated at this time 
(Silver et al., 1979b). High concentrations of 
P4 are also seen in neonatal pigs after prema
ture delivery induced with cloprostenol (Sil
ver et al., 1983), suggesting that in piglets (as 
in foals) cortisol induction of 17a-hydroxylase 
activity in the fetus occurs late in gestation, 
but is not complete in premature newborn 
(Thorburn, 1993). 

(c) Placental metabolism 

Despite the ability of the placenta to produce 
P4 during late pregnancy, it does not signifi
cantly contribute to maternal P4 concen
trations and cannot maintain the pregnancy 
in the absence of the CL. Indeed, there is a 
marked positive arteriovenous difference 
across the maternal placental vessels (6-8 ng/ 
ml) which indicates that the uterus clears a 
large amount of P4 from the maternal circu
lation. The fate of this P4 is unknown, but it is 
presumably metabolized by the placenta, 
endometrium and myometrium. The major 
products of P 4 metabolism by the endo
metrium (maternal tissue) in vitro were SJ3-
reduced pregnanediols (3a,20a-diol) and 
pregnanetriols (3a, 17 a,20a-triol) together 
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with SJ3-pregnan-3a-ol-20-one (SJ3-pregnano
lone). Less than 10% of the metabolites were 
Sa-reduced (Craig, 1982). In contrast, the 
products of placental (maternal or fetal 
tissues) metabolism were predominantly 
Sa- and SJ3-pregnanolones (3a-hydroxy-S
pregnan-20-one). 17a-Hydroxylated products 
accounted for <S% of the metabolites iso
lated. Since the placenta produces mainly 
Sa- and SJ3-pregnanolones, it presumably 
lacks the 20a-reductase enzyme. This study 
suggests that in the maternal endometrium 
the initial reduction of P 4 is to the SJ3 deriva
tives by an NADPH-requiring enzyme and 
the subsequent reduction of the 3-ketone is 
predominantly to the 3a-hydroxysteroid 
(SJ3-pregnenolone). A further reduction of 
the 20-ketone function to a 20a group leads to 
the formation of pregnanediol. The endo
metrium can also convert the 17a
hydroxylated derivative of P 4 through the 
above steps to pregnanetriol (SJ3-pregnane-
3a,17a,20a-triol). 

Whether these pathways operate in vivo to 
metabolize the large amounts of P 4 secreted 
by the CL into is not known. It is assumed 
that Ps (and P4) are metabolized via the d4 

pathway (Craig, 1982), although the ds path
way is primarily operative in the sheep 
(Nathanielsz et al., 1982; Mason et al., 1989), 
suggesting that the ds is the major pathway. 
However, the d4 pathway may be functional 
close to term because the placenta shows 
increased ability to metabolize P4 to 17a-OH
P4 at this time. 

The magnitude of the placental production 
of P 4 and its metabolites is still not clear. In 
the goat, Sheldrick et al. (1981) have proposed 
that the placental production of P 4 increases 
progressively from day 60 of gestation and 
reaches high levels but, in contrast to the 
sheep, most of this P4 is metabolized to 
metabolites such as SJ3-pregnanediol. Based 
on the plasma concentrations of unconju
gated oestrone and oestradiol-17J3 in the 
pregnant sow, placental steroid biosynthesis 
commences about Day 80 of gestation. Craig 
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(1982) implied that increasing amounts of 513-
reduced metabolites are secreted by the pig 
placenta, but this has not been confirmed. 
Steroidogenic activity in the pig placenta may 
be low, with most of the P 4 synthesized by 
the placenta being directly converted to oes
trogens. The placenta (and the endometrium) 
may playa much greater role in the clearance 
and metabolism of CL-derived P 4. There is a 
need to undertake with pigs the experiments 
undertaken with goats, whereby pregnancy 
is maintained after ovariectomy with MP A 
and P 4 and its major metabolites measured by 
specific radioimmunoassays. 

9.4.3 LUTEOTROPHINS 

(a) Protein hormones 

Pituitary stalk section of hysterectomized 
sows, or sows in early pregnancy, results 
in luteal regression and abortion (L. L. 
Anderson et al., 1967), indicating that con
tinuous secretion of pituitary luteotrophin is 
necessary to maintain the CL and that the 
possible secretion of a placental luteo
trophin is inadequate to replace the function 
of the pituitary. In hypohysectomizedl 
hysterectomized sows, the CL can be main
tained by LH alone and LH, but not pro
lactin, can prevent luteal regression (L. L. 
Anderson et al., 1966). Administration of 
antiserum to LH causes luteal regression 
(Spies et al., 1967). LH is therefore important 
for CL maintenance during the first half of 
pregnancy. However, prolactin may playa 
role in CL maintenance during mid- to late 
pregnancy: pituitary stalk section after day 70 
of gestation or hypophysectomy resulted in 
regression after about 20 days (du Mesnil du 
Buisson, 1966), and hypophysectomy in late 
pregnancy terminated the pregnancy (Krael
ing and Davis, 1974). Injections of bovine 
prolactin, but not LH, maintain luteal func
tion (weight and P 4 content) after hypophy
sectomy of sows between days 70 and 80 (du 
Mesnil du Buisson and Denamur, 1969). 

The administration of bromocriptine, a 
dopamine agonist, to late pregnant (day 111) 
sows reduced prolactin concentrations to 
<2 ng/rol, and caused the early onset of 
luteolysis in two out of three animals, again 
suggesting a luteotrophic role for prolactin in 
late pregnancy (Taverne et al., 1982). There is 
also an increasing density of prolactin bind
ing sites in luteal cells during the first half of 
pregnancy in the sow (Rolland et al., 1976). It 
is not known whether antiserum to prolactin 
antiserum after day 70 would cause abortion. 

The sudden decrease in P 4 secretion just 
before parturition may be related to the re
moval of a pituitary luteotrophic stimulus. 
The most likely pituitary luteotrophin in late 
pregnancy is prolactin, but there is no evi
dence of a preparturient decrease in plasma 
prolactin concentrations. Indeed, an increase 
in the maternal prolactin concentration has 
been reported (van Landeghem and van der 
Wiel, 1978; Taverne et al., 1979a, 1982; Dusza 
and Krzymowska, 1981). 

(b) Oestrogens 

Administration of oestrogens during the oes
trous cycle prolongs luteal function in pigs 
(Kidder et al., 1955; Gardner et al., 1963; 
Kraeling et al., 1975) and increases plasma P4 

concentration (Ford et al., 1982). One possible 
mechanism is that oestrogen reduces PGF2o: 

release into the circulation, thereby blocking 
the normalluteolytic action of the uterus (see 
Bazer et al., 1986); such a mode of action has 
been suggested for the luteotrophic effect of 
endogenous oestrogen secreted by the con
ceptus early in gestation (Bazer and Thatcher, 
1977). Oestrogen administered on day 12 
after oestrus, apart from extending the life
span of the CL in non-pregnant gilts, also 
increased the level of unoccupied LH recep
tors (Garverick et al., 1982). Since mainten
ance of the CL is dependent on LH in the pig 
from about day 14 after oestrus (du Mesnil du 
Buisson, 1966, 1973; L.L. Anderson et al., 
1967; Spies et al., 1967), the luteotrophic 



action of oestrogen may be manifested by 
increasing numbers of LH receptors and thus 
LH action. This would be consistent with the 
lack of action of oestrogens in maintaining 
CL after hypophysectomy (du Mesnil du 
Buisson, 1966) or pituitary stalk section (L.L. 
Anderson et al., 1967). 

Conley and Ford (1989) demonstrated a 
direct luteotrophic effect of oestrogen on the 
pig CL in vivo by the intraluteal implantation 
of oestradiol. However, the dose of oestradiol 
used was much higher than that necessary to 
stimulate CL function when administered by 
an intrauterine route (Ford et al., 1982). 
Conley and Ford (1989) concluded that the 
systemic effect of oestradiol noted in their 
study was due to an effect on the uterus by 
reducing PGF2n release into the utero-ovarian 
vein as described by Frank et al. (1977) and 
Ford et al. (1982). This supports the proposal 
by Bazer et al. (1986) that the primary effect of 
oestrogen that results in maintenance of 
luteal function is a decrease of the luteolytic 
signal. Against a direct action of oestrogen on 
the CL was the finding that oestrogens did 
not increase the lifespan of CLs of pituitary 
stalk-sectioned sows (L.L. Anderson et al., 
1967), although it is possible that there were 
low LH values in these animals. Consistent 
with a direct action of oestrogen on the CLs 
was the stimulatory action of oestrogen on P 4 

production by pig granulosa cells in culture 
(Goldenberg et al., 1972; Veldhuis et al., 1981) 
and of stilboestrol on binding of LH by iso
lated pig granulosa cells (Nakano et al., 1977). 

Garverick et al. (1982) suggested the follow
ing sequence of events. Firstly, before day 12 
of gestation, the small amounts of oestrogen 
secreted by the conceptus act directly to in
hibit endometrial PGF2n synthesis and thus 
reduce the luteolytic signal. Secondly, the 
increasing concentrations of oestrone sul
phate in maternal plasma during early preg
nancy (Robertson and King 1974; Heap et al., 
1981) would explain the rise in luteal LH 
receptors between days 20 and 30 of gestation 
(Ziedk et al., 1980). 
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It is not known whether oestrogens are 
luteotrophic after day 70 of gestation in the 
pig. Administration of oestradiol-17~ to two 
pregnant gilts (days 102 and 105 of gestation) 
(Flint et al., 1979) had no luteolytic or luteo
trophic effects, but it is not clear how the 
luteotrophic effect was assessed because hor
mone concentrations are not indicated. 

Oestrogen concentrations increase in the 
maternal circulation from day 70 to term 
(Robertson and King, 1974) and may act with 
prolactin to maintain luteal function. There 
appears to be neither a placental lactogen nor 
a chorionic gonadotrophin in the pig in early 
or late pregnancy (P.A. Kelly et al., 1976; Flint 
et al., 1979; A.P.F. Flint and P. Saunders, 
unpublished observations). 

Considerable evidence is available indi
cating that fetuses may play a part in main
taining the CL of pregnancy to term 
(summarized by First and Bosc, 1979). At 
least four fetuses are required to maintain a 
pregnancy (Polge et al., 1966), but when one 
uterine horn is removed, two fetuses are suf
ficient (Dhindsa and Dziuk, 1968). Pregnancy 
can be maintained for only one fetus when all 
the uterus except that portion occupied by 
the fetus is removed by day 14 of pregnancy 
(du Mesnil du Buisson and Rombauts, 1963). 
When all fetuses were killed after day 30, CL 
and P 4 concentrations were maintained until 
day 60 (Webel et al., 1975) or from days 100 to 
120 of gestation (Coggins and First, 1977) if 
the fetuses had not been resorbed. However, 
removal of all fetuses at day 102 caused deliv
ery of the placentas in less than 48 h (Chi
boka et al., 1976). First and Bosc (1979) 
concluded that fetal tissue or a product of the 
intact conceptus, such as oestrogen (Bazer 
and Thatcher, 1977), must be present in utero 
to prevent the uterus from initiating luteoly
sis. Embryo extracts are luteotrophic when 
infused into the uterine lumen of unilaterally 
pregnant sows: luteal function is maintained 
and PGF2n-induced luteal regression is re
tarded (Longenecker and Day, 1972; Ball and 
day, 1982a). Ball and Day (1982b) used intra-
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luteal implants containing pig embryonic 
extracts to maintain the function of an indi
vidual CL in an ovary, suggesting that the 
embryo extract can (also) directly prevent the 
luteolytic effects of the uterus at the level of 
the CL. The active principle(s) was heat 
stable and charcoal extractable, indicating 
that it was of low molecular weight, possibly 
a steroid (e.g. oestradiol). However, PGE2 is 
another luteotrophic factor produced by the 
pig embryo (Akinlosotu et al., 1986) as in 
sheep (Henderson et al., 1977). 

(c) Prostaglandin E2 

PGE2 has been proposed as one of the signals 
for maternal recognition of pregnancy in 
sheep and cows (sections 9.5 and 9.7). In 
contrast, when intrauterine infusions of PGE2 

are started on days 12-14 of the oestrous 
cycle in cyclic pigs, luteal function is not pro
longed (Schneider et al., 1983), but if the in
fusion is started earlier in the cycle (day 7) 
and continued through to day 23 the decrease 
in plasma P 4 concentrations that normally 
occurs around day 15 is delayed and luteal 
function extended (Akinlosotu et al., 1986). In 
the PGE2-infused gilts, peak P 4 concen
trations remained high from day 9 until day 
23, and rapidly declined to <1 ng/ml by day 
26. 

The exact mechanisms of action of PGE2 

in maintaining luteal function are still 
unknown. Like LH, PGE2 stimulates P 4 

secretion and cyclic AMP production by bov
ine luteal cells in vitro (Speroff and Ramwell, 
1970; Marsh, 1971) but the PGE2 analogue, 
sulproston, is neither luteotrophic nor luteo
lytic in the cyclic pig (Sander et al., 1982). This 
analogue is believed to act via the EPrtype 
PGE2 receptor and stimulate IP3 turnover 
(R.A. Coleman et al., 1985) and not via the 
EP2 receptor, which activates adenylate 
cyclase and increases cAMP. In cycling ewes, 
PGE2, by arterial infusion, induces luteolysis 
(section 9.5). 

The luteotrophic effect of the intrauterine 

infusion of PGE2 (Akinlosotu et al., 1986) may 
be mediated by an action on the endo
metrium, inhibiting the release of the luteoly
sin PGF2a into the uterine venous drainage, 
or by a direct luteotrophic action on the CL of 
pregnancy. The putatiye luteotrophic action 
of PGE2 on the CL would require that, for the 
latter, adequate levels of PGE2 would need to 
reach the CL, but information is lacking on 
the plasma concentrations of PGE2 in the 
early pregnant pig. 

Does PGE2 continue to exert a luteotrophic 
role throughout pregnancy and does it act 
locally on the endometrium to inhibit PGF2a 

release? The placenta is an important source 
of PGE during late gestation in the pig. PGE2 

is secreted into the fetal circulation [mean 
PGE concentration in the umbilical vein at 
birth being 11.3 ± 3.3 ng/ml (34 nmolll) com
pared with 3.0 ± 0.3 ng/ml in the arterial 
plasma], and in catheterized fetuses from late 
pregnant sows PGE2 levels are high in the 
umbilical vein (Silver et al., 1979a). Significant 
amounts of PGE2 are present in the maternal 
uterine vein at farrowing (4.0 ng/ml, 
12.0 nmolll) (Silver et al., 1979a). Considering 
the high placental blood flow at that time, the 
production rate of PGE2 by the late pregnant 
uterus is very high. PGE2 is also found in the 
maternal artery during late pregnancy (1.4 ± 
0.3 ng/ml, 4.2 nmol/l), indicating that con
siderable amounts of PGE2 had escaped the 
lungs and could be exerting a luteotrophic 
effect on the CL of pregnancy. PGE2 may also 
exert a stimulatory action on the myome
trium and may explain the increase in uterine 
activity during the last 3 weeks of pregnancy 
in the sow (Taverne et al., 1979b). However, 
the action of PGE2 on the pig myometrium is 
unknown and further information is needed 
on the plasma concentrations of PGE2 in the 
maternal uterine vein and artery during ges
tation in the pig. 

Rice et al. (1989) have characterized the ges
tational profile of PGE2 release from chor
ioamnion and chorioallantois in sows 
between 47 and 112 days' gestation. PGE2 



release from explants of the combined chor
ioallantois and chorioamnion under basal 
conditions is low (i.e. 13.7 ± 2.8 pmol/ 
100 mglh) up to 89 days (0.7 gestation). 
Release significantly increased by 3.5-fold 
over the next 22 days and reached a maxi
mum of 176.5 ± 34.9 pmol PGEz/100 mglh. 
The addition of arachidonic acid significantly 
increased the release of PGEz at all stages of 
gestation, but when expressed as a percent
age of basal PGEz release this effect decreased 
with increasing gestational age. Thus, with 
increasing gestational age, arachidonic acid 
became less rate limiting, implying an in
crease in phospholipase activity. However, 
the marked increase in PGEz synthesis in the 
presence of arachidonic acid between 80 and 
110 days indicates a marked increase in PGH 
synthase activity in the pig placenta. 
Whether this is due to an increase in the 
tissue content of the PGH synthase enzyme, 
an increase in the rate of catalytic conversion 
or an increase in the half life of the enzyme is 
still to be determined (Rice et al., 1989). 
Changes in the maternal plasma pattern and 
placental production of PGEz in the sheep are 
described in section 9.5. The pig may follow a 
similar pattern, and if so, PGEz may playa 
luteotrophic role in the pig. 

9.4.4 LUTEAL REGRESSION AND 
HORMONAL CHANGES AT BIRTH 

Parturition in the pig is preceded by a com
plex pattern of hormonal changes (reviews by 
First and Bosc, 1979; Taverne, 1982). A de
crease in P 4 concentrations (Robertson and 
King, 1974; Ash and Heap, 1975) caused by 
the regression of the CL plays an essential 
role in the onset of parturition because P 4 

treatment after ovariectomy prevents prema
ture delivery (First and Staigmiller, 1973; 
Sherwood et al., 1978) and induction of addi
tional CL on days 103 or 108 of pregnancy 
prolongs gestation (Bosc et al., 1974; Martin et 
al., 1977). There is some debate about the 
exact timing of the decrease in P 4 levels and 
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whether it precedes or follows the increase in 
relaxin concentrations, depending partly on 
the frequency of sampling and what is inter
preted as a significant increase. Watts et al. 
(1988), using hourly sampling for the last 
48 h, reported that the first change detected 
was a decrease in P4 concentrations, which 
began at about 30 h prepartum and pro
gressed to term. At about 20 h before deliv
ery, plasma PGFM concentrations increased 
sharply, rising more slowly thereafter, and 
there was a surge in plasma relaxin con
centrations 15-12 h prepartum, reaching a 
maximum of 55-329 ng/mI. The maternal 
plasma concentrations of oestradiol-17f3 
varied within and amongst gilts over a rela
tively wide range, but in all animals an in
crease was observed during the last 30 h. 

In contrast, Whitely et al. (1990) reported 
that relaxin concentrations increased before 
P 4 concentrations started to decline, as found 
by Taverne et al. (1982), who considered that 
maternal plasma prolactin and relaxin con
centrations started to rise almost simul
taneously between 57 and 47 h before the 
first piglet and that both hormones reached 
peak values when the plasma concentrations 
of P 4 had started to decline rapidly. 

There is, however, marked variation be
tween animals in the timing of the relaxin 
increase and the P 4 decrease. A study of indi
vidual sows (Sherwood et al., 1981) showed 
that relaxin concentrations rose steadily from 
2.7 ng/ml on day 110 to 15.8 ng/ml on day 112 
and during the 2 days preceding parturition 
there was a further marked increase, with 
values reaching a peak 15 h before the birth 
of the first piglet. During days 110-112 small 
peaks of relaxin were detected, and these are 
probably in response to small amounts of 
PGFzu released from the uterus. PGFzu is 
known to be released in a pulsatile manner 
(Gleeson et al., 1974), but these pulses can 
only be detected satisfactorily by high
frequency sampling from the uterine vein. 
The measurement of PGFM in peripheral 
plasma is a relatively insensitive means of 
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measuring PGF2a release from the uterus. 
The administration of indomethacin to the 
preparturient sow not only blocks parturition 
but also prevents the increase in plasma con
centrations of relaxin and prolactin (Taverne 
et al., 1982), indicating that PGF2a is involved 
in the triggering process for these changes. 

If PGF2a is the luteolysin in the pig, then 
only very low concentrations of PGF2a would 
be needed in the arterial blood to initiate 
luteolysis. The efficacy of PGF2a as a luteoly
sin is dependent not only on the concen
tration achieved but also on the time the CL is 
exposed to the PGF2a the longer the better 
(Thorburn and Nicol, 1971). The efficacy of 
the PGF2a analogues relates to their relatively 
long biological half-life, because they are not 
metabolized as rapidly by the lungs. A small 
initial release of PGF2a causes a small de
crease in P 4 concentrations, which in turn 
causes a further release of PGF2u' Thus, as 
the P 4 levels fall, greater amounts of PGF2a 

are released, causing further decreases in P 4. 

If a luteolytic dose of a PGF2u analogue (e.g. 
cloprostenol) is given to sows to induce 
farrowing, it is some 6 h before the initial 
increase in endogenous PGF2a release occurs, 
and the PGF2a concentrations continue to in
crease over the next 20 h, reaching very high 
values similar to those found at spontaneous 
delivery (Silver et al., 1979a, 1983). 

Further evidence in favour of PGF2a being 
the luteolysin in the sow is provided by the 
studies of Martin et al. (1977). When CL were 
induced in pregnant gilts on day 83 or 103, 
and the original CL removed 6 days later, 
pregnancy was maintained. CL induced on 
day 83 had no effect on the length of ges
tation, and remained functional for 30 days 
rather than 15 days, as do the CL of the 
oestrous cycle, or 114 days, as do the CL of 
gestation. These results suggest that there 
was no circulating PGF2a (or other luteolysin) 
in the pregnant sow before normal term be
cause the CL persisted despite being sensi
tive to the luteolytic action of PGF2a . These 
observations also show that these CL are re-

sponsive to PGF2a because they regress at 
term. The CL induced on day 102 remained 
functional for 15 days and prolonged ges
tation beyond the usual 114 days (to 119 
days), exhibiting an intrinsic lifespan as in 
the oestrous cycle (du Mesnil du Buisson and 
Leglise, 1963). The CL of the oestrous cycle 
are resistant to luteolytic doses of PGF2a dur
ing the first 12 days of the cycle, and presum
ably the new CL induced on day 103 are 
resistant to the parturient luteolysin. 

PGF2a treatment causes the regression of 
the old CL, but CL induced less than 12 days 
previously are resistant; plasma P 4 levels de
creased but not sufficiently to cause partur
ition (Coggins et al., 1977). PGF2a and its 
analogues are potent luteolytic agents in the 
sow, and the fall in maternal plasma P4 and 
rise in PGFM follow the same patterns as 
those seen before spontaneous labour at term 
(First and Bosc, 1979; Silver et al., 1979a, 1983; 
Nara and First, 1981). Indomethacin prevents 
the preparturient increase in PGFM, luteal 
regression, the decrease in maternal P 4 con
centrations and parturition (Nara and First, 
1977). In indomethacin-treated sows, exogen
ous PGF2a caused a decrease in P 4 concen
trations and delivery, but very high doses 
given over long periods were required to in
crease the concentration of PGF2a metabolites 
in the blood equal to those found at delivery 
(Nara and First, 1977). These results again 
indicate that only very low concentrations of 
PGF2a are needed to initiate luteal regression 
at term in the sow. 

The luteolytic agent in the sow is of uterine 
origin because hysterectomy at day 112 pro
longs the life of old CL and new CL that have 
been induced about 7 days before the 
expected term (Bosc et al., 1974; First and 
Bosc, 1979). The luteolysin travels from the 
uterus to the ovaries, at least in part by the 
systemic route. Parturition occurs at the 
expected time after ovaries are transplanted 
to the uterus or the body wall, thus surgically 
disrupting the normal anatomical relation
ship between the uterus and ovaries and pre-



venting any countercurrent transfer of the 
luteolysin between the uterine vein and 
ovarian arteries (Martin et al., 1978). If PGF2n 

is the luteolysin, these results would suggest 
that the lungs of the pregnant pig are not 
fully effective in clearing PGF2n from the 
blood during its passage through the lungs. 

Maternal plasma P 4 concentrations de
crease slowly over the last 10-14 days of ges
tation before decreasing rapidly over the last 
24-36 h associated with luteal regression 
(Robertson and King, 1974) caused by with
drawal of trophic support during the last 2 
weeks of gestation or release of very small 
amounts of the PGF2n . Whatever the cause, 
the gradual decrease in P 4 concentrations 
over the last 10 days may also initiate the 
release of small amounts of PGF2n, which in 
turn initiate the finalluteolytic mechanism. 

9.4.5 THE EVOLUTION OF MYOMETRIAL 
ACTIVITY BEFORE PARTURITION 

During the last 3 weeks of gestation, when 
circulating concentrations of P 4 are relatively 
high, myoelectric activity in the uterus is 
minimal and restricted to episodes of several 
minutes' duration, principally in areas of 
muscle overlying the fetuses (Taverne et al., 
1979b). Uterine EMGs consist of irregular 
episodes «3.51h) of prolonged phases of 
activity (>3.5 min duration) in uterine seg
ments containing a fetus. Empty parts of the 
uterus remain relatively inactive (Taverne et 
al., 1979b). Plasma oxytocin concentrations 
remain below 1.2 J.Lulml between 12 and 2 
days before parturition (Forsling et al., 1979). 
Between 24 and 10 h before expulsion of the 
first piglet, mean concentrations of P 4 signifi
cantly fall and those of oestrogens increase. 
This coincides with behavioural changes of 
the sow (nest building), but myometrial 
activity at this stage is similar to that recorded 
on the previous days (Taverne et al., 1979b). 
It was only between 9 and 4 h before the first 
piglet is born that the pattern of the EMGs 
changes and regular phases of electrical dis-
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charges appear with increasing frequency 
(7-121h in all parts of the uterus). At the same 
time, oxytocin concentrations in peripheral 
plasma are elevated. During delivery of the 
piglets the mean frequency of the phases 
of electrical discharges increases further 
(18-201h, their duration being significantly 
shorter than in the previous few hours). 
Oxytocin concentrations reach their highest 
levels at this stage, oestrogen concentrations 
are already falling and P 4 is <4 ng/ml in all 
sows (Taverne et al., 1979b). Watts et al. 
(1988) found that total EMG activity did not 
change between 20 and 10 h prepartum, de
spite a marked increase in circulating PGFM 
concentrations, but in ovariectomized gilts, 
which therefore lacked relaxin, EMG activity 
increased steadily from about 15 h after the 
last P 4 injection when plasma P 4 titres were 
falling below 40 ng/ml. Watts et al. (1988) 
suggested that the difference between these 
two groups might be the sharp increase in 
plasma relaxin titres which occurred in con
trol animals as P 4 concentrations waned. 
Consistent with this view was their finding 
that the progressive rise in EMG activity ob
served in the ovariectomized gilts after the 
last P 4 injection was virtually abolished in 
another group of animals by the adminis
tration of relaxin. These studies agreed with 
those of Porter and Watts (1986), who 
suggested that relaxin appears to maintain 
myometrial quiescence as the P 4 block wanes. 
When relaxin concentrations decrease, EMG 
activity increases progressively up to birth, as 
reflected by significant negative correlation 
between relaxin and mean total duration of 
electrical activity, suggesting that relaxin in
hibits the myometrium while P 4 titres are 
falling and while circulating levels of PGF2n 

are increasing (Watts et al., 1988), as found 
for rats (Porter et al., 1979). 

Progesterone is a potent inhibitor of myo
metrial activity in the ovariectomized non
pregnant pig, and the ability of P 4, or syn
thetic progestagens (Craig, 1982) to maintain 
pregnancy in the sow after bilateral ovari-
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ectomy, at least in part, may be due to inhi
bition of myometrial contractions by P 4 

(Porter and Watts, 1986). As in rabbits (Csapo 
et al., 1963) and sheep (Lye and Porter, 1978), 
the effect of P 4 is gradual in onset, the re
duction in the frequency of pressure cycles 
occurring progressively over a period of 6-
24 h. In contrast to relaxin, P 4 abolishes the 
myometrial responsiveness to oxytocin, and 
at least partial withdrawal of P 4 is a prerequi
site for parturition (Taverne, 1982). 

9.4.6 RELAXIN 

The CL of pregnant pigs synthesize relaxin 
and store it in membrane-bound vesicles. The 
content of relaxin in the CL increases from 
about day 28, reaching peak levels at day 110 
of gestation and, then decrease (Belt et al., 
1971; L.L. Anderson et al., 1983), markedly so 
between 44 and 26 h before parturition when 
relaxin is discharged into the blood (Belt et 
al., 1971). Plasma concentrations are mark
edly elevated only during the 2 days before 
parturition: peak values (50-300 ng/ml) occur 
14-22.5 h before parturition, and concen
trations then decrease rapidly to low levels 
(1 ng/ml) by 1 day after farrowing (Sherwood 
et al., 1975, 1981). The high levels of relaxin in 
plasma are associated with high plasma con
centrations of PGFM and the regression of 
the CL (Sherwood et al., 1979; Nara and First, 
1981; Taverne et al., 1982; Watts et al., 1988). It 
is thought that PGF2a acts on the CL to cause 
the secretion of relaxin, concentrations in
creasing sharply after a luteolytic dose of exo
genous PGF2a (Sherwood et al., 1976, 1979). 
Moreover, relaxin concentrations peaked 10 
min after a small dose of PGF2a (50 j.Lg i. v.) 
which did not cause luteolysis and was not 
sufficient to decrease maternal P 4 concen
trations (Nara et al., 1982). Inhibition of PG 
synthesis by indomethacin prevented the re
lease of relaxin, while simultaneous treat
ment with exogenous PGF2a induced release 
of relaxin from the CL (Nara and First, 1981). 
Before parturition in the sow, maternal 

plasma prolactin and relaxin concentrations 
start to increase at about the same time 
(Taverne et al., 1982). Although a common 
stimulus may evoke the relaxin and prolactin 
spikes, they are independent because abol
ition of the prolactin spike with bromo
criptine did not prevent the occurrence of the 
relaxin spike (Taverne et al., 1982). In 
bromocriptine-treated sows, normal prepar
turient changes in relaxin and P 4 were 
observed and parturition was unaffected, in
dicating that increasing prolactin concen
trations were not an essential component of 
parturition. The prepartum changes in 
plasma prolactin, relaxin and P 4 concen
trations were prevented by indomethacin but 
occurred apparently unchanged after the 
treatment ended, suggesting a primary role 
for PGF2a in the prepartum hormone changes 
and the initiation of parturition. 

The significance of the prepartum increase 
in relaxin concentrations is still uncertain, but 
it may be involved in the softening of the 
cervix (Kertiles and Anderson, 1979) and in 
myometrial coordination (Downing et al., 
1980). The main role of relaxin in the pig 
would appear to be as a myometrial inhibitor 
(Porter and Watts, 1986; Watts et al., 1988). 

Relaxin appears to maintain uterine quies
cence as the P4 block (Csapo, 1956) wanes. 
Porter and Watts (1986) demonstrated that P4 

is a potent inhibitor of myometrial activity in 
the ovariectomized non-pregnant pig, and 
suggested that the ability of P 4, or synthetic 
progestagens (Craig, 1982), to maintain preg
nancy in the sow after bilateral ovariectomy, 
at least in part, is due to its inhibition of 
myometrial contractions. They found that, as 
in the rabbit (Csapo et al., 1963) and the ewe 
(Lye and Porter, 1978), the effect of P4 was 
gradual in onset since the reduction in the 
frequency of pressure cycles occurred pro
gressively over a period of 6-24 h. In contrast 
to relaxin, P 4 abolished the myometrial re
sponsiveness to oxytocin. Porter and Watts 
(1986) concluded that the pig is like the rabbit 
(Csapo et al., 1963) and sheep (Lye and 



Porter, 1978), in that a classic P4 block 'can be 
demonstrated, a conclusion which is consist
ent with the reports that at least partial with
drawal of the action of the steroid is a 
prerequisite for parturition' (Taverne, 1982). 

Purified porcine relaxin is a powerful myo
metrial inhibitor in the pig in vivo (Porter and 
Watts, 1986). Relaxin lowers the frequency of 
intrauterine pressure cycles without reducing 
the amplitude. A single dose of relaxin that 
produces plasma concentrations similar to 
those found normally prepartum is able to 
reduce myometrial activity almost to zero. 
Relaxin inhibition of the uterus in pigs does 
not affect the responsiveness of that organ to 
oxytocin (Porter and Watts, 1986). It appears 
that (1) relaxin is able to inhibit myometrial 
contractility of the gravid pig uterus in vivo 
and (2) the evolution of labour activity in the 
sow is inversely correlated with plasma 
relaxin concentrations (Porter, 1979; Porter 
and Watts, 1986; Watts et al., 1988). 

9.4.7 MATURATION OF THE FETAL 
PITUITARY-ADRENAL AXIS 

In the pig, fetal adrenal weight increases 
during late gestation (Dvorak, 1972) and 
plasma cortisol concentrations in chronically 
catheterized fetuses increase during the last 
4-9 days of gestation (Silver et aI., 1979a; 
Randall, 1983; Silver and Fowden, 1989). 
Therefore, activation of the fetal pituitary
adrenal axis presumably initiates parturition 
in pigs in a way similar to that in ruminants 
(Liggins et aI., 1973; Thorburn and Challis, 
1979). Decapitation (Stryker and Dziuk, 1975) 
or hypophysectomy (Bosc et aI., 1974; Kendall 
et al., 1983; Randall and Tsang, 1986) of the 
entire litter at an early stage of pregnancy 
results in a prolongation of pregnancy and 
eventual death of the fetuses in utero, empha
sizing the importance of the fetal pituitary 
(and the brain) in the initiation of labour in 
pigs. When the litter contained one intact 
fetus plus three or four headless fetuses, par
turition was delayed to day 124 or 125. When 
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more than one intact fetus was present in a 
litter containing some headless fetuses, par
turition was not delayed and two intact 
fetuses were needed to induce labour at term 
(Stryker and Dziuk, 1975). However, these 
studies did not point specifically to ACTH 
and the hypothalamic-pituitary-adrenal axis. 

A single transuterine injection of a large 
dose of long-acting ACTH to each fetus, or all 
except two, at 103 days' gestation marginally 
shortened gestation to 110-112 days com
pared with controls, 113-114 days (Bosc, 
1973). Dexamethasone (100 mg/day) adminis
tered to pregnant sows on days 101-104 also 
shortened the length of gestation to 110.5 
days as compared with 115 days in controls 
(Coggins and First, 1977). A similar delay 
between injection of dexamethasone (75 mg/ 
day on days 101-103) to the pregnant sow 
and the time of delivery (112.6 ± 0.6 days 
compared with 114.7 ± 0.2 days) was ob
served by North et ai. (1973). Dexamethasone 
(6 mg) administered to seven fetuses of a 
litter also resulted in premature delivery 
some 7-8 days later (North et aI., 1973). 

Although these findings are consistent 
with the suggestion that the initiation of par
turition may be actively triggered by the fetal 
pituitary-adrenal axis (First et aI., 1982), this 
conclusion has been criticized (Silver and 
Fowden, 1989; Randall et aI., 1990). Randall et 
ai. (1990) consider that these experiments are 
inconclusive because large doses were used 
and were superimposed on the stress re
sponse associated with surgical procedures. 
Furthermore, studies in ruminants have 
shown that when dexamethasone is used in 
pharmacological doses to induce premature 
parturition, the increase in placental 17a
hydroxylase activity occurs rapidly in the first 
12-24 h and parturition occurs within 48-
72 h (Thorburn and Challis, 1979). The delay 
observed in the pig experiments suggests 
that dexamethasone may be working by a 
mechanism other than a direct action on pla
cental 17a-hydroxylase. Studies in pregnant 
cows have shown that if dexamethasone 
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(possibly because the dose was inadequate) 
does not induce parturition within a few 
days, it still initiates premature parturition, 
but delivery occurs some 7-10 days later 
(Fairclough et al., 1981). However, studies in 
sheep suggest that glucocorticoid treatment 
may increase the responsiveness of the fetal 
hypothalamic-pituitary-adrenal axis or act at 
some other site(s) to provoke another partur
ient mechanism independent of the fetal 
pituitary-adrenal axis (Liggins et al., 1977). 
There is some compelling evidence to indi
cate that the fetal pituitary-adrenal system is 
not directly involved in initiating parturition 
in the pregnant sow. 

Early hypophysectomy by coagulation of 
the fetal pituitary between days 68-84, selec
tively alters the growth and maturation of 
individual organs. Hypophysectomy (before 
day 70) resulted in a significant reduction in 
the weights of the thyroid, adrenal and the 
testes but the spleen and kidneys increased 
(Randall, 1989). Differences occur between 
fetal lambs hypophysectomized late (115-125 
days' gestation) and early (70-75 days' ges
tation) (Deayton et al., 1993). Ewes carrying 
fetuses hypophysectomized earlier (days 70-
75) failed to show the normal increase in 
placental oestrogen and PGE2 biosynthesis 
between days 90 and 125 (Deayton et al., 
1993). They suggested that the fetal pituitary, 
perhaps by the synthesis and release of gon
adotrophins, may influence placental steroid 
and PGE2 synthesis. It is not known whether 
fetal infusion of dexamethasone or ACTH 
will induce premature labour in ewes carry
ing fetuses hypophysectomized early in ges
tation (day 75 or earlier). It is possible, 
therefore, that in pigs, in which the fetuses 
have been decapitated or hypophysecto
mized early in gestation (Stryker and Dziuk, 
1975; Coggins and First, 1977), the matu
ration of the placenta and other key organ 
systems may also be delayed (Randall, 1989). 
This suggestion is consistent with the obser
vation of the inability of dexamethasone to 
induce delivery in sows carrying decapitated 

fetuses (Coggins and First, 1977) and its 
failure to reduce maternal P 4 concentrations 
(Coggins et al., 1977). 

The parturition-inducing ability of gluco
corticoids increases with advancing gestation 
in a number of species (Adams and Wagner, 
1970; Bosc, 1972; Coggins and First, 1973) and 
may be dependent on a maturational process 
also controlled by the fetal pituitary or at least 
some portion of the fetal brain (Coggins and 
First, 1977). Furthermore, in the sow, as in 
the sheep (Chapter 10, this volume), fetal 
hypophysectomy (or decapitation) prevents 
the increase in placental PGE2 production 
during the last 0.3 of gestation, and so the 
lack of PGE2 may interfere with parturient 
mechanisms. 

Randall et al. (1990) measured the fetal and 
maternal hormone changes in plasma from 
gilts in which all fetuses were infused with 
ACTH (2 J,Lg/h) or saline continuously from 
day 103 of gestation. Litter size had been 
reduced to four earlier in gestation. The fetal 
adrenals were significantly heavier in fetuses 
receiving ACTH, and their plasma cortisol 
values increased rapidly in response to the 
ACTH infusion, although there was a 
marked variation in individual piglets. The 
fetal plasma cortisol concentrations were 
similar to those seen in the last few days of 
gestation (Silver et al., 1979a; Randall, 1983). 
The fetal adrenal is fully responsive in vitro to 
ACTH by about 90 days' gestation (Lohse 
and First, 1981). A rise in fetal plasma cortisol 
in response to ACTH can be elicited by fetal 
manipulation as early as 70 days (0.65 
gestation): infusion of ACTH (125 J,Lg/day), 
over a 4-day period, elicited a cortisol 
response (Silver and Fowden, 1989) similar to 
that observed by Randall et al. (1990). 

In chronically catheterized fetuses, Silver 
and Fowden (1989) noted a gradual rise in 
both cortisol and ACTH in fetal plasma from 
day 100 to term. There was a significant cor
relation between plasma cortisol and log 
plasma ACTH values (r=0.81, P<O.OOl). 
Analysis of basal values from younger (day 



70-100) fetuses showed a positive correlation 
between cortisol and log ACTH, but the slope 
of the regression line was significantly less 
than for the older fetuses, indicating a greater 
adrenocortical response to a given level of 
ACTH nearer term. 

In neither of the two studies in which 
ACTH was infused into chronically catheter
ized fetuses was premature parturition 
induced. In the experiments of Randall et al. 
(1990), all fetuses were infused with ACTH 
(2 f.Lg/h) from day 103, whereas in the study 
of Silver and Fowden (1989), a continuous 
infusion of ACTH (0.125 mg/day) for 4-5 
days was given to only 1-2 fetuses per litter 
(total size 7-12). Both studies caused an in
crease in fetal cortisol to parturient levels. It is 
difficult to reconcile these findings with the 
earlier studies, which suggested that acti
vation of the fetal pituitary-adrenal axis 
initiated parturition in the pig (First and Bosc, 
1979; First et al1982). 

These results indicate that the fetal pitu
itary axis is not involved in parturition per se, 
but that it probably plays a very important 
role in the maturation of the fetal lung and 
many other systems essential for post-natal 
survival of the neonate. It seems unlikely that 
the same mechanism is operative in the sow 
as in the goat since, in the goat, oestrogen 
is luteolytic (Currie and Thorburn, 1976), 
whereas in the sow, oestrogen is luteotrophic 
(Flint et al., 1979). 

In sheep and goats, the main action of 
glucocorticoids is to increase oestrogen bio
synthesis by increasing placental 170:
hydroxylase activity (A.B.M. Anderson et al., 
1975; Flint et al., 1978). Increased placental 
production of oestrogens would serve little 
purpose in sows because oestrogens are not 
luteolytic (Flint et al., 1979). It appears that 
some other mechanism is involved in stimu
lating PGF2a release from the pig placenta, if 
PGF2a is the likely luteolysin in the pig. 

Pituitary factors (e.g. gonadotrophins) 
may be required for the placental production 
of PGs in sows (Silver et al., 1979b). 
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Methallibure, an inhibitor of hypothalamic 
function (Mueh et al., 1975) and specifically 
LH release, causes prolonged pregnancy 
when administered to the pregnant sow 
(First, 1972; Coggins and First, 1977). The 
fetal pituitary may therefore be responsible 
(Rice et al., 1989), as in the sheep (Thorburn et 
al., 1989; Deayton et al., 1993), for a progress
ive increase in PGH synthase (cydo
oxygenase) activity in the placenta but the 
final trigger may depend on the massive 
release of substrate (arachidonic acid) for 
PGF2a synthesis and the presence of the en
zyme (PGF2a isomerase) which converts PG 
endoperoxides to PGF2a, or the enzyme 9 
keto-reductase, which converts PGE2 to 
PGF2a• The nature of this trigger is unknown. 

9.4.8 OESTROGENS 

Oestrogen concentrations increase in ma
ternal (Robertson and King, 1974) and fetal 
(A.A. Macdonald et al., 1979) circulations 
during the last month of gestation, with a 
more rapid increase during the last week. 
The rapid decrease after parturition suggests 
that oestrogens are produced by the placenta 
(Fevre et al., 1968; Robertson and King, 1974), 
supported by the finding that negative arter
iovenous differences for conjugated oestrone 
and oestradiol-17~ exist across both the uter
ine and umbilical circulations (Silver et al., 
1979a; Randall and Tsang, 1986). The high 
oestrogen content of the placental tissue 
(Choong and Raeside, 1974) and the demon
stration that fetal placental tissue can convert 
androstenedione or P5 to oestrogens (Ains
worth and Ryan, 1966; Craig, 1982) are addi
tional evidence for the placental synthesis of 
oestrogens. 

Progesterone concentrations are signifi
cantly higher and oestrogen concentrations 
significantly lower in hypophysectomized 
fetuses (Kendall et al., 1985; Randall and 
Tsang, 1986) than in intact fetuses. When 
fetuses in one uterine horn only were hypo
physectomized, oestrogen concentrations in 
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the uterine vein draining the horn containing 
intact fetuses were higher than those from 
the contralateral vein (Randall and Tsang, 
1986), indicating that fetal and maternal oes
trogen concentrations are influenced by the 
fetal pituitary. These observations are con
sistent with the earlier findings in sheep 
(Kendall et al., 1977) in which fetal hypophy
sectomy also resulted in low fetal and ma
ternal oestrogen concentrations and which 
have been recently confirmed (Thorburn et 
al., 1989; Deayton et al., 1993). 

In the absence of the fetal pituitary, the 
placenta still produced a small amount of 
oestrogens since a negative arteriovenous 
difference still existed between the umbilical 
vessels (Randall and Tsang, 1986). The nature 
of the pituitary factor(s) is unknown. The 
higher fetal P 4 concentrations in the hypo
physectomized pig fetuses suggest that P 4 is 
not being metabolized to oestrogens and that 
there is a low level of 17u-hydroxylase in the 
placenta of the hypophysectomized fetus. 
This would account for the low oestrogen 
levels found in these sows and their 
fetuses (Randall and Tsang, 1986). The high 
oestrone concentrations in hypophysecto
mized fetuses after surgery were thought to 
be due to some other steroid (possibly 
androstenedione derived from the adrenals) 
being converted to oestrogens. 

The fetal placenta of the pig has the ability 
to convert P4 to oestrogens and 17u
hydroxylase increases between days 106 and 
114 of gestation (Craig, 1982), a period when 
fetal cortisol concentrations are rising (Silver 
et al., 1979a; Randall, 1983; Silver and 
Fowden, 1989; Randall et al., 1990). Craig 
(1982) suggested that, as in sheep and goats 
(Thorburn and Challis, 1979), fetal cortisol 
may be responsible for the increase in 17u
hydroxylase. However, infusion of dexa
methasone into hypophysectomized fetuses 
for 96 h did not cause significant alterations 
in P 4 or oestrogen concentrations (Randall 
and Tsang, 1986), despite the concentration 
infused being higher than that previously 

used to suppress endogenous cortisol pro
duction in intact fetuses (Randall et al., 1984). 
When ACTH or dexamethasone was infused 
into intact fetuses oestrone concentrations 
did not increase markedly but P 4 concen
trations decreased after about 6 days of 
infusion (Randall and Tsang, 1986). No con
sistent changes were seen in the maternal 
oestrogen or P 4 concentrations during the 
course of ACTH infusions into all fetuses, but 
fetal plasma P 4 values fell during the infusion 
both of ACTH and saline (Randall et al., 
1990). The available data would suggest that, 
if fetal cortisol does increase 17u-hydroxylase 
activity in the porcine placenta, the increase 
is not great and its action on fetal and ma
ternal steroid levels is also not significant. 
The need for oestrogen in the pig seems more 
obscure since oestrogens are not luteolytic 
in the pregnant sow (Flint et al., 1979). 
Oestrogens may playa less obligatory role by 
raising oxytocin receptor concentrations in 
the placenta, endometrium and myome
trium. 

9.4.9 OXYTOCIN 

In the pig, plasma oestrogen concentrations 
increase slowly over the last 3 weeks before 
parturition to reach peak values at delivery. 
In other species, oestrogens are known to 
stimulate the release of oxytocin (Roberts and 
Share, 1969; Roberts, 1975) and increase the 
sensitivity of the uterus to the hormone 
(Theobald, 1970), and myometrial sensitivity 
to oxytocin might therefore be enhanced by 
oestrogens during the last 3 weeks of preg
nancy. This increased sensitivity may be due 
to an increase in the number of oxytocin 
binding sites (Soloff, 1975) present in the pig 
uterus (Soloff and Swartz, 1974). Myometrial 
activity increases and continues until com
pletion of delivery; this coincides with 
elevated concentration(s) of oxytocin in the 
maternal plasma (Forsling et al., 1979; 
Taverne et al., 1979b). During delivery of the 
piglets the frequency of contractions in-



creases and oxytocin concentrations reach 
their highest values (Taverne et al., 1979b), 
when oestrogen concentrations are already 
falling and P 4 has reached values below 4 ngl 
ml. Forsling et al. (1979) concluded that the 
only steroid that seemed to relate to oxytocin 
release was the negative correlation with P 4. 

Taverne et al. (1979b) noted with some reser
vations that the raised oxytocin concentration 
may precipitate the rather sudden onset of 
the regular pattern of uterine activity ob
served between 9 and 4 h before delivery of 
the first piglet. 

There is a massive release of PGF20t from 
the pregnant uterus during labour (Silver et 
al., 1979a). Since PGF20t stimulates the release 
of oxytocin in the sow (Ellendorff et al., 1979), 
there is a possibility that PGF20t and oxytocin 
may exhibit a positive-feedback effect on 
their own release (Thorburn et al., 1977a,b; 
Ellendorff et al., 1979), leading to the evol
ution of myometrial activity adequate to 
ensure safe delivery of the piglets and their 
placentas. 

9.4.10 SUMMARY 

The maintenance of pregnancy in the sow 
depends on the continued function of the CL 
and its ability to secrete P 4. During the 
second half of pregnancy trophic support for 
the CL seems to depend on prolactin (and to 
a lesser extent LH) from the maternal pitu
itary, but there appears to be no decrease in 
plasma concentrations of prolactin to account 
for the decrease in P 4 concentrations during 
the last 10-14 days before delivery. 

We propose that PGE2, derived from the 
placenta, may be luteotrophic during late 
pregnancy, but information is lacking on the 
plasma concentrations of PGE2 in the pig and 
whether it is luteotrophic to the late pregnant 
pig CL. Oestrogens secreted by the placenta 
may provide a further luteotrophic stimulus 
to the CL. The relative importance of these 
factors needs to be evaluated. It is possible 
that one or more of these substances may act 
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indirectly to suppress the release of PGF2Ot, 
the ultimate luteolysin in the sow. 

The gradual decrease in P 4 concentrations 
during the 10-14 days before delivery 
suggests that there is a gradual decrease in 
the trophic support for the CL. If the fetus(es) 
is to play a primary role in the initiation of 
parturition in this species, it would seem that 
some mechanism must exist for the fetus(es) 
to switch off this trophic support. Maternal 
pituitary hormones such as prolactin and LH 
are unlikely to be involved. There is no evi
dence of a decrease in oestrogen secretion by 
the placenta. A switch in the synthetic path
way for PGs from E2 to F2Ot, that is from a 
luteotrophin to luteolysin, would seem an 
effective mechanism which theoretically 
might be achieved by the fetus. 

As in the sheep, PGE2 may be synthesized 
in the fetal placenta and membranes and 
PGF20t produced by the endometrium and 
maternal placenta, with oxytocin stimulating 
the secretion of PGF20t but not PGE2. The 
chorion (trophoblast) may secrete a substance 
which inhibits PGF20t synthesis in the ma
ternal endometrium and placenta, the inhi
bition being directed at the phospholipase or 
PGH synthase steps of PG synthesis, or both. 
This inhibition could be switched off at an 
appropriate time by the fetus increasing 
PGF20t release and initiating luteal regression. 

The present data strongly indicate that 
PGF20t is the luteolysin that precipitates CL 
regression and parturition in the sow. Some 
days before delivery small amounts of PGF20t 
are released from the uterus and act on the 
CL to cause the initial small pulses of relaxin 
and to initiate regression of the CL. The 
initial decrease in P 4 concentrations enhances 
the release of PGF20t which, in turn, acts back 
on the CL to decrease P 4 release further and 
stimulate relaxin release. Thus, the inter
action of PGF20t and P4 forms a positive feed
back (Figure 9.5). 

In the parturient sow, increasing relaxin 
and oestrogen concentrations and decreasing 
P4 values may stimulate the release of oxy-
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of parturition in the pig. 

tocin from the posterior pituitary. With the 
birth of the first piglet, the Ferguson reflex 
would stimulate further oxytocin release. 
Preliminary data indicate that significant 
levels of PGEz escape metabolism in the 
lungs and appear in the arterial circulation 
and may account for the increase in uterine 
activity during the last three weeks of preg
nancy in the sow. With the decrease in P4 

concentrations, the high arterial levels of 
PGEz may account in part for the uterine 
activity at parturition. It is known that PGEz 
can act via either the IP3 or the adenylate 
cyclase pathway, and theoretically could 
stimulate or inhibit uterine activity depen
dent on the nature of the PGEz receptors 
present on the myometrium at any time. 
However, PGF at has to be transported by the 
systemic route to cause CL regression in the 
pig, and it is more likely that in the pig, as in 
other species, PGFzat synthesized in the endo
metrium and maternal placenta may diffuse 
directly into the myometrium to stimulate 
activity. Only small amounts of PGs may be 

required to stimulate myometrial activity as 
P4 values decrease. The increase in oestrogen 
concentrations before parturition is probably 
an expression of increased activity of the fetal 
pituitary-adrenal axis. Oestrogens increase 
oxytocin release and increase the number of 
oxytocin receptors in the endometrium, myo
metrium and placenta, and thus facilitate the 
release of PGs and the direct action of 
oxytocin. 

9.5 SHEEP 

9.5.1 INTRODUCTION 

Most research in the past 25 years on the 
mechanism of parturition has been on the 
sheep. There are many reasons for this: 
sheep are important economically in many 
countries and farmers and governments 
actively contribute to research on them; 
sheep withstand surgery well and are there
fore excellent experimental models in preg
nancy, allowing the development of new 
techniques for maintaining vascular catheters 
in the fetus and sophisticated surgical tech
niques, such as hypophysectomy, pituitary 
stalk section, thyroidectomy, bilateral neph
rectomy and hypothalamic-pituitary discon
nections. The relatively large size of the 
section on the sheep testifies to the scope of 
the literature on parturition in this species 
and the importance of these studies. 

The sheep, like the human, is a species in 
which the placenta is a major site of P 4 pro
duction. In this respect, the sheep contrasts 
with the goat and cow and most other rumi
nant species (Heap et ai., 1977) in which the 
CL constitutes the major site of P 4 synthesis. 
In all ruminants, P 4 exerts a profound inhibi
tory influence on myometrial activity. The 
initiation of parturition in these species is 
mainly directed at removing this inhibitory 
action of P 4. It is instructive to compare the 
mechanisms by which the fetus initiates its 
own delivery by inhibiting P 4 secretion, 



whether this P4 is produced in the placenta or 
CL (Figure 9.6). 

9.5.2 PROGESTERONE 

P 4 is essential for the maintenance of preg
nancy in sheep. During the first half of 
pregnancy, the concentration of P4 gradually 
increases from luteal phase levels, but at 
approximately day 90 its concentration in
creases markedly, reaching a peak at about 
day 125 of gestation (Basset et al., 1969; 
Thorburn et al., 1977a), before decreasing in 
the last few days before parturition at 145 
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days (Bassett et al., 1969; Stabenfeldt et al., 
1972). 

(a) Site of production 

The CL is the major site of P 4 production 
during the first third of pregnancy, ovari
ectomy of the ewe before day 50 of pregnancy 
resulting in abortion (Casida and Warwick, 
1945; Denamur and Martinet, 1955). The in 
vitro studies of R.V. Short and Moore (1959) 
and Ainsworth and Ryan (1967) suggested 
that the ovine placenta was the site of P 4 

synthesis during late pregnancy. This was 
later confirmed by Linzell and Heap (1968), 
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who monitored uterine venous blood concen
trations of P 4 in late pregnant ewes. 
Thorburn et ai. (1977a) measured plasma con
centrations of P 4 in the utero-ovarian vein 
after ovariectomy on day 55-60: P 4 con
centrations decreased to low levels (0.5-
1.0 ng/ml), but were sufficient to maintain 
the pregnancy. From days 55 to 90, there was 
a progressive increase in P 4 levels in the 
utero-ovarian plasma, indicating placental P 4 

production which was markedly decreased in 
the few days before delivery. The extra
ovarian contributions to P 4 levels in the 
circulation have also been measured in ovar
iectomized ewes in which pregnancy was 
maintained by treatment with medroxypro
gesterone acetate (Ricketts and Flint, 1980): 
placental production of P 4 rose initially be
tween 50 and 70 days of gestation, with a 
second phase of increase between 90 and 120 
days of gestation, thus confirming the earlier 
results. 

(b) Biosynthesis 

Although information is not yet available, it 
seems likely that in sheep the increase in 
placental P 4 production between days 90 and 
125 of gestation is associated with the 
placental uptake of lipoprotein from the 
maternal circulation, as occurs in man (Van 
Leusden and Villee, 1965; HeIlig et aI., 1970; 
Cummings et aI., 1982; Simpson, 1984). 
Lipoproteins, particularly high-density lipo
protein (HDL), stimulated P4 production in 
ovine luteal cells in a dose-dependent man
ner (Diskin et al., 1989) and HDL from the 
maternal circulation may be the major source 
of cholesterol for P4 synthesis. Confirming 
the results of Flint et al. (1974a), Battista et al. 
(1989) showed, using short-term incubation 
of placental explants from ewes of 133-138 
days' gestation, that P 4 synthesis was stimu
lated by catecholamines via ~-adreno

receptors and adenylate cyclase. LH and the 
P 4 precursor 25-hydroxycholesterol failed to 
stimulate basal or agonist-stimulated P 4 syn-

thesis, consistent with the in vivo data of J.S. 
Robinson et ai. (1977), who showed that fetal 
hypophysectomy after day 125 of gestation 
did not affect maternal plasma concentrations 
ofP4 . 

In isolated ovine binucleate cells (BNCs), 
PGE2, but not LH or cAMP, stimulated P4 

secretion, suggesting that PGE2 acts through 
a cAMP-independent mechanism, e.g. the 
inositol triphosphate (IP3)/protein kinase C 
pathway (Wango et aI., 1988). The ovine pla-' 
centa secretes increasing amounts of PGE2 

during the last third of gestation (Fowden et 
aI., 1987), and maternal plasma PGE2 and P4 

concentrations increase in parallel (Thorburn 
et aI., 1989), but BNCs are not the site of PG 
synthesis in the ovine placenta. Boshier et al. 
(1991), using immunohistochemical tech
niques, showed that BNCs did not contain 
PGHS and uninucleate cells of the tropho
blast and the fibroblasts of the ovine placen
tome in culture did not produce PGs (X. 
Ralph, unpublished data) (Figure 9.7). 

These studies suggest that, once P 4 pro
duction is fully established in the ovine pla
centa (at about 120 days' gestation), P4 

synthesis can be maintained by the combined 
action of the uninucleate and binucleate cells 
and that PGE2, produced in the uninucleate 
cells via a cAMP-dependent mechanism, acts 
on the BNCs via a cAMP-independent path
way to stimulate P 4 synthesis. It is possible 
that, once the HDL receptors and the steroid
ogenic enzymes are present, they require no 
further trophic support. 

(c) Ovine placental lactogen 

There is a parallel increase in maternal 
plasma concentrations of P 4 and ovine pla
centallactogen (oPL) 0.5.0. Chan et al., 1978; 
Taylor et al., 1983). Apoprotein constituents 
of HDL stimulate a dose-dependent increase 
in the release of placental lactogen from 
human trophoblast explants and trophoblast 
cells (Handwerger et al., 1987), and in preg
nant ewes HDL, but not lipoprotein-free 
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Figure 9.7 The ovine placenta. (Modified from Steven, 1977.) 

plasma proteins, stimulates an increase in 
plasma oPL (Grandis et al., 1989). 

Battista et al. (1989) reported that oPL se
cretion was stimulated via the protein kinase 
C pathway. Since HDL stimulates the release 
of oPL (Grandis et al., 1989) and oPL is de
rived from the BNCs (Wooding, 1981), this 
suggests that there are specific receptors for 
HDL on the BNCs and that these receptors 
act via the protein kinase pathway to release 
oPL. If HDL receptors are present on the 
maternal surface of the BNCs, it would facili
tate delivery of maternal cholesterol directly 
into the BNCs as substrate for P4 biosyn
thesis. Furthermore, the parallel increase in 
maternal plasma concentrations of P 4 and 
oPL between 90 and 125 days of gestation 
would be explained by an increase in HDL 
receptors on the BNCs. Indeed, as in the 
human, the major determinant of placental 
P 4 synthesis may be the number of HDL re
ceptors (Figure 9.8). 

The factor(s) that increases the putative 
lipoprotein receptors on the ovine BNCs is 
unknown. It has been suggested that hCGI 
LH may be responsible for inducing low
density lipoprotein (LDL) binding sites in the 
human CL and thus increase P 4 secretion and 
that adrenocorticotrophic hormone (ACTH) 
induces LDL receptors in bovine adrenal cells 
(Ohashi et al., 1982). It is possible, therefore, 

that LH may be responsible for the increase 
in placental P 4 synthesis between 90 and 125 
days of gestation by inducing placentallipo
protein receptors and thereby increasing 
cholesterol delivery to the placenta for P 4 

biosynthesis. 

(d) Hormonal regulation of placental 
synthesis 

It is not clear whether LH or any other 
trophic hormone is needed for placental P4 

biosynthesis in the sheep, although LH re
ceptors are present in the placenta. Fetal 
hypophysectomy at day 100-130 of gestation 
did not reduce maternal P 4 concentrations, 
which remained high (Kendall et al., 1977; 
}.S. Robinson et al., 1977; Ricketts et al., 1980), 
and it was concluded that P 4 production by 
the placenta was independent of fetal pitu
itary control. The in vitro studies of Battista et 
al. (1989) and Wango et al. (1988) are consist
ent with that view and suggest that, once P 4 

synthesis is established in the placenta, LH is 
not needed for the maintenance of P 4 

synthesis. 
Thorburn et al. (1989) proposed that fetal 

pituitary hormones may be needed to initiate 
the increase in placental steroidogenesis be
tween days 90 and 125 of gestation. After 
hypophysectomy of fetal lambs between 70 
and 75 days of gestation, the increase in P 4 
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concentrations in maternal plasma between 
days 90 and 125 of gestation was not signifi
cantly affected, but the predicted increase in 
the plasma concentrations of oestrone sul
phate and PGE2 did not occur (Deayton et al., 
1993). These results suggest that fetal 
pituitary hormones are not essential for the 
increase in P4 production but that they are for 
oestrogen and PGE2 synthesis by the pla
centa. If LH is required, an endogenous LH
like substance (?ovine CG) may substitute for 
fetal pituitary LH. However, if the major 
determinant of the increase in placental P 4 
production is the delivery of cholesterol to 
the placenta, rather than the regulation of 
steroidogenic enzymes, then the regulatory 
factor may be the number of lipoprotein re
ceptors. It is possible, therefore, that HDL 
and LH receptors are present on the maternal 
surface of the syncytium (formed from the 

BNCs) and are exposed to HDL and LH in the 
maternal circulation. Although maternal 
hypophysectomy did not affect the normal 
maintenance of pregnancy (Denamur and 
Martinet, 1961), P4 concentrations were not 
measured. 

It is not yet known how the LH receptors 
are induced, but oPL may be involved: J.S. 
Chan et al. (1980) have shown that oPL can 
maintain LH receptors in the ovary of the 
pseudopregnant rat. 

A working model may help explain the 
close relationship between placental oPL and 
P 4 production. This model predicts that the 
HDL and LH receptors are both present in 
the maternal syncytium (derived from 
BNCs). It suggests that LH of maternal origin 
may be needed but that it may be replaced by 
oCG. It is interesting to speculate whether a 
characteristic of the placental P 4-producing 
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species as compared to those in which the CL 
is the main site of P 4 production, is the devel
opment of lipoprotein binding sites on the 
placenta and their ability to derive cholesterol 
from the maternal circulation as a substrate 
for P 4 synthesis. 

(e) Chorionic gonadotrophin 

Using a radioreceptor assay, Lacroix and 
Martal (1979) detected hCG-like activity in 
the ovine placenta and amniotic fluid but not 
in maternal plasma. This substance first 
appeared in the placenta as early as day 15, 
reaching a peak concentration at day 80, and 
remained constant until near term, when it 
decreased rapidly (Lacroix and Martal, 1979). 
Further work is required to establish the pres
ence of CG in the ovine placenta and to deter
mine whether it plays a significant role in 
placental P 4 production. The significance of 
large quantities of a GnRH-like material in 
the ovine placenta (Rice and Smirnis, 1990) 
has yet to be established. 

(f) Prepartum decrease in concentrations 

The concentration of P 4 in the plasma of preg
nant ewes decreases in the last few days be
fore parturition (Bassett et al., 1969; Fylling, 
1970, Stabenfeldt et al., 1972). Concentrations 
of P4 and 20u-dihydroprogesterone (20u-P4) 

in fetal and maternal plasma fall with increas
ing gestational age, the mean time of onset of 
the fall for maternal P4 being 3.5 ± 0.5 days 
and for maternal 20u-P 3.4 ± 0.3 days before 
delivery (Elsner et al., 1980; Magyar et al., 
1981; Nathanielsz et al., 1982; Yu et al., 1983). 
Consistent with earlier reports (Nancarrow 
and Seamark, 1968; Strott et aI, 1974) maternal 
concentrations of P 4 were lO-fold higher than 
fetal concentrations. Mean fetal 20u-P 4 con
centrations were two-/fourfold higher than 
maternal concentrations. The time courses of 
the decreases in 20u-P4 and P4 were similar 
(Elsner et al., 1980). An active 20u-reductase 
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exists in the placenta and fetal erythrocytes 
(Nancarrow and Seamark, 1968), and there
fore these results indicate that P 4 is metab
olized in the placenta to 20u-P4 and is 
subsequently secreted into the fetal and ma
ternal circulations with P 4. Some of the P 4 

secreted into the fetal circulation is rapidly 
converted to 20u-P4 by the 20u-reductase in 
the fetal erythrocytes. 

The metabolic clearance rate (MCR) of P 4 in 
blood is high (3.5 lImin) and rises slightly 
towards the end of pregnancy (Bedford et al., 
1972a). The conversion ratio (Longcope et al., 
1968) of P4 to 20u-P4 is 77.2%. When P4 is 
administered in large amounts to pregnant 
ewes to block parturition, it is rapidly con
verted to 20u-P4 and virtually none is con
verted to oestrogen (Nathanielsz et al., 1988). 
This is consistent with the observation that 
the ovine placental pathway is ineffective 
(Mason et al. 1989) and that C19 steroids, 
which become the aromatizable substrates 
for oestrogen formation, are produced prin
cipally from Ps via 17u-hydroxypregneno
lone (17u-Ps) and dehydroepiandrosterone 
(DHEA), the so-called ds-pathway, rather 
than 17u-hydroxyprogesterone, which is 
inefficiently converted to androstenedione 
(Mason et al., 1989). This would explain why 
the exogenously added P 4 was not a substrate 
for ovine placental oestrogen production 
but was rapidly metabolized to 20u-P4 and 
other metabolites (Jenkin et al., 1985a,b; 
Nathanielsz et al., 1988). Mason et al. (1989) 
have suggested that, contrary to the general 
opinion, the preparturient decline in P4 con
centrations is due to diversion of Ps metab
olism away from 313-HSD action to 17u-Ps 
and DHEA formation. 

Pregnenolone therefore emerges as a key 
steroid in the ovine placenta. Elsner et al. 
(1980) have emphasized the high levels of Ps 
and its sulphoconjugate in maternal and fetal 
plasma. The relative concentrations (ng/ml) 
of these steroids in maternal and fetal (in 
parentheses) plasma at approximately 125 
days' gestation are as follows: Ps-S 169 (200); 
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Ps 2.5(5.0); P4 18.0 (1.5); 20a-P4 9 (20.0) 
(Elsner et al., 1980; Nathanielsz et al., 1982). 
Clearly the ovine placenta secretes consider
able amounts of Ps , which is metabolized to 
the sulphoconjugate by the sulphotransfer
ase (Rosenfeld et al., 1980) in the placenta and 
maternal and fetal liver. Nathanielsz et al. 
(1982) suggested that because Ps-S levels de
creased before parturition the high concen
trations of Ps -S in the maternal compartment 
may contribute to the preparturient rise in 
oestrogen. However, Mason et al. (1989) have 
shown that steroid sulphatase activity is 
undetectable in the ovine placenta and that 
sulphated steroids, such as Ps-S, are not sub
strates for steroid 17a-hydroxylase/C-17,20-
lyase. The decreases in Ps-S concentrations 
observed in maternal and fetal plasma (Nath
anielsz et al. 1982) are therefore probably due 
to the metabolism of Ps into 17a-Ps and 
DHEA rather than its sulphation (Mason et 
al., 1989). 

At day 125 of gestation the high circulating 
concentrations of P4, 20a-P4, Ps and particu
larly P 4-SS are due to the marked increase in 
Ps production from cholesterol between 90 
and 125 days. The large amounts of Lls 
steroids secreted by the placenta indicated 
that 3[3-HSD activity is rate limiting to some 
extent. However, the profound changes in 
placental steroid metabolism observed in the 
last 2-5 days before delivery, resulting in a 
dramatic decrease in maternal P 4 concen
trations, are believed to be a consequence of 
the prepartum rise in the plasma concen
tration of cortisol in the fetal circulation 
(Bassett and Thorburn, 1969; Magyar et al., 
1980). Increases in the activities of steroid 
17a-hydroxylase (A.B.M. Anderson et al., 
1975; N.G. Anderson et al., 1978a) and steroid 
C-17, 20 lyase (Steele et al., 1976; N.G. 
Anderson et al., 1978b) are involved. 

Between 118 and 140 days of gestation, Ps 
and P4 17a-hydroxylase activities in placental 
microsomes were undetectable (France et al., 
1988; Mason et al., 1989). Only minor metab
olism of carbon-labelled Ps or P4 substrate 

occurred with these preparations under the 
described assay conditions (Trilostane, a 3[3-
HSD inhibitor, was present). The radio
labelled products did not exceed 4% of the 
total radioactivity and appeared to be pre
dominantly 20a-reduced products. In these 
in vitro conditions, precise quantification 
of the low basal activity of steroid 17a
hydroxylase was impeded by the presence of 
20a-HSD activity, but this may not occur in 
vivo. A low level of 17a-hydroxylase activity 
may account for the low level of oestrogen 
production by the ovine placenta at this stage 
of gestation. In normal and glucocorticoid~ 
induced parturition there was a marked in
crease in 17a-hydroxylase activity and it was 
associated with a marked accumulation of 
cytochrome P450170t protein. The mechanism 
of glucocorticoid action in natural ovine par
turition may therefore be to increase cyto
chrome P450170t synthesis either by stabilizing 
the mRNA for cytochrome P450170t or by act
ing as a stimulus to transcription of the ster
oid 17a-hydroxylase gene. Much higher 
levels of 17a-hydroxylase activity were pres
ent in placentae from ewes in which labour 
was induced with dexamethasone than in 
those in normal labour, and the level of 
activity increased with the time in labour. 
Mason et al. (1989) concluded that the differ
ences in activity were due to the dosage 
and duration of exposure of the placenta 
to glucocorticoid, whether endogenous or 
exogenous. 

This suggestion is consistent with results of 
other studies in which premature parturition, 
secondary to a fetal infusion of cortisol, was 
blocked by medroxyprogesterone acetate or 
exogenous P4 (Thorburn, 1983; Jenkin et al., 
1985a,b; Nathanielsz et al., 1988) and ma
ternal and fetal oestrone sulphate concen
trations continued to increase to high levels, 
indicating a progressive increase in 17a
hydroxylase activity. Based on the data of 
Magyar et al. (1980), a fetal cortisol concen
tration of about 20-30 ng/ml over 2-5 days 
would be needed to induce the necessary 



17u-hydroxylase activity and then delivery. 
Presumably the 17u-hyroxylase activity 
would continue to increase with the increas
ing fetal cortisol levels. Mason et al. (1989) 
provided direct evidence that the prepartur
ient decrease in P 4 concentrations is caused 
not only by metabolism of P4 to 17u-OH-P4 

and-pregnen-17u,20u-diol-3-one but primar
ily by diversion of Ps metabolism from 313-
HSD action to 17u-OH-Ps and DHEA forma
tion. The substrate specificity of the ovine 
placental steroid 17u-hydroxylase/C-17,20-
lyase is similar to that of bovine and human 
P45017a and uses PSI P4 and 17u-OH-Ps as 
substrates, but inefficiently converts 17u-OH
P4 to androstenedione. 

One of the most compelling arguments 
against P 4 withdrawal being a prerequisite for 
the initiation of parturition in sheep was 
the failure of exogenous P 4 administered in 
physiological amounts to block labour 
(Liggins, 1973). Bengtsson and Schofield 
(1963) reported that P4 (80 mg/day) did not 
delay the onset of labour at term. Liggins et 
al. (1972) showed that P4 (100 mg/day for 4 
days), in amounts which restored plasma P4 

levels, failed to delay the onset or the pro
gress of labour, a result consistent with 
earlier observations (Hindson et al., 1969). 
When the amount of P 4 was increased to 
150 mg/day, cervical dilatation was blocked, 
and only when larger doses of P4 (e.g. 
200 mg/day) were administered was uterine 
activity blocked and normal or induced deliv
ery period prevented. This amount of P 4 is 
more than twice the normal production rate 
for late pregnancy (Bedford et al., 1972a). 

When dexamethasone (or cortisol) is ad
ministered, the placental 17u-hydroxylase is 
markedly increased and endogenous Ps 
metabolism is diverted away from P 4 forma
tion towards oestrogen synthesis. Exogenous 
P 4, instead of supplementing endogenous 
placental P 4, represents the sole source of P 4 

in the maternal circulation and is in turn 
rapidly metabolized to 20u-P4 and other 
metabolites (Thorburn, 1983; Jenkin et al., 

Sheep 913 

1985a,b; Nathanielsz et al., 1988). Moreover, 
the metabolism of the endogenous Ps to oes
trogens leads to high plasma oestrogen con
centrations. It is only when the exogenous P 4 

is increased to 200 mg/day that the blocking 
activity of P 4 on the myometrium is success
ful in the face of high oestrogen concen
trations. Consistent with this view was 
the finding that the expected release of 
PGF2a into the utero-ovarian vein in res
ponse to diethylstilboestrol administration 
was blocked by the same dose of P 4 (200 mg/ 
day). Clearly the release of PGF2a (and hence 
uterine activity) from the placenta is encour
aged by an increase in the oestrogen-P 4 

(EIP 4) ratio. The administration of glucocorti
coids dramatically increases the E/P4 ratio, by 
increasing 17u-hydroxylase activity, and 
leads to PGF2a release, uterine activity and 
labour. Large amounts of exogenous P 4 are 
needed to return the E/P 4 ratio to prepartur
ient levels because the endogenous Ps is 
being converted to oestrogen. The mechan
ism by which P 4 inhibits PGF2a release is 
unknown. In experiments wherein P 4 with
drawal was induced by inhibitors of 3u-HSD 
(Taylor et al., 1982; Jenkin and Thorburn, 
1985; Ledger et al., 1985), which converts Ps 
into P 4, decrease in plasma P 4 concentration 
for 6 h was sufficient to provoke an increase 
in the metabolite of PGF2a in the maternal 
circulation and premature delivery in a ma
jority of animals. Again, there was a relative 
increase in the EIP ratio and an increase in 
PGF2a release and uterine activity. 

(g) Metabolism of progesterone and 
pregnenolone 

The half-time clearance of radioactive P 4 in 
pregnant sheep is 10 min and the MCR about 
3.5 l/min (Tsang and Hackett, 1979), within 
the range previously reported (Bedford et al., 
1972a). Tsang and Hackett (1979) found that 
20u-P4 accounted for only 10% of the total 
radioactive metabolites and that the major 
mechanism of P4 metabolism is by 5u-
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Figure 9.9 Metabolic pathways of progesterone and pregnenolone. 

reduction of ring A followed by sulpho
conjugation at the 3 position (Figure 9.9). 

There appears to be a rapid conversion of 
the free metabolites to sulphates, which are 
then slowly cleared from the circulation, 
possibly due to protein binding, as has been 
suggested for other steroid sulphates (Wang 
et al., 1967). The bulk of the metabolites was 
found in the sulphate fraction, the major 
one being 3J3-hydroxy-5a-pregnan-20-one. 
While the conversion of P4 into 20a-P4 was 
confirmed, its further metabolism to pregna
nediol (5J3-pregnane-3a,20a-diol), the promi
nent human and goat (Schulster et al., 1976) 
pregnancy metabolite, was not evident either 
as the free steroid or as the sulphoconjugate 
(see Figure 9.9). However, small amounts of 
5a-pregnane-3J3, 20a-diol were found in the 
sulphate fraction. Although the metabolism 
of Ps has not been studied in the sheep, it 
seems likely that Ps is sulphoconjugated 
directly, leading to the high levels of Ps-S 
measured in the maternal and fetal circu
lation (Nathanielsz et al., 1982). Some Ps may 
undergo initial reduction to its 5a-metabolite, 
3J3-hydroxy-5a-pregnan-20-one, and then 
sulphoconjugation. The 5a-reduction is 
thought to take place in the liver, whereas 
sulphoconjugation can take place either in 
the placenta or the liver. 

Despite one of their animals being in 
labour and the other just 2 days before deliv
ery, when it might be expected that placental 
17a-hydroxylase activity would be increased, 
Tsang and Hackett (1979) found no conver
sion of the labelled P 4 to oestrogens and con
sidered that this may have been due to a 
failure of P 4 to cross the placenta. Thorburn 
(1983) and Nathanielsz et al. (1988) also found 
that P4, when given to block labour, was not 
converted to oestrogens. However, Mason et 
al. (1989) reported that 17a-OH-P4 is an un
satisfactory substrate for ovine placental 
C-17,20-lyase and it will be necessary to inject 
labelled Ps to parturient sheep and determine 
the efficiency of Ps to oestrogen to clarify this 
anomaly. It seems unlikely that P4 failed to 
'cross' the placenta (or, more accurately, gain 
access to the key enzymes) since DHEA 
when given to the mother is rapidly con
verted to oestrogens (Rosenfeld and Worley, 
1978). The studies of Jenkin et al. (1985a,b) 
indicate that neither P4 nor 20a-P4 is trans
ferred from the ewe to the fetus to any great 
extent. 

It has been suggested (Tsang and Hackett, 
1979) that 5a-reduction of P4 may have 
physiological implications and that this may 
be related to its biological activity in target 
organs (Nuti and Karavolas, 1977): 5a-



pregnane-3,20-dione is retained by the ovine 
endometrium after P4 infusion (Bedford et ai., 
1974) and there is a considerable amount of 
the sulphoconjugate of 5a-pregnan-313-01-20-
one in sheep pregnancy plasma (Tsang and 
Hackett, 1979). The biological activity of these 
steroids needs to be assessed, particularly in 
relation to the regulation of PG synthesis. 

In contrast to the pregnant ewe, 513-
pregnanediols are the major metabolites of P 4 

in the fetus. P 4 is produced by the fetal 
adrenal glands as well as the placenta 
(Nancarrow, 1969; Cox, 1975; Dolling and 
Seamark, 1979). The amount of P4 produced 
by the ovine placenta near term is about 40-
50 mg/day (Bedford et al., 1972a), although 
the amount entering the circulation is un
known. The three major metabolites of P 4 

found in fetal sheep blood are 513-pregnane-
313,2013-diol, 513-pregnane-313, 20a-diol and 
513-3a,20a-diol, all were present as sulphates 
in /-Lg/ml amounts (Dolling and Seamark, 
1979). In vivo studies with radioactive tracers 
have shown these three 513-pregnanediols to 
be end products of P 4 metabolism (Nancar
row and Seamark, 1968; Nancarrow, 1969). 
The enzymes involved include two specific 
oxidoreductases which catalyse the reversible 
reduction of the 3-oxo and 20-oxo groups, a 4-
ene-513 reductase which catalyses the revers
ible reduction of the A ring of P 4, and the 
specific alkyl sulpha-transferases in the con
jugate formation. These enzymes are widely 
distributed in both fetal and placental tissues 
including blood (Nancarrow and Seamark, 
1968; Seamark et al., 1970: Cox, 1975; Dolling 
and Seamark, 1979). The blood of fetal 
sheep possesses a remarkable ability to 
metabolize P 4; the main enzymes include 
20a-hydroxysteroid dehydrogenase and 3a
reductase (Seamark et al., 1970). The placenta 
and other fetal tissues are potent sources of 
steroid sulphatase activity (Ainsworth, 1972). 
In control fetuses, the plasma concentrations 
of both 513-pregnane-313, 2013-diol and 513-
pregnane-313, 20a-diol showed a steady four
fold increase between 105 and 143 days' ges-
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tation; a more marked increase was observed 
in fetuses which came into premature labour 
following infection or bilateral nephrectomy 
(Dolling and Seamark, 1979). In this 
study, the concentrations of these 313-
hydroxy metabolites were higher than those 
of 513-pregnane-3a,20a-diol. These results 
suggest the fetal adrenal glands may be a 
major source of P 4 in the fetal lamb and 
that P 4 derived from the adrenal glands is 
mainly metabolized to these 313-hydroxy, 513-
pregnane derivatives, whereas P4 derived 
from the placenta is metabolized to 513-
pregnane-313, 20a-diol (513-pregnanediol). In 
vitro studies with fetal adrenal tissues 
(A.B.M. Anderson et al., 1970; Glickman et 
ai., 1979) have shown that trophic stimulation 
of the fetal adrenal before about 130 days' 
gestation causes an increase in the synthesis 
of progestagen rather than cortisol, the ca
pacity to synthesize cortisol developing after 
this time (see Dolling and Seamark, 1979). 
With the rapid increase in cortisol concen
tration in the four to five days before labour, 
there is an associated decrease in fetal 
concentration of the 313-hydroxy, 513-
pregnanes (Dolling and Seamark, 1979), 
suggesting that 17a-hydroxylase activity has 
increase in the fetal adrenal cortex. These 
studies confirm that the fetal adrenal glands 
are producing considerable amounts of P 4 (as 
well as corticosterone (Madill and Bassett, 
1973) and possibly some pregnenolone) for 
some time before it commences secreting cor
tisol. It would appear that using plasma corti
sol concentration as the sole criterion of fetal 
adrenal steroidogenic activity may be 
misleading. 

A similar situation exists in the fetal foal, 
where it has been shown that the fetal adre
nal glands secrete pregnenolone (and poss
ibly P 4) for some weeks before delivery and 
only in the last one to two days do the plasma 
cortisol levels increase (Thorburn, 1993). 
Administration of synthetic ACTH to imma
ture fetal foals causes an increase in the ma
ternal and fetal plasma levels of 513-pregnane 
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metabolites of pregnenolone and P 4 (see 
Thorburn, 1993). 

9.5.3 OESTROGENS 

In 1958, VelIe reported that urine from late 
pregnant sheep contained significant quan
tities of oestradiol-17u and oestrone. Fevre 
and Rombauts (1966) confirmed that these 
were the major oestrogens excreted during 
pregnancy and found that oestrogens first 
appeared in the urine at about day 70 and 
their excretion increased significantly from 
about day 90 to term. Ovariectomy after day 
60 did not markedly affect the pattern of 
oestradiol-17 u excretion, although oestrone 
excretion was reduced (Fevre, 1967), indi
cating that these oestrogens are mainly de
rived from the fetoplacental unit. Until day 
120, oestrogen sulphoconjugates in fetal 
plasma (largely oestrone and oestradiol-17u) 
increased in a similar pattern but then de
creased (Findlay and Cox, 1970; Findlay and 
Seamark, 1973; Carnegie and Robertson, 
1978) before undergoing a massive increase 
in the last 2-4 days before delivery (Currie et 
al., 1973; Nathanielsz et al., 1982). 

The concentration of oestrogen sulphocon
jugates in maternal plasma provides a better 
index of placental oestrogen biosynthesis. 
Carnegie and Robertson (1978) described 
three distinct stages of oestrogen biosyn
thesis by the ovine placenta. The first stage 
covers the period day 0-55, the second day 
55-140 and the third the last 2-4 days of 
gestation. The major oestrogens present in 
maternal plasma are the sulphoconjugates of 
oestrone and oestradiol-17u and their con
centrations increase progressively from day 
70 to term (Currie et al., 1973; Carnegie and 
Robertson, 1978). Nathanielsz et al. (1982), in 
a detailed study of the preparturient hor
mone profiles, observed a fall in fetal and 
maternal oestrone sulphate concentrations 
from 10 to 5 days before birth followed by a 
terminal rise over the last 24-48 h that was a 
mirror image of the fall in plasma Ps, Ps-S and 

P 4 values. The preponderance of sulpho
transferase over sulphatase activity in the 
fetoplacental tissues of the sheep results in 
rapid sulphoconjugation of oestrogens (Cur
rie et al., 1973; Findlay and Seamark, 1973; 
Thorburn et al., 1977a) and accounts for the 
predominance of oestrogen sulphoconju
gates over unconjugated oestrogens in fetal 
and maternal plasma. 

The maternal plasma concentrations of 
unconjugated oestrogens (oestrone and 
oestradiol-17J3) are low until day 120 then 
increase gradually before undergoing a sud
den and rapid rise in the 24 h before partur
ition (Challis, 1971; Challis et al., 1971; 
Bedford et al., 1972b; Thorburn et al., 1972a; 
Robertson and Smeaton, 1973; Challis and 
Patrick, 1981). This dramatic increase in free 
oestrogens coincides with the major increase 
in the oestrogen sulphoconjugates in fetal 
and maternal plasma at that time. Since the 
oestrogen MCR did not change (Challis et al., 
1973a), the preparturient increase in free 
oestrogen concentrations may simply be an 
expression of a massive increase in the pro
duction rate of oestrogen by the ovine pla
centa in the 24-48 h before delivery, although 
an increase in placental sulphatase or aroma
tase activities cannot be excluded. 

The prepartum rise in fetal plasma concen
trations of cortisol increases the activity of 
steroid 17u-hydroxylase (A.B.M. Anderson et 
al., 1975; N.G. Anderson et al., 1978a; France 
et al., 1988; Mason et al., 1989) and steroid 
C-17,20-lyase (Steele et al., 1976). In micro
somes of placental cotyledons obtained from 
pregnant ewes at 118-140 days' gestation, in 
which there was no evidence of active or 
impending labour, steroid 17u-hydroxylase 
activity was below the sensitivity of the assay 
(France et al., 1988), but administration of 
dexamethasone to the fetus for 45 h dramati
cally increases the amounts of 17u
hydroxylase. The activity of 17u-hydroxylase 
is increased in placenta from ewes in labour 
(Mason et al., 1989), but dexamethasone is a 
more potent stimulus for increasing 17u-



hydroxylase activity than are the cortisol con
centrations in normal labour. The increased 
17a-hydroxylase activity in dexamethasone
induced parturition presumably explains the 
higher circulating oestrogen values in 
this type of premature labour. The 17a
hydroxylase activity is determined not only 
by the dosage but also by the duration of 
exposure of the placenta to the glucocorticoid 
(France et al., 1988; Mason et al., 1989). If 
parturition is blocked by the maternal admin
istration of medroxyprogesterone acetate or 
P4 there is almost a complete diversion of Ps 
metabolism through to oestrogens, and P4 

and 20a-P4 virtually disappear from the fetal 
and maternal circulations and oestrogen con
centrations (particularly oestrone sulphate) 
reach very high levels (Thorburn, 1983; 
Jenkin et al., 1985a,b; Nathanielsz et al., 1988). 
In these studies the fetal infusion of cortisol 
was maintained for several days and the 
oestrogen concentrations progressively 
increased with time. 

Therefore, like the plasma oestrogen con
centrations, 17a-hydroxylase activity only 
reaches measurable levels in the last 2-4 days 
before delivery, whereas P4 and Ps concen
trations decrease over the same period. Fetal 
cortisol concentrations must therefore reach 
high levels to induce sufficient 17a
hydroxylase activity to cause a decrease in P 4 

and an increase in oestrogen levels. 
Dexamethasone, apart from being a potent 
glucocorticoid, is not bound to protein 
whereas, at term, about 85-90% of the circu
lating cortisol is bound to protein (Ballard et 
al., 1982). Therefore, only about 6 ng/ml'free' 
cortisol is needed in the fetal circulation to 
induce sufficient 17a-hydroxylase activity to 
induce parturition. The gradual increase in 
fetal cortisol concentrations before the last 
4-5 days, i.e. up to day 140 of gestation, may 
playa key role in the maturation of a number 
of organ systems, including the fetal pituitary 
and adrenal. 

It has been generally accepted that oestro
gen synthesis in late gestation is largely an 
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intraplacental function and that sheep, unlike 
primates, do not have a fetoplacental unit for 
oestrogen biosynthesis (B.F. Mitchell et al., 
1986). However, these experiments have not 
excluded a role for C19 steroids of fetal adre
nal origin in oestrogen synthesis (Liggins et 
al., 1972, 1973; Thorburn et al., 1977a; 
Thorburn and Challis, 1979; Challis and 
Olson, 1988). The concentrations of androste
nedione and testosterone in fetal sheep 
plasma rise before parturition (Findlay and 
Seamark, 1973; Yu et al., 1983), and it is poss
ible that circulating androgen precursors 
could contribute to the increasing oestrogen 
production. B.F. Mitchell et al. (1986) showed 
that androstenedione is cleared rapidly from 
the fetal circulation and that it has an ex
tremely high MCR. In these studies, pulsatile 
ACTH administration to the fetus did not 
alter the high clearance rate of androstene
dione but caused significant increases in its 
production rate and whole blood concen
tration. The production rate for androstene
dione was significantly increased even when 
the rise in fetal cortisol had effectively been 
blocked by concomitant administration of 
metyrapone, an l1~-hydroxylase inhibitor. 
This experiment suggests that the increase in 
production rate of androstenedione was 
due to activation of the fetal adrenal. 
Furthermore, when tritiated androstene
dione was infused into chronically catheter
ized fetal sheep, radioactive oestrogen 
conjugates were isolated and identified from 
fetal and maternal circulations (B.F. Mitchell 
et al., 1986). It was estimated that up to 30% 
of maternal oestrogens at term might be 
formed in the placenta from fetal adrenal 
precursors (Challis and Olson, 1988). 
Collagenase-dispersed fetal adrenal cells se
crete androstenedione, (B.F. Mitchell et al., 
1986) and the output by these cells, when 
treated with ACTHl _23 in vitro, was signifi
cantly greater when the tissue was obtained 
from animals that had previously received an 
ACTH infusion in vivo than from saline
treated controls. Currie et al. (1973) had 
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shown that the infusion of androstenedione 
into a fetal lamb provoked an increase in 
maternal unconjugated oestrogen levels and 
precipitated premature parturition, although 
DHEAS infused into the fetus in similar 
amounts was ineffective. In such experi
ments high levels of oestrogen need to be 
produced to induce parturition because pla
cental P 4 production would be maintained. 
Further experiments are needed to confirm 
these observations. 

A bolus injection of DHEA (10 mg) into the 
mother resulted in an increase in unconju
gated oestrogen in both the fetal and ma
ternal compartments (Pupkin et al., 1975). 
Rosenfeld et al. (1977) similarly showed that 
an infusion of DHEA into the fetus resulted 
in the placental production of oestrogen. 

In summary, it seems likely that both the 
adrenal and the placenta provide C19 steroids 
as precursors for placental aromatization and 
that both contribute to the preparturient oes
trogen surge. 

9.5.4 AROMATASE 

Ovine placental aromatase is principally 
located in the micro somes (Ainsworth and 
Ryan, 1966), however France et al. (1987) con
cluded that, although the endoplasmic reticu
lum of the ovine placental cells is a major site 
of aromatase, other membrane structures in 
the cell also appear to contain the aromatase 
enzyme system and may be of more import
ance overall to a total aromatase activity. 
Sheep placental microsomes metabolize C19 

steroids to oestrone and oestradiol in vitro 
(Ainsworth and Ryan, 1966; Pierrepoint et al., 
1971; Findlay and Seamark, 1973; Mann et al., 
1975; France et al., 1987, 1988; Mason et al., 
1989). Basal levels of placental aromatase are 
relatively constant between 118 and 140 days' 
gestation and a two- to threefold increased 
in the placentas of ewes in normal or 
dexamethasone-induced labour (Mann et al., 
1975; Mason et al., 1989). Aromatase activity 
increases in placental explants when cortisol 

is added to the culture medium (Ricketts et 
al., 1980; Flint, 1983), and glucocorticoids in 
high concentration may induce a modest in
crease in aromatase activity. Mason et al. 
(1989) questioned the significance of the pre
parturient increase in aromatase activity, be
cause earlier studies (Rosenfeld et al., 1980; 
France et al., 1987) suggested that aromatase 
did not appear to be a rate-limiting enzyme 
with regard to oestrogen production; the 
basal levels of the enzyme found between 118 
and 140 days' gestation appeared adequate to 
accommodate the rise in oestrogen pro
duction which occurs in the last 48 h of 
pregnancy. 

Information is lacking on the level of aro
matase activity in the placenta of the sheep 
during the critical phase between days 70 and 
120 when placental oestrogen biosynthesis is 
increasing and there is a steady increase in 
the concentration of oestrone sulphate in 
fetal and maternal plasma. Thorburn et al. 
(1989) have suggested that fetal pituitary FSH 
may regulate placental aromatase because 
fetal hypophysectomy at day 70-75 pre
vented the increase in maternal oestrone sul
phate levels that normally occurs between 90 
and 120 days' gestation. Kendall et al. (1977) 
found that, when parturition was induced by 
administering ACTH to hypophysectomized 
fetuses, there was no increase in maternal 
unconjugated oestrogen concentrations, 
although there was a fall in P 4 and a rise in 
PG output. They suggested that some pitu
itary factor may be required for placental oes
trogen biosynthesis, and the results of 
Thorburn et al. (1989) would be consistent 
with the proposal that FSH may be the fetal 
pituitary factor. 

The discussion so far has centred around 
the rapid increase in oestrogen concen
trations in the last 2-4 days before delivery 
(Currie et al., 1973; Nathanielsz et al., 1982), 
but little attention has been directed towards 
the gradual increase in placental oestrogen 
production from day 70 to day 120-130 (Fevre 
and Rombauts, 1966; Currie et al., 1973; 



Carnegie and Robertson, 1978). Although the 
placental 17a-hydroxylase activity is low be
tween 118 and 140 days' gestation (France et 
al., 1988), it is possible that sufficient Ps is 
metabolized by the low levels of 17a
hydroxylase to explain the progressive in
crease in oestrogen production. It is also 
possible that C19 steroids, derived from the 
fetal or the maternal adrenal, may act as sub
strates for oestrogen biosynthesis. However, 
the pattern of increase of maternal plasma 
oestrone sulphate levels so closely follows 
that of P 4 it would favour the former sugges
tion that there is a leak in the placental ster
oidogenic pathway and that some Ps is 
diverted through to oestrogens. 

The progressive increase in the oestrone 
sulphate concentrations in the maternal 
plasma is of particular importance to the 
development of the myometrium. Oestra
diol-17j3 stimulates synthesis of the contrac
tile protein, actomyosin, and lowers the 
threshold of stimulation of the myometrial 
cell to oxytocin. Sulphatase, sulphotransfer
ase and 17a- and 17j3-HSD are present in 
sheep myometrium, and oestradiol-1713 is the 
major product formed from oestrone and oes
trone sulphase (Fitzpatrick, 1960; Kuriyana, 
1961; Knifton, 1967; Brinsfield, 1968; Rossier 
and Pierrepoint, 1974). In addition, oestrone 
sulphate is converted to oestrone and oestra
diol by ovine endometrium (Dwyer and 
Robertson, 1980; Power and Challis, 1987). 
The concentrations of oestrogens (pg/g) in 
myometrium and endometrium exceed those 
in plasma (pgll) (Challis and Patrick, 1981), 
indicating that enzymatic interconversions 
and tissue concentrating mechanisms, in
cluding specific receptor uptake, affect tissue 
oestrogen concentrations with the possibility 
of producing local changes that may not be 
apparent in plasma measurements (Power 
and Challis, 1987). The concentration of 
oestrone and oestradiol in myometrium 
increases between day 130-135 and term in 
animals in spontaneous labour or after 
ACTH-induced labour (Power and Challis, 
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1987). Oestrogens may promote gap junction 
formation between myometrial cells (Garfield 
et al., 1987) and stimulate the formation of 
oxytocin receptors (Alexandrova and Soloff, 
1980a--c) and the output of stimulatory PGs 
(Liggins et al., 1973) in the uterus. These ob
servations confirm and extend the previous 
measurements of total oestrogen by Rawlings 
and Ward (1976). Power and Challis (1987) 
showed that the concentrations of oestrone 
and oestradiol in the fetal membranes were 
higher than in the endometrium and myome
trium. In the amnion there was no consistent 
change in oestrone concentrations with ges
tation, although oestradiol concentrations 
increased between day 130 and term. 
Concentrations of oestrogen in the chorion 
after day 100 were the highest of all tissues, 
but did not change between day 130-135 and 
term (Power and Challis, 1987), although 
the chorion is a major site of PG production 
and metabolism (C.A. Evans et al., 1982). 
Oestrone sulphatase is present in the sheep 
chorion and the chorion is also able to aroma
tize C19 steroids; local enzymatic regulation 
of chorionic oestrogens may therefore be im
portant in the control mechanisms of preg
nancy and parturition (Power and Challis, 
1987). 

9.5.5 PROSTAGLANDINS 

(a) Plasma concentrations of PGF20t and 
PGFM 

Normal parturition in sheep is associated 
with a marked increased in concentrations 
of PGF20t in uterine venous plasma (Liggins 
and Grieves, 1971; Thorburn et al., 1972a). 
Concentrations of PGE2, PGFM (the major 
metabolic of PGF2o) and 6-keto-PGF1ot (the 
major metabolite of prostacyclin, PGIz) are 
also increased before spontaneous labour 
(M.D. Mitchell et al., 1979a; c.A. Evans et al., 
1981) and before labour induced by intrafetal 
infusion of ACTH or glucocorticoids (Currie 
et al., 1973; Thorburn et al., 1977b; M.D. 
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Mitchell et al., 1979a). Similarly, the concen
trations of PGE2 in fetal plasma (Challis et al., 
1976a) and of PGE2 , PGF2", and 6-keto-PGF1 

a in amniotic fluid (Challis et al., 1978; M.D. 
Mitchell et al., 1978e; Olson et al., 1985) in
crease before delivery. 

Detailed information on the plasma con
centrations of PGF2", and PGFM throughout 
pregnancy is lacking. PGFM concentrations 
in the utero-ovarian vein accurately reflect 
those of PGF2", (Burgess et al., 1989), and 
Burgess (1991) showed that basal concen
trations of PGFM in utero-ovarian vein 
plasma are low (0.36 ± 0.05 nM) on days 
60-63 of gestation but then gradually increase 
to 1.78 ± 0.28 nM by days 135-138, and 3.48 
± 0.35 nM in preparturient ewes (140-147 
days) before reaching high levels at partur
ition (19.2 ± 2.5 nM). The arterial concen
trations of PGFM were much lower than 
those in the utero-ovarian vein; at days 60-63 
PGFM was undetectable in arterial plasma, 
and by days 135-138 its concentration had 
only reached 0.82 ± 0.07 nM. The arterio
venous differences showed that PGFM is 
secreted by the uterus in concentrations equi
molar to those of PGF2",. The production of 
PGF2"" as judged from PGFM values, was 
low at mid-gestation, before increasing 
gradually during the late gestation and then 
dramatically in the last 24 h before delivery. 

The arteriovenous difference for PGFM 
across the uterus confirms the earlier studies 
of M.D. Mitchell et al. (1980c) and Fowden 
and Silver (1983) and demonstrates that the 
ovine uterus metabolizes some of the PGF2", it 
produces in vivo and secretes it as its metab
olite PGFM. PGFM appearing in the uterine 
vein is therefore derived from PGF2", de
livered to the uterus in its arterial circulation 
plus PGFM synthesized in the uterine tissues 
(Keirse et al., 1976; M.D. Mitchell and Flint, 
1978a). 

In the pregnant uterus, 83% of the uterine 
blood flow is distributed to the cotyledons, 
3-4% to the myometrium and 13-14% to the 
endometrium (Makowski et al., 1968). Since 

the PGF2", production rate by the myome
trium in vitro is only about 25% of that of the 
maternal cotyledon (M.D. Mitchell and Flint, 
1977), the maternal cotyledons appear to be 
the major contributor to PGF2", concen
trations in the utero-ovarian vein (Thorburn 
and Challis, 1979). 

It has been assumed that most of the PGF 
produced by the uterine tissues will be 
metabolized in the lungs (Vane, 1978) and 
that little, if any, would appear in the arterial 
circulation. However, Fowden et al. (1987) 
and Andrianakis et al. (1989a) have shown 
that some PGE2 escapes metabolism in the 
lungs and appears in significant amounts in 
the arterial circulation. Small amounts of 
PGF2", are present in maternal arterial plasma 
during ACTH-induced preterm labour 
(Olson et al., 1985). More information is 
needed on arterial concentrations of PGF2",; if 
PGF2", does not reach the myometrium by a 
systemic route, it must be produced locally 
by the membranes and endometrium and 
reach the myometrium by diffusion (Thor
burn and Challis, 1979). Alternatively, the 
increasing amounts of PGE2 in the arterial 
circulation (see below) may exert a direct sti
mulatory action on the myometrium or be 
converted locally to PGF2", by 9-keto
reductase. 

(b) Prostaglandin E2 

Using a new indirect assay for PGE2, in 
which the more stable methyloxime deriva
tive of PGE is formed (R.W. Kelly et al., 1986), 
Fowden et al. (1987) reported that the concen
trations of PGE2 in the maternal carotid 
artery, uterine vein and the fetal carotid 
artery increase progressively during the last 
third of gestation. An arteriovenous differ
ence for PGE2 on the maternal and fetal 
sides of the placenta (Fowden et al., 1987; 
Andrianakis et al., 1989a,b) indicates that the 
increasing plasma concentrations are an ex
pression of increased PGE2 production by the 
placenta. 
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Figure 9.10 Mean (± SEM) basal utero-ovarian (DaV) venous plasma concentrations of PGFM and 
PGE2 during preimplantation (P-I; day 14 p.c.), early pregnancy (EP; day 21-23 p.c.), mid-pregnancy 
(MP; day 60-63 p.c.), late pregnancy (LP; day 135-138 p.c.) and before (P-P; >day 140 p.c.) and during 
active labour. Concentrations of PGE2 in DaV plasma of P-I, EP and MP ewes were below the lower 
limits of sensitivity of the PGE2 assay. (Reproduced with permission from Burgess et ai., 1991.) 

The temporal pattern of PGE production by 
the uterus differs from that of PGF2a: concen
trations in the utero-ovarian vein are un
detectable in mid-gestation (63-65 days), but 
reach high levels (16.21 ± 0.83 nM) by late 
gestation (135-138 days) (Burgess, 1991). The 
basal PGE2 concentration in preparturient 
ewes (22.90 ± 3.4 nM >140 days' gestation) 
and parturient ewes (32.25 ± 1.7 nM) are not 
significantly greater than those in the late 
pregnant ewes, as found by Fowden et al. 
(1987) and Andrianakis et al. (1989a). The 
arterial concentration of PGEz at 135-138 days 
gestation was 4.93 ± 0.24 nM (Burgess, 1991) 
which is in agreement with the earlier 
studies. The difference in the temporal pat
tern of placental PGE2 and PGF2a production 
(Figure 9.10) and the vastly different re
sponse of PGE2 and PGF2a to an oxytocin 
challenge suggests different rates of pro
duction and modes of regulation. 

(c) Sites of production 

Concentrations of PGF2a are higher in ma
ternal cotyledons and myometrium than in 

fetal cotyledons (Liggins and Grieves, 1971), 
but there are high levels of PGE2 in fetal 
cotyledons, but not myometrium or maternal 
cotyledons, after delivery (M.D. Mitchell and 
Flint, 1977). Subsequent work has confirmed 
these early studies. Using a superfusion sys
tem, M.D. Mitchell and Flint (1978b) showed 
that PGE2 output from the combined fetal 
and maternal cotyledons exceeded that of 
PGF2a, a finding consistent with the obser
vation of C.A. Evans et al. (1981) that the 
concentration of PGE in whole cotyledons 
exceeded that of PGF2a• 

c.A. Evans et al. (1981) concluded that the 
cotyledons and the chorioallantois were the 
major sites of PG synthesis: in control 
animals, the chorioallantois contained the 
highest concentrations of PGF2a and 6-keto
PGF1a, and PGF2a and 6-keto-PGFla but not 
PGE2 were elevated by fetal ACTH treat
ment. C.A. Evans et al. (1981) also proposed 
that the fetal membranes are major sites of 
PG production in late pregnancy and during 
induced labour. The chorioallantois is anato
mically close to the endometrium and PGs 
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synthesized in the chorion might be expected 
to diffuse readily into the amniotic and allan
toic fluids and the concentrations of PGs in 
these fluids might be an expression of PG 
synthesis by the chorion. Information on the 
PG concentrations in allantoic fluid is 
unavailable. The amniotic fluid becomes 
more viscid during late gestation, making it 
more difficult to sample, but concentrations 
of PGE2, PGF2a and 6-keto-PGFla in amniotic 
fluid are elevated before delivery (M.D. 
Mitchell et al., 1977a,b; Challis et al., 1978). 
During ACTH-induced labour, PGs increase 
in fetal fluids before the increased mechanical 
activity of the uterus begins (Olson et al., 
1985), providing further evidence that PGs 
initiate uterine activity rather than result 
from it. 

The placenta has been clearly identified as 
a major site of PG production, with the ma
ternal placenta being suggested as the major 
source of PGF2a (Liggins and Grieves, 1971) 
and the fetal placenta (trophoblast) of PGE2 

production (M.D. Mitchell and Flint, 1977). 
The synthesis of PGs by the placenta 
throughout the pregnancy has been investi
gated in detail. 

PG synthesis by dispersed ovine cotyle
donary cells, mostly uninucleate trophoblast 
cells, is low during early and mid-gestation 
but increases markedly from day 110-120 
onwards (Risbridger et al., 1985). The addi
tion of arachidonic acid to incubations of 
cotyledonary cells did not significantly 
enhance PG synthesis, suggesting that the 
concentration of PGHS in the trophoblast 
varies during gestation, increasing only after 
110 days' gestation. 

Microsomes from ovine cotyledons repre
sent a PGHS-enriched subcellular frac
tion (Leach-Harper and Thorburn, 1984; 
Risbridger et al., 1985; Rice et al., 1987, 1988) 
and their capacity to synthesize PGE2 and 
PGF2a from radiolabelled arachidonic acid 
increases 25-fold between 20 and 140 days' 
gestation, the greatest increase being after 
120 days (Rice et al., 1988). This was con-

sidered to be the result of an increase in 
PGHS activity or content in the placenta but 
could have been due to an increase in the 
activity or content of the E-isomerase (which 
converts the product of PGHS activity to 
PGE2). This possibility was excluded by 
studies of the amount of oxygen consumed 
by the PGHS-catalysed conversion of arachi
donic acid to PGs (Rice et al., 1990). 
Microsomal oxygen consumption increased 
22-fold between 74 and 147 days' gestation; it 
was stimulated by the addition of arachidonic 
acid and inhibited by inhibitors of PGHS 
activity such as indomethacin and 4-
aminoantipyrine. The increase did not occur 
after fetal hypophysectomy at 70-80 days' 
gestation (Rice et al., 1990), consistent with 
the finding that placental PGE2 production 
did not increase during late gestation in such 
pregnancies (Thorburn et al., 1989). It has 
been suggested that some fetal pituitary 
factor may be needed for the induction of 
PGHS activity, mRNA translation or PGHS 
gene expression (Thorburn et al., 1989; Rice et 
al., 1990). 

The in vitro measurements of the ges
tational changes in PG-forming capacity 
(Risbridger et ai., 1985), cotyledonary PGHS 
activity (Rice et al., 1988, 1990) and in vivo 
measurements of plasma concentrations of 
PGE2 during gestation (Fowden et al., 1987) 
show a similar profile: low during early to 
mid-gestation but increasing rapidly from 
110-120 days of gestation to term. Studies of 
the synthesis of PGs by intrauterine tissues of 
animals of other species (see Rice et al., 1990) 
are consistent with the observations in sheep 
and suggest a common governing mechan
ism. Thorburn et al. (1988, 1991) and 
Thorburn and Rice (1990) propose that the 
increased PG production by the placenta 
during the last 0.25-0.30 of gestation corre
sponds to the rapid growth phase of the 
fetus, which commences at about 110-120 
days' gestation in the sheep. Reducing the 
food intake of late pregnant ewes increases 
placental PGE2 production, (Fowden et al., 



1987), and the increase in substrate demand 
by the fetus on the placenta during its phase 
of rapid growth might provide a stimulus for 
the placenta to increase PGE2 production 
with this increased PGE2 concentration in 
turn facilitating transport of substrate for the 
increase in growth of the fetus. Thorburn 
(1991) has also proposed that the increased 
concentration of PGE2 in fetal plasma may 
provide a stimulus for the fetal hypothalamo
pituitary-adrenal axis, and this may be part 
of the trigger mechanism for parturition. 

Since the pattern of growth of a fetus is 
genetically determined and is common to 
most species, it may explain why placental 
PG production follows a similar pattern in the 
sheep, pig, rabbit, guinea pig and goat. 
Under various adverse conditions (e.g. fetal 
and placental hypoxaemia, maternal under
nutrition, placental trauma, hyperthermia) 
placental PGE2 production is increased and 
may lead to premature labour. It is not clear 
at the present time whether the mechanism 
(placental PGE2 production) represents the 
'trigger' for parturition or an amplifying sys
tem in the activation of the HPA axis (see 
Chapter 10, this volume). 

(d) Differential regulation of release of 
PGE2 and PGF2a 

The belief that PGE2 and PGF2a are not only 
synthesized in different sites (Liggins and 
Grieves, 1971; Mitchell and Flint, 1977) but 
that their release is regulated in different 
ways is supported by the studies of Burgess 
et al. (1989) and Burgess (1991). Adminis
tration of oxytocin to the ewe significantly 
increased the release of PGF2a into the utero
ovarian vein but failed to stimulate PGE2 re
lease. Oxytocin, acting via oxytocin receptors 
and the IP3 pathway, may therefore increase 
the production of PGF2a from the maternal 
placenta. The failure to stimulate PGE2 re
lease may be due to the inability of oxytocin 
to cross the maternal syncytium to gain 
access to the trophoblast (fetal placenta) and/ 
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or to a lack of oxytocin receptors on the tro
phoblast (Jenkin et al., 1989). The release of 
PGF2a from the maternal placenta therefore 
appears to be regulated by the prevailing oxy
tocin concentrations in maternal plasma and 
the density of the oxytocin receptors in the 
placenta. The influence that the fetus has on 
PGF release into the maternal circulation is by 
varying the concentrations of oestrogens and 
P 4 in the maternal plasma, an increase in the 
EIP ratio causing an increase in the number of 
oxytocin receptors. Administration of mife
pristone, a P4 antagonist, to a pregnant ewe 
led to increased concentrations of PGE2 and 
PGF2a, but only PGF2a increased in response 
to oxytocin (Burgess et al., 1991), again 
suggesting a differential response. 

The influence of steroid hormones on oxy
tocin receptors is well documented (Soloff, 
1975; Hsueh et al., 1976; Roberts et al., 1976; 
Nissenson et al., 1978). Oestrogen promotes 
the synthesis of its own receptor and that of 
oxytocin (Hsueh et al., 1976; Pavlik and 
Coulson, 1976; Clark et al., 1977), and this 
action is antagonized by P 4. The release of 
PGFM into the utero-ovarian vein in re
sponse to oxytocin varies in relation to the 
prevailing E/P ratio, the higher the ratio the 
greater the release of PGF2a (Burgess, 1991). 
The prepartum increase in the E/P 4 ratio in 
the pregnant ewe might therefore be 
expected to cause an increase in oxytocin re
ceptors in the maternal placenta in a manner 
similar to that described in the non-pregnant 
ewe (Hixon and Flint, 1987). Such an increase 
has been demonstrated indirectly by the in
crease in the release of PGFM but not PGE2 in 
response to oxytocin after treatment with 
rnifepristone in late pregnant ewes (Burgess 
et al., 1992). This result is more meaningful 
than measuring oxytocin receptors per se be
cause Sheldrick and Flint (1986) demon
strated that oxytocin receptor numbers were 
increased even when release of PGF2a in re
sponse to oxytocin was inhibited, and Vallet 
et al. (1990) have demonstrated a dissociation 
between oxytocin receptor concentrations 
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and release of PGF2a in response to oxytocin 
in the ewe. Oxytocin concentrations in ma
ternal and fetal plasma rise at parturition 
(Glatz et al., 1981; M.D. Mitchell et al., 1982a; 
Dawood et al., 1983), the maternal concen
trations increasing significantly during the 
second stage of labour (Glatz et al., 1981). 
PGF2a release into the maternal circulation is 
therefore determined by changes in the con
centration of oestrogens, P4, oxytocin and its 
receptors, whereas the release of PGE2 is 
regulated in a different way and is insensitive 
to the action of oxytocin. 

(e) Route of transfer of PGs to myometrium 

The cotyledons represent the major site of PG 
production in the uterine tissue, but it is still 
not clear to what extent the PGs arising from 
the cotyledons reach the myometrium and to 
what extent they contribute to uterine 
activity. From the anatomy, Thorburn and 
Challis (1979) considered it unlikely that PGs 
could diffuse from the cotyledons to the myo
metrium and a countercurrent mechanism to 
transport PGF2a selectively from the uterine 
vein to the uterine artery (and thus to the 
myometrium) could not be demonstrated 
(Liggins et al., 1973). The systemic route of 
transfer of PGs from the cotyledons to the 
myometrium would appear inefficient in 
view of the ability of the lung to metabolize 
and clear most PGF2 in the pulmonary circu
lation (Vane, 1978). However, there is still a 
lack of information on PGF2a concentrations 
in maternal arterial plasma during late preg
nancy and parturition. An intra-aortic in
fusion of PGF2a (5-10 f.Lg/min) in pregnant 
sheep, which Thorburn and Challis (1979) 
calculated should achieve plasma arterial 
concentrations of 2-4 ng/ml, increased uter
ine activity and myometrial sensitivity to oxy
tocin (Liggins et al., 1973) despite high P4 

concentrations. Thorburn and Challis (1979) 
proposed that during the last 24 h before 
delivery, when the sensitivity of the myome
trium to PGF2a had increased markedly, due 

to the decrease in P 4 levels (and a removal of 
the 'P 4 block') and an increase in oestrogen 
levels, the myometrium may respond to quite 
low arterial PGF2a concentrations (Thorburn 
et al., 1977a). PGs in the arterial circulation 
may also stimulate oxytocin secretion, 
thereby reinforcing the reflex-stimulated 
oxytocin release that occurs at this time in 
response to cervical and vaginal stretching 
(Roberts and Share, 1968; Gillespie, 1973; 
Flint et al., 1975). 

Concentrations of PGE2 in arterial plasma 
increase during the last third of gestation, 
reaching high levels at term (Fowden et al., 
1987; Burgess, 1991), suggesting that the 
lungs may be less effective at clearing PGE2 

or that the amounts of PGE2 presented to the 
lungs are greater. Nevertheless, the myome
trium, cervix and other tissues are exposed to 
increasing concentrations of PGE2, which 
may explain the evolution of uterine activity, 
and the appearance of the so-called 'contrac
tures' (Nathanielsz et al., 1977), during this 
time. The pattern of prolonged uterine con
tractions ('contractures') is thought to be due 
to the myometrium being stimulated by an 
agonist while the blocking action of P 4 on the 
myometrium is present (Thorburn et al., 
1983). The propagation of electrical activity in 
the myometrium is probably blocked by P 4. 

With the preparturient decrease in P 4 concen
trations, the uterine sensitivity to PGs in
creases markedly (Jenkin et al., 1982; 
Thorburn et al., 1983; Jenkin and Thorburn, 
1985; Burgess et al., 1991). It is not known 
whether PGE2 would be equally effective in 
stimulating uterine activity in sheep. 

(f) Endometrium and fetal membranes 

In sheep the myometrium is lined by the 
intercotyledonary endometrium to which the 
chorion is closely apposed. PGs produced in 
these tissues can readily diffuse into the myo
metrium. In the non-pregnant ewe, the endo
metrium represents a major site of PG 
production and the PGF2 produced by the 



endometrium is responsible for the increased 
uterine activity at the end of the oestrous 
cycle. In the late pregnant ewe, the endo
metrium can also produce PGs, although in 
vitro studies indicate that the synthetic ca
pacity of the endometrium is less than that of 
the chorioallantois or cotyledons (Mitchell 
and Flint, 1977, 1978a; C.A. Evans et al., 1981, 
1982; Olson et al., 1985). Nevertheless, the 
proximity of the endometrium to the myome
trium would ensure an efficient transfer of 
PGs so that as the inhibitory influence of P 4 at 
the myometrium wanes, PGs produced 
locally may play a key role in stimulating 
uterine activity. 

In the late pregnant sheep the chorion is 
extensive and on one surface is in close prox
imity to the endometrium while on the other 
it is in close apposition to the allantois and 
amnion. The chorioallantois contained the 
highest concentrations of PGF2a and 6-keto
PGF1a in late pregnant sheep, and PGF2a and 
6-keto-PGF1a but not PGE2, were increased 
after infusion of ACTH to the fetus to induce 
premature labour (C.A. Evans et al., 1981). It 
seems likely that PGs produced in the endo
metrium or chorioallantois can diffuse into 
the myometrium to stimulate activity. PGs 
injected into the amniotic or allantoic sacs of 
sheep during mid-pregnancy can induce 
abortion (Thorburn, 1977). Extra-amniotic in
fusion of PGF2a causes a rapid elevation of 
maternal and fetal plasma and amniotic fluid 
PGFM concentrations in excess of those 
found at normal term (Jenkin et al., 1982). 
When a 3j3-HSD inhibitor was injected dur
ing extra-amniotic infusion of PGF2a there 
was a precipitous decline in maternal plasma 
P 4 concentrations and parturition began 
within 24 h. They concluded that a substan
tial decrease in plasma P 4 concentrations is 
necessary to render the myometrium sensi
tive to PGF2a in late pregnant sheep. These 
studies also demonstrate the ability of PGF2a 

injected extra-amniotically to diffuse widely 
and to initiate uterine activity. 

The relative importance of the various sites 
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of production of PGs in relation to the initia
tion of parturition in sheep is still unclear. 
The sensitivity of the myometrium to stimu
lation with PGs increases so markedly, fol
lowing removal of the P 4 influence, that small 
amounts of PGs, whatever their source, may 
be sufficient to stimulate uterine activity. It is 
possible that in sheep the massive release of 
PGF2a into the maternal uterine vein during 
the last 24 h before delivery is not essential 
for parturition, since most of the circulating 
PG is metabolized in the lungs. However, in 
other ruminants (e.g. goat and cows) this 
release of PGF2a into the uterine vein may be 
of key importance since the countercurrent 
diffusion of PGF2a from the utero-ovarian 
vein to the ovarian artery may be responsible 
for causing the regression of the CL of preg
nancy and a decrease in maternal P4 levels. 
This, in turn, would enhance the further re
lease of PGs and render the myometrium 
more sensitive to the action of PGs. 

9.5.6 REGULATION OF PG SYNTHESIS AND 
RELEASE 

(a) Oestrogens 

The close temporal relationship between the 
preparturient increases in oestrogen and 
PGF2a in the utero-ovarian vein is consistent 
with the thesis that increasing plasma con
centrations of oestrogen may stimulate the 
release of PGF2a (Thorburn et al., 1972a; 
Currie et al., 1973; Challis et al., 1982). 
Moreover, the evolution of uterine activity 
during the last 24 h of pregnancy (Ward, 
1968; Thorburn et al., 1984) coincides with the 
increase in maternal plasma PGF2a (and free 
oestrogens), suggesting that PGF2a may be 
responsible for initiating myometrial activity 
associated with labour. The administration of 
oestrogen induces premature delivery in 
sheep (Hindson et al., 1967) and, within 24 h 
of treating pregnant sheep with diethylstil
boestrol, concentrations of PGF2a increase in 



926 Initiation of parturition 

the maternal cotyledons and myometrium, 
but not in the fetal cotyledons (Liggins, 1973). 
These changes are associated with a marked 
increase in PGF2a concentrations in the utero
ovarian vein and a 90% decrease in the 
threshold response to oxytocin, despite the 
absence of any change in peripheral or utero
ovarian P 4 concentrations. 

Because oestradiol-17[3 was considered the 
primary trigger coming from the fetus to 
initiate PGF2a release and parturition, oestra
diol was infused into sheep during late 
pregnancy in amounts which produced 
physiological (parturient) levels in the 
maternal circulation and premature delivery 
was induced in three of four experiments 
(Currie et al., 1973; Currie, 1974; Thorburn et 
aI., 1977a). Labour and an increased release 
of PGF2a was observed in the absence of any 
change in circulating P 4. The concentrations 
of oestrogens relative to those of P 4 were 
considerably lower than those observed nor
mally at parturition. Earlier in pregnancy 
(day 125) oestradiol (Currie et al., 1973; 
Currie, 1974) or stilboestrol (Hindson et al., 
1967; Liggins et al., 1973) stimulated an in
crease in uterine activity and PGF2a release, 
but cervical relaxation and delivery did not 
occur. 

Oestradiol given as short- or long-term 
(overnight) systemic infusions failed to 
stimulate PGF2a release in day 15 nonpreg
nant ewes (Burgess et al., 1990; Burgess, 
1991), contrary to the results of Barcikowski et 
aI. (1974), who used non-pregnant sheep 
bearing an autotransplanted uterus. Even 
doses of oestradiol 100 times greater than that 
used by Barcikowski et al. (1974) failed to 
induce significant increases in PGFM concen
trations in the utero-ovarian vein, Burgess 
(1991) also found that oestradiol failed to 
stimulate the release of PGFM or PGE2 from 
the uteri of mid-pregnant (day 60--65) and late 
pregnant (day 135-140) animals. These 
studies suggest that the action of oestradiol to 
stimulate PG release was blocked until day 
140 of pregnancy. 

It was proposed that the high P 4 concen
trations throughout pregnancy may inhibit 
the action of oestrogen on oxytocin receptors 
and the PG synthetic mechanism to prevent 
increased PG release and that, in the days 
before delivery when P 4 concentrations de
crease and its inhibitory effect is withdrawn, 
oestrogen stimulates PGF2a release via an in
duction of oxytocin receptors and an increase 
in PG synthetic capacity (Burgess, 1991; 
Burgess et al., 1991). The results of the early 
studies, in which the release of PGF2a and 
uterine activity was observed, may be 
explained by the use of large (pharmacologi
cal) amounts of synthetic oestrogens. It is 
apparent from a number of studies that if 
sufficient oestrogen is given to increase the 
EIP4 ratio to parturient levels, PGF2a will be 
released irrespective of the P 4 concentrations 
prevailing at the time. It would seem that P4 
and oestrogen may exert opposing actions on 
the key enzymes in the PG synthetic path
way, i.e. PLA2 and cyelo-oxygenase. 

(b) Progesterone 

In sheep, P 4 exerts a marked inhibitory influ
ence on the myometrium and the cervix. 
Indeed, withdrawal of this P 4 'block' is a pre
requisite for successful delivery in sheep 
(Thorburn, 1983; Thorburn et aI., 1983, 1984; 
Jenkin and Thorburn, 1985). The concen
tration of P 4 decreases 3--4 days before partur
ition (Nathanielsz et aI., 1982), before the 
increase in PGF2a release (Bassett et al., 1969). 

The profound inhibitory action of P 4 on the 
ovine myometrium has been demonstrated 
in the non-pregnant, ovariectomized, 
oestrogen-primed ewe (Lye and Porter, 
1978). Oxytocin and PGF2a, given in amounts 
sufficient to cause pronounced myometrial 
activity in the oestrogen-primed uterus, 
failed to stimulate activity in the P 4-blocked 
uterus, indicating that the inhibitory action of 
P 4 is directly on the myometrium and not 
simply due to the suppression of PGF2a re-



lease. Progesterone can inhibit labour at term 
in sheep (Bengtsson and Schofield, 1963), 
although prolonged pregnancy occurred only 
after the administration of large amounts of 
P 4' The administration of P 4 in doses below 
100 mg/day, sufficient to maintain physio
logical concentrations of P 4 (i.e. in the normal 
preparturient range), did not delay the initia
tion of parturition (Liggins et ai., 1973). 
However, high doses of P4 (100 mg/day) 
were able to inhibit uterine activity and 
labour during fetal infusion of dexametha
sone. Thorburn (1979) suggested two reasons 
why such large amounts of P 4 are needed to 
block premature or term labour in sheep. 
Firstly, exogenous P 4 is cleared rapidly by the 
placenta as a result of the increased placental 
blood flow in late pregnancy and the ability 
of the placenta to metabolize P4 • Secondly, 
because of the high circulating levels of oes
trogen achieved at parturition due to the 
quantitative conversion of endogenous P 4 to 
oestrogen, large amounts of exogenous P 4 

are needed to lower the EIP 4 ratio to prepar
turient levels. Subsequent studies have con
firmed these ideas (Thorburn, 1983; 
Thorburn et ai., 1983; Jenkin et ai., 1985a,b; 
Nathanielsz et ai., 1988). Progesterone 
(200 mg/day) or MP A (250 mg) significantly 
delayed the initiation of parturition induced 
by cortisol infusion. Fetal and maternal 
plasma PGFM levels were increased, but 
myometrial activity, as judged by intra
uterine pressure and electromyographic 
recordings, did not increase (Thorburn et ai., 
1983). These studies showed that P4, when 
administered in adequate amounts, is able to 
inhibit uterine activity in the pregnant ewe 
and prevent parturition despite high levels of 
PGs (Thorburn et ai., 1983; Jenkin et ai., 
1985a,b). These experiments also confirmed 
that P 4, and particularly MP A, also inhibit the 
release of PGF2n from the uterus, but that 
supraphysiological amounts of exogenous P 4 

are needed to overcome the stimulatory 
effects of high levels of oestrogen that are 
generated by the fetal cortisol induced metab-
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olism of placental P 4 to oestrogen (Thorburn 
et ai., 1983; Jenkin et ai., 1985a,b; Nathanielsz 
et ai., 1988). 

9.5.7 SENSITIVITY OF THE MYOMETRIUM TO 
PGF20t 

The importance of P 4 inhibiting both myome
trial activity and the stimulatory action of 
PGF2n on the myometrium has been explored 
in the following ways. Administration of 
competitive inhibitors of 313-HSD (Taylor et 
al., 1982; Jenkin and Thorburn, 1985) causes a 
decrease in maternal plasma P 4 concen
trations and an increase in PGFM concen
trations. If maternal P 4 concentrations are 
decreased to sufficiently low levels, partur
ition occurs despite oestrogen concentrations 
being unchanged. However, if P4 decreases 
to about 30% of the preinjection levels, de
spite a marked increased in PGFM concen
trations in maternal plasma (up to 4 ng/ml), 
and a gradual increase in myometrial (EMG) 
activity, delivery does not occur. 

The ovine myometrium when under the 
influence of P 4, is insensitive to PGs (Thor
burn et al., 1972a) and so P4 withdrawal 
alone, without any associated increase in oes
trogens, may therefore be enough to induce 
PGF2n release and parturition. When PGF2n 

was infused extra-amniotically in late preg
nant ewes (132.4 ± 0.24 days' gestation) in a 
dose sufficient to cause PGF2n concentrations 
in excess of those found in fetal and maternal 
plasma and in amniotic fluid at parturition 
(Thorburn et al., 1983), there was no change 
in P 4 concentrations or myometrial (EMG) 
activity in three out of five animals and only a 
small increase in frequency in the other two 
animals. However, concomitant injection 
with a 313-HSD inhibitor produced a pro
found decrease in maternal P 4 concen
trations, a marked increase in uterine activity 
and parturition within 24 h. 

Liggins et al. (1973) found that prolonged 
intra-aortic infusions of PGF2n increased uter
ine activity and increased the sensitivity of 
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the myometrium to oxytocin in late pregnant 
ewes, but this may have been due to a longer 
duration and different route of adminis
tration and by the PGF2o: concentrations 
achieved at the myometrium. Acute adminis
tration of high doses of PGF2o: will also over
come the P 4 block and induce uterine activity 
in late pregnant sheep (M.D. Mitchell et al., 
1977b). 

Local P 4 withdrawal can also be achieved 
by the administration of P4 analogues (e.g. 
mifepristone), which can compete with endo
genous P4 for uterine binding sites but lack 
P 4-like activity. Administration of mifepris
tone to late pregnant ewes does not alter P 4 
or oestrogen concentrations, and the changes 
in PG release and uterine sensitivity to oxy
tocin mimic those in preparturient animals 
(Burgess, 1991): basal concentrations of 
PGFM and PGE2 were increased compared 
with values in late pregnant ewes. The ability 
of oxytocin to elicit uterine PGFM release was 
also enhanced in the treated animals (Bur
gess, 1991; Burgess et al., 1991). These results 
are consistent with the proposal that P4 with
drawal is essential in the pregnant sheep for 
the increased release of PGs at term. 

The key role of PCs in the initiation of 
premature labour in sheep was clearly 
demonstrated by the studies of M.D. Mitchell 
and Flint (1978a). The administration of mec
lofenamate (an inhibitor of PGHS and a 
PGE2o: antagonist) to pregnant sheep pre
vented the delivery of a live fetus in response 
to an intrafetal dose of dexamethasone. 
Despite the anticipated rise in oestradiol and 
fall in P 4 concentrations, parturition did not 
occur if PG synthesis was blocked. The pre
treatment contracture pattern of uterine 
activity persisted although the frequency of 
the contractures increased, possibly due to 
the high oestrogen levels. After cessation of 
meclofenamate treatment, uterine activity 
(labour-like contractions) commenced within 
1-2 h, but PGF2o: release only occurred dur
ing second-stage labour. Presumably, only 
low levels of PGF2o: are needed to induce 

delivery in the presence of very low P 4 levels 
and high oestrogen concentrations. 

9.5.8 OXYTOCIN 

There is still no evidence that oxytocin, at 
least that of maternal pituitary origin, is a 
prerequisite for parturition in sheep. The 
studies of Denamur and Martinet (1961) and 
Bosc (1974) showed that normal parturition 
occurred at term after maternal hypophysec
tomy at days 50-134 of pregnancy, although 
some regrowth of neurosecretory tissue can
not be excluded in these animals (Swaab et 
al., 1977). An oxytocin receptor antagonist 
which successfully blocks the action of exo
genous oxytocin in pregnant sheep failed to 
block uterine activity at term (Jenkin et al., 
1990). These results suggest either that endo
genous oxytocin is not responsible for 
causing the uterine activity associated with 
parturition in sheep or that, once oxytocin 
has exerted its action, it cannot be reversed 
by the administration of an antagonist. 
However, human fetal membranes (and/or 
decidua) have the potential to synthesize 
oxytocin (Chibbar et al., 1991) and a local 
paracrine (and/or autocrine) action by oxy
tocin in the membranes, endometrium and 
decidua of the sheep could allow for the local 
generation of PGs and a direct action of oxy
tocin on the myometrium, the release of 
oxytocin being mediated by local changes in 
the EIP 4 ratio. 

Glatz et al. (1981) concluded that oxytocin 
did not stimulate the onset of labour in 
sheep, but did facilitate delivery of the fetus 
and placenta by inducing forceful uterine 
contractions, confirming suggestions that 
oxytocin plays an important role during 
second- and third-stage labour in the sheep 
(Currie et al. 1973). Vaginal distension pro
vokes the reflex release of oxytocin (Fergu
son, 1941; Debackere et al., 1961; Roberts and 
Share, 1968) and PGF2o: (Flint et al., 1974b) 
and P4 can inhibit this response in non
pregnant ewes (Roberts and Share, 1968). 



When the vagina is distended in late preg
nant ewes, an increase in plasma oxytocin 
concentrations is followed 1 min later by an 
increase in PGF concentrations (Flint et al., 
1975); the response increases as delivery ap
proaches and is most pronounced in the im
mediate post-parturient animal, indicating 
that the sensitivity of the posterior pituitary 
to vaginal distension in the periparturient 
ewe is influenced by the prevailing P 4 con
centration (Flint et al., 1975; M.D. Mitchell et 
al., 1977b). The infusion of oxytocin into late 
pregnant ewes also causes the release of 
PGF2a into the utero-ovarian vein, and this 
response increases towards term (M.D. 
Mitchell et al., 1975; Burgess, 1991), parallel
ing the increasing ability of oxytocin to cause 
uterine contractions nearer delivery (Hind
son et al., 1969). The recent studies of Burgess 
(1991) have confirmed and extended the 
earlier observations of Mitchell et al (1975). 
She found that oxytocin stimulated the uter
ine release of PGFM and that the response 
was greater in preparturient (day 140 term) 
than in late pregnant (130-135 days) ewes 
and concluded that the capacity of the PG 
secretory system to respond to oxytocin 
increased markedly near term. The increased 
response to oxytocin is dependent not only 
on the plasma concentration of oxytocin but 
also on the affinity and concentration of its 
receptors in the target tissue (Alexandrova 
and Soloff, 1980a; Fuchs et al., 1983b). In 
endometrial explants from non-pregnant 
ewes, the ability of oxytocin to stimulate 
PGF2a release was correlated with the oxy
tocin receptor concentration, and the oxy
tocin receptor concentration varied directly 
with the E:P 4 ratio, high levels being found at 
oestrus (Roberts et al., 1976). It seemed likely 
that the increased PGF2a secretory response 
to oxytocin preceding delivery was due to an 
increased concentration of oxytocin receptors 
in the endometrium and maternal placenta 
resulting from the progressive increase in the 
EIP4 ratio (Burgess, 1991). Intra-arterial oxy
tocin injection significantly increases the re-

Sheep 929 

lease of PGFM into the utero-ovarian vein 
during mid- and late pregnancy in the sheep, 
but oxytocin fails to stimulate the release of 
PGE2 (Burgess et al., 1989; Burgess, 1991), 
indicating that an endogenous inhibitor of 
PGE2 release may be present in the ovine 
endometrium during late pregnancy. Fetal 
injection of oxytocin during late pregnancy 
fails to stimulate PGE2 release (Jenkin et al., 
1989), thus supporting the contention that 
the PGErsecreting cells do not possess oxy
tocin receptors. These results provide further 
evidence that PGE2 and PGF2a are syn
thesized in different sites and suggest that 
the massive release of PGF2a during labour is 
mainly derived from the endometrium, 
which is highly responsive at that time to 
oxytocin. 

9.5.9 SUMMARY 

This section should be read in conjunction 
with Chapter 10, this volume, on the devel
opment of the fetal hypothalamo-pituitary
adrenal axis. The studies described empha
size the importance of P 4 in the maintenance 
of pregnancy in the sheep. P 4 is essential for 
maintaining myometrial quiescence during 
gestation and a decrease in maternal P 4 con
centrations (i.e. the removal of the so-called 
P 4 block) is a prerequisite for dilation of the 
cervix and the explosive myometrial activity 
associated with labour. The decrease in ma
ternal P 4 concentrations is caused by increas
ing concentrations of cortisol in the fetal 
circulation acting on the placenta to induce 
the enzyme 17a-hydroxylase. In the late 
pregnant sheep, the placenta is the major site 
of P 4 production and the increased activity of 
the 17a-hydroxylase increases the metab
olism of P4 to oestrogens, and thus decreases 
the plasma levels of P 4, while increasing 
those of oestrogens, resulting in a marked 
increase in the EIP ratio. This profound 
change in the hormonal environment of the 
myometrium enhances its sensitivity to ago
nists such as PGF2a, PGE2 and oxytocin. 
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The decrease in P4 concentration (and the 
increase in oestrogen levels) not only in
creases the sensitivity of the myometrium to 
PGF2a and oxytocin, but also favours their 
release. As P4 concentrations fall, PGF2a re
lease from the maternal placenta, endo
metrium and fetal membranes increases. 
Some PGF2a diffuses directly from the endo
metrium and fetal chorioallantois to the myo
metrium, whereas some is transported via 
the systemic circulation to the myometrium, 
the relative importance of the two pathways 
has yet to be determined. 

Oxytocin is released from the fetal pos
terior pituitary in second-stage labour by the 
stretching of the cervix by the fetal head (the 
so-called Ferguson reflex) and by the high 
concentration of PGF2a released from the 
uterus at this time. Oxytocin, apart from 
stimulating uterine activity directly, causes 
the further release of PGF2a. The increase in 
the EIP ratio favours the release of oxytocin. 
Recent studies suggest that oxytocin may be 
synthesized and released locally from the 
membranes and myometrium, and can there
fore act directly on the myometrium. These 
findings, if confirmed, would explain how 
oxytocin may play a role in the initiation of 
parturition without being detected in the ma
ternal circulation. 

The recent findings of increasing pro
duction of PGE2 during the last third of ges
tation, adds a new dimension to the 
discussion of the initiation of parturition. The 
increase in placental PGE2 production 
appears to be under fetal pituitary control. It 
has been suggested that the increasing con
centration of PGE2 in the fetal circulation may 
play an important role in maintaining high 
fetal concentration of cortisol, and therefore 
in initiating the decrease in maternal P 4 con
centrations. Large amounts of PGE2 are se
creted into the maternal circulation, and since 
it is not completely cleared by the lungs, 
increasing concentrations of PGE2 are found 
in the maternal arterial circulation during the 
last few weeks of gestation. This arterial 

PGE2 may act on the cervix to initiate cervical 
ripening and on the mammary gland to 
initiate lactogenesis; in both cases P 4 with
drawal may be an important element. The 
PGE2 in the arterial circulation also provides a 
continuous stimulus to the myometrium and 
may be responsible for the appearance of the 
uterine 'contractures' observed during the 
latter part of pregnancy in the ewe. These 
'contractures' may represent the effect of a P4 

-blocked myometrium responding to a potent 
challenge from PGE2 in the arterial circu
lation. When P 4 concentrations decrease in 
the days preceding parturition, the PGE2 in 
the arterial circulation may become a more 
potent stimulus to the myometrium, causing 
a more profound increase in myometrial 
activity and the initiation of labour. PGE2 

may also provide a stimulus for the release of 
oxytocin from the posterior pituitary and, 
possibly, the membranes and myometrium. 

Thus, the initiation of parturition in sheep 
is the successful accomplishment of a con
tinuous dialogue between the fetus and its 
placenta so that the fetus is delivered at an 
appropriate time, and an appropriate size, 
with its key organ systems mature and fully 
prepared for post-natal life. 

9.6 GOAT 

9.6.1 INTRODUCTION 

Compared with the sheep and pig, there is a 
relative paucity of information on the initia
tion of parturition in goats. This is due to 
both a lack of industry funds and importance 
of the goat industry in most countries. 

From a scientific point of view, the goat is 
an excellent experimental animal and is rep
resentative of animals which are dependent 
on the corpus luteum of pregnancy as a 
source of progesterone. In this species, the 
continued function of the corpus luteum is 
essential for the maintenance of pregnancy 
and the factors (luteotrophins) regulating its 
function are clearly of great importance. Early 



in pregnancy the maternal pituitary hor
mones, prolactin and luteinizing hormone 
(LH) play this role, whereas in the latter part 
of pregnancy the nature of the luteotrophins 
is still a matter requiring further study, 
although several placental factors have been 
proposed including caprine placental lacto
gen (cPL), prostaglandin E2 (PGE2), a puta
tive caprine chorionic gonadotrophin (cCG) 
and oestrogens. The goat is also a classical 
example of a species in which P 4 inhibits 
myometrial activity throughout pregnancy 
and its withdrawal (i.e. a decrease in ma
ternal plasma P4 concentrations) is an essen
tial prerequisite for the onset of labour. 

In both the goat and sheep, a major de
crease in maternal plasma P4 concentrations 
is needed to remove the inhibitory effects of 
P 4 on the myometrium and to allow increased 
myometrial activity and delivery of the fetus. 
In the sheep, the placenta is the major site of 
progesterone production during late preg
nancy, whereas in the goat the corpus luteum 
serves this function. 

As in sheep, activation of the fetal 
pituitary-adrenal axis appears to playa pri
mary role in the initiation of parturition in the 
goat but, unlike sheep, in which fetal plasma 
cortisol acts directly on the placenta to de
crease placental P 4 to the low levels necessary 
for parturition (at 150 days of gestation), fetal 
cortisol acts indirectly to cause regression of 
the maternal CL of pregnancy and thereby 
reduces circulating P 4 concentrations (by 
increaseing the level of 17a-hydroxylase). In 
the goat, fetal cortisol must act indirectly to 
cause regression of the CL of pregnancy, 
therby reducing circulating P 4 concen
trations. Oestrogen at low levels may exert a 
direct trophic action on the CL, whereas at 
high concentrations, and particularly when 
P 4 concentrations start to fall, oestrogen 
exerts a luteolytic action by stimulating the 
release of PGF2o: from the endometrium and 
maternal placenta. Thus, the fetus, by means 
of its placenta and the secretion of oestrogen, 
initially maintains the CL, P 4 secretion and 
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the pregnancy and then, by increasing oes
trogen secretion, contributes to the re
gression of the CL and the termination of the 
pregnancy. 

It has also been proposed that the initial 
decrease in P 4 concentrations may result from 
withdrawal of luteotrophic support of the 
corpus luteum due to a cortisol-induced de
crease in cPL production by the placenta. The 
initial decrease in progesterone concen
trations may then precipitate the release of 
luteolytic amounts of PGF2cx' Recently, it has 
been shown, both in sheep and goats, that 
the placenta secretes increasing amounts of 
PGE2 into the fetal and maternal circulations 
during the last third of gestation. In the goat, 
PGE2 may play an important role as a luteo
trophin during the last third of gestation until 
the demise of the corpus luteum is brought 
about by the release of large amounts of 
PGF2cx from the 'maternal' placenta during 
the one to two days before delivery. 

9.6.2 THE FETAL PITUITARY-ADRENAL AXIS 

The infusion of synthetic ACTH into fetal 
goats induces premature parturition (Thor
burn et al., 1972a), the maternal endocrine 
changes during which are similar to those 
before parturition at term (Currie et al., 1973; 
Currie and Thorburn, 1977a,b). The concen
tration of corticosteroids in fetal plasma in
creases gradually between 4 and 11 days 
before term and then more rapidly during the 
last 4 days of pregnancy (Currie et al., 1973; 
Currie and Thorburn, 1977a,b). Pregnancy 
was prolonged beyond term after ablation of 
the fetal pituitary by electrocoagulation (Cur
rie and Thorburn, 1977a). 

These studies led to the suggestion that a 
raised cortisol concentration in the fetus 
caused the onset of labour through effects on 
maternal steroid concentrations (Currie and 
Thorburn, 1977a). Infusion of oestradiol-17j3 
into pregnant goats caused luteal regression 
(Currie and Thorburn, 1976) and, because 
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the concentration of oestrogen in maternal 
plasma rises before P4 falls, it seemed likely 
that the primary effect of increased fetal adre
nal activity in the goat was to induce 
increased oestrogen synthesis (Currie and 
Thorburn, 1977a). 

Flint et al. (1978) proposed two mechan
isms by which increased fetal adrenal activity 
might increase placental oestrogen biosyn
thesis: (1) that the fetal adrenal not only se
cretes cortisol but also androgens, which are 
aromatized to oestrogens by the placenta and 
(2) that fetal cortisol induces in the placenta 
the enzymatic capacity to synthesize oestro
gens de novo. Intrafetal infusion of dexameth
asone induces premature parturition in the 
goat (Flint et al., 1978), indicating that a glu
cocorticoid is the only product of the adrenal 
essential for this process. The infusion of dex
amethasone suppresses the fetal pituitary
adrenal axis as judged by the low fetal corti
sol concentrations. The fetal glucocorticoids 
induce 17a-hydroxylase activity in the goat 
placenta and thus play an important role in 
initiating parturition in this species. 

It has been proposed that a luteotrophic 
complex may maintain the CL of pregnancy 
in the goat (Thorburn, 1979) and that with
drawal of this trophic support may lead to a 
fall in maternal P 4 levels which, in turn, may 
enhance the release of PGF2ct from the ma
ternal placenta (Thorburn, 1979; Thorburn 
and Challis, 1979). The placental secretion of 
placental lactogen (cPL), which forms part of 
this putative luteotrophic complex, would 
appear to be regulated by the levels of fetal 
cortisol (Currie et al., 1977). During the last 15 
days before delivery when fetal cortisol con
centrations were rising, cPL values progress
ively decreased when synthetic ACTH was 
infused into the fetus. Maternal cPL levels 
decreased more abruptly. Thus, increased 
activity of the fetal pituitary-adrenal axis may 
switch off the production of cPL and decrease 
the trophic support of the CL. The conse
quent decrease in P 4 concentrations, together 
with the increased oestrogen synthesis 

resulting from activation of the fetal 
pituitary-adrenal axis, may produce a suf
ficient change in the EIP 4 ratio in the maternal 
placenta to cause the release of small 
amounts of PGF2ct and to initiate luteal re
gression. As P 4 concentrations decrease 
further, PGF2ct release is enhanced causing 
the further demise of the CL. This second 
mechanism may prove to be most important 
because the preparturient increase in oestro
gen biosynthesis, as judged by plasma 
oestradiol-17j3 concentrations, is not marked 
(Flint et al., 1978). 

9.6.3 MAINTENANCE OF THE CORPUS 
LUTEUM OF PREGNANCY 

The goat is representative of many species in 
which the CL is the major site of P 4 pro
duction throughout pregnancy. Parturition is 
preceded by regression of the CL and a 
decrease of the concentration of P 4 in the 
maternal plasma (Meites et al., 1951; Linzell 
and Heap, 1968; Irving et al., 1972a; Thorburn 
and Schneider, 1972). Removal of the CL at 
any time during pregnancy results in abor
tion, but the pregnancy can be maintained by 
replacement therapy with P4 (Meites et al., 
1951; Irving et al., 1972b) or MPA (Sheldrick et 
al., 1980, 1981). Luteal regression and prema
ture parturition can be induced by adminis
tration of PGF2c:x to the mother (Currie and 
Thorburn, 1973). Premature parturition can 
also be induced by maternal administration 
of oestradiol-17j3, which probably acts by 
stimulating uterine production of PGs (Currie 
and Thorburn, 1976). An understanding of 
the initiation of parturition in the goat there
fore requires a knowledge of factors main
taining the CL during pregnancy and those 
causing its regression at term. 

Goats, hypophysectomized between 38 
and 120 days of pregnancy or pituitary stalk 
sectioned between 44 and 120 days, aborted 
3-9 days later, indicating that the maternal 
pituitary gland is essential for the mainten
ance of the CL (Cowie et al., 1963). Pregnancy 



was maintained in goats hypophysectomized 
after day 90, by the administration of P4 

(20 mg/day) or LH (1 mg/day) but not prolac
tin (1-5 mg/day). When LH treatment was 
stopped, P 4 concentrations fell and the ani
mals aborted. Because LH treatment was able 
to maintain P 4 secretion and pregnancy in 
two out of four goats hypophysectomized at 
day 60, Buttle (1978) concluded that, after day 
90 of gestation, LH but not prolactin was an 
essential part of the luteotrophic complex. 
Buttle (1978, 1983) proposed that cPL could 
replace prolactin for CL maintenance in late 
pregnancy. 

Malecki (1989) suggested that surgical 
stress, trauma and preoperation fasting, 
rather than removal of the pituitary hor
mones, may have resulted in abortion. Other 
workers have reported a tendency for goats 
to abort when subjected to surgical (Flint et 
al., 1978) and environmental stress (van 
Heerden, 1961; van Rensburg, 1971). In an 
attempt to protect the pregnant goat against 
surgical stress, and assuming that luteolysis 
occurred in association with surgery, P 4 was 
administered for the first 9 days after sur
gery. Despite the P 4 treatment, abortions still 
occurred at 13.5-17.5 days after surgery, 
suggesting that regression of the CL had 
occurred around the time of surgery. The 
ability of administered LH to prevent abor
tion in hypophysectomized goats in the 
studies of Buttle (1978, 1983) was presumably 
due to the maintenance of P 4 concentrations 
by the exogenous LH. While this study 
demonstrated that LH was luteotrophic it did 
not conclusively demonstrate that LH was 
essential for pregnancy maintenance. 

Although the exact mechanisms of stress
induced abortions are not known in the goat, 
some studies provide a clue to possible mech
anisms involved. The infusion of synthetic 
ACTH into a pregnant goat not only pro
duced a marked increase in maternal cortisol 
concentrations but also a significant increase 
in fetal cortisol values (Thorburn et al., 
1972a). If maintained for some days, high 
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fetal cortisol concentrations are likely to in
duce premature parturition in the goat. While 
investigating post-surgical abortion in mares, 
Silver et al. (1979b) noted that presurgical 
food restriction caused an elevation in ma
ternal PGF2a concentrations and that this in 
turn led tq luteal regression and premature 
labour. In other species, LH has been shown 
to antagonize the luteolytic action of PGF2a, 

and this may explain the protective action of 
the LH treatment in the studies of Buttle 
(1978, 1983). 

In the studies of Malecki (1989), one goat 
hypophysectomized at day 84 of pregnancy 
was able to maintain the pregnancy and P 4 

production within the range expected for 
unoperated goats until near term. Although 
hypophysectomy in this goat was not anato
mically complete and prolactin was present 
in the peripheral circulation, LH could not be 
detected in any blood sample after hypophy
sectomy or after infusion of 200 mg LHRH on 
two separate occasions. It would appear that 
in this animal hypophysectomy was func
tionally complete with respect to LH, and 
Malecki (1989) concluded that LH may not be 
essential for the maintenance of pregnancy 
after day 84 of gestation in the goat. 

To avoid the side-effects of surgical hypo
physectomy, Malecki et al. (1987) used pass
ive immunization against LH to study the 
effect of LH deprivation during pregnancy: 
infusion of antiserum against oLH in goats 
between 13 and 120 days of gestation resulted 
in abortions in five put of five goats immu
nized up to day 35 and in 24% of goats be
tween days 42 and 120 of gestation. All goats 
immunized after day 35 of gestation dis
played a significant drop in peripheral 
plasma P 4 levels regardless of whether abor
tion occurred. This indicates that maternal 
pituitary LH is essential for pregnancy main
tenance up to at least day 35 of pregnancy, 
although LH still has a substantial luteotro
phic role between days 42 and 120, as sugges
ted by Currie and Thorburn (1974), who 
studied the effect on CL function of hysterec-
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Figure 9.11 The putative mechanisms involved in trophic regulation of the CL of pregnancy in the goat. 
(Modified from Thorburn, 1978.) 

tomy (between days 30 and 50) in pregnant 
goats. 

The evidence in favour of the luteotrophic 
action of cPL has been summarized by 
Malecki (1989) as follows: 

1. cPL becomes detectable by radioreceptor 
assays in the peripheral plasma at about 
day 50 of gestation and reaches peak levels 
at days 110-130 (Currie et al., 1977). 

2. An increase in peripheral P 4 concen
trations occurs between days 30 and 50 of 
pregnancy (Thorburn and Schneider, 
1972) which corresponds to the appear
ance of cPL in the maternal circulation. 

3. Hysterectomy of goats between 30 and 50 
days of pregnancy results in a decline in 
peripheral P 4 to less than half presurgery 
levels, suggesting that a luteotrophin orig
inating from the conceptus has been 
removed (Currie and Thorburn, 1974). 

4. Two out of four goats hypophysectomized 
at day 60 of gestation aborted despite re
placement therapy with 1 mg of LH per 

day, suggesting that cPL production at 
this stage of pregnancy may be too low to 
maintain CL function. 

Based on the observations of Currie and 
Thorburn (1974) and Buttle (1978, 1983) it was 
suggested that cPL and LH may form a luteo
trophic complex around day 50 of pregnancy 
in the goat (Figure 9.11). 

A more detailed description of a possible 
caprine luteotrophic complex is given by 
Thorburn (1979), but there is still no direct 
evidence that cPL plays a luteotrophic role in 
the pregnant goat and cPL has not yet been 
isolated and purified. It would be of interest 
to repeat the passive immunization experi
ments of Malecki et al. (1987) using antiserum 
to cPL as well as oLH. 

(a) Chorionic gonadotrophin 

Material showing activity in an hCG radio
immunoassay and bovine granulosa cell 
radioreceptor assay has been detected (prob-



ably a large molecular weight glycoprotein) in 
placentas from goats at 61, 69, 74 and 143 
days of pregnancy (Malecki, 1989). This 
material did not cross-react in an LH radio
immunoassay, suggesting that it was not LH 
of pituitary origin bound to cotyledonary 
tissue. 

An hCG-like material was also tentatively 
identified in the urine of pregnant (60-140 
days' gestation) but not non-pregnant goats. 
The urinary CG-like material could be the 
same as the high molecular weight form 
identified in the placenta because the glycos
ylated side chains could be removed to per
mit filtration by the kidney. It was difficult to 
estimate accurately the level of CG-like ma
terial in goat placental tissue as the degree of 
cross-reaction of the hCG RIA in the radiore
ceptor assay was unknown, but the quantity 
appeared to be very low compared with that 
found in the placentas of other species 
(Malecki, 1989). However, Malecki (1989) 
suggests that cPL together with CG (i.e. a 
placental LH-like substance) may form a 
luteotrophic complex, together with maternal 
pituitary LH and prolactin, during the second 
half of pregnancy in the goat. 

(b) Oestrogens 

There is strong evidence that oestrogens are 
luteotrophic in some species, e.g. rabbit (Bill 
and Keyes, 1983; Gadsby et al., 1983) and rat 
(Bugdanove, 1966). There appears to be no 
direct evidence of a luteotrophic action of 
oestrogens in the pregnant goat. In fact, the 
administration of oestradiol-17~ to pregnant 
goats provoked PGF2u release from the uter
us and caused luteolysis with subsequent 
abortion (Currie and Thorburn, 1976), 
although oestrogens of fetoplacental origin 
may play a luteotrophic role during preg
nancy. Ovariectomy during pregnancy main
tained by a synthetic progestagen did not 
alter oestradiol-17~ concentrations, indi
cating that the conceptus and not the ovary is 
the major source of oestrogen (Currie and 
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Thorburn, 1977a,b; Sheldrick et al., 1980). It 
has not yet been demonstrated whether oes
trogen is part of the luteotrophic signal from 
the conceptus. 

(c) Prostaglandin E2 

PGE2 is the major PG produced by the goat 
placenta and membranes (M.D. Mitchell et 
al., 1978f). Like the sheep (Fowden et al., 
1987) the goat placenta produces increasing 
amounts of PGE2 (G.D. Thorburn, unpub
lished) and it is possible that placental PGE2 
may provide a luteotrophic stimulus for the 
CL of pregnancy during the last third of ges
tation. (For discussion on the potentialluteo
trophic action of PGE2 in the pig see section 
9.4.3.) 

9.6.4 OESTROGEN AND THE FETAL 
PITUITARY-ADRENAL AXIS 

In the goat, unconjugated oestrogens in
crease steadily in the maternal plasma 
throughout pregnancy before undergoing a 
more rapid increase over the last 4-5 days 
before delivery (Challis and Linzell, 1971; 
Thorburn et al., 1972a; Vmo et al., 1976; 
Currie and Thorburn, 1977a; Flint et al., 
1978). The major oestrogens in maternal 
plasma are oestrone and oestradiol-17a, both 
considered relatively weak biologically. 
However, E2i3 can be formed from oestrone in 
maternal tissues (Challis and Linzell, 1973) 
and is probably the active oestrogen, plasma 
concentrations following a similar time 
course throughout pregnancy (Challis and 
Linzell, 1971; Flint et al., 1978; Meinecke
Tillmann et al., 1986). The concentrations in 
blood of unconjugated oestrone and 
oestradiol-17a are approximately one-third 
those of the corresponding sulphoconjugates 
(Thorburn et al., 1972a; Currie et al., 1973). 
Oestradiol-17a does not induce labour 
(Currie and Thorburn, 1976). 

Active aromatase activity is present in the 
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goat placenta (Ainsworth and Ryan, 1970) 
and the progressive increase in maternal 
oestrogen concentrations could result from 
placental aromatization of C19 precursors de
rived from the fetal adrenal gland (Thorburn 
and Challis, 1979) because infusion of syn
thetic ACTH into fetal goats causes an in
crease in fetal and maternal oestrogen levels 
and premature parturition (Thorburn et al., 
1972a). These results could be explained in at 
least two ways: (1) that the fetal adrenal se
cretes not only corticosteroids, but also 
androgens, which are aromatized to oestro
gen by the placenta; and/or (2) that the fetal 
corticosteroids induce in the placenta the en
zymes needed to synthesize oestrogens de 
novo. The studies of Flint et al. (1978) sugges
ted that increased production of fetal adrenal 
androgens is not essential for the increased 
oestrogen production before delivery and 
that, as in the sheep, high fetal levels of 
cortisol induce or activate placental steroid 
17a-hydroxylase which increases the endo
genous production of C19 precursors in the 
placenta for oestrogen biosynthesis. 

In late pregnancy the goat placenta may 
produce small amounts of P 4 (Sheldrick et al., 
1980), but substantial amounts of oestrogens 
are secreted and plasma levels concentrations 
increased progressively from day 40 of preg
nancy onwards; these levels are considerably 
higher than those found in sheep. The goat 
placenta also produces substantial amounts 
of 513-pregnane-3a,20a-diol (Sheldrick et al., 
1981), which increases in the peripheral circu
lation between days 40 and 140 of gestation, 
reaching levels of 80 to 100 ngll before de
creasing rapidly before term. The main circu
lating products of placental steroid synthesis 
are therefore 5 l3-pregnane-3a,20a-diol, oes
trone, oestradiol-17a and their sulphoconju
gates. Considering the dramatic decrease in 
the plasma concentrations of 513-pregnane-
3a,20a-diol before parturition it is surprising 
that there is not a more dramatic increase in 
oestrogen values at this time. The possibility 
must exist that some other product which is 

synthesized in considerable amounts has 
been missed. 

In the studies of Sheldrick et al. (1981), it 
had been assumed that the precursor of 513-
pregnane-3a,20a-diol synthesis was P 4 and 
that Ps was converted by 313-HSD to P 4, 

which was then reduced by 513-reductase to 
513-reduced derivatives. However, the goat 
may lack a placental 313-HSD and possess a 
513-reductase instead, leading to direct re
duction of Ps by 513-reductase before re
duction by 20a-hydroxylase through to the 
20a-ol derivative. However, the major metab
olite found in the circulation of the pregnant 
goat was the 3a-ol derivative (Sheldrick et al., 
1981) suggesting that it may be derived from 
P 4 (perhaps produced in the CL and metab
olized in the placenta) or that Ps is converted 
to the 3a derivative before 513 reduction. 

In vitro studies (Wango et al., 1988) showed 
that the goat does not synthesize P 4 but con
verts labelled Ps to 513-pregnanediol, which 
was the major metabolite. This direct route of 
metabolism is consistent with the hypothesis 
that a major difference between the sheep 
and the goat is that the sheep placenta con
tains 313-HSD, which allows the conversion of 
Ps through to P4 (section 9.5.2), whereas in 
the goat there is a relative deficiency of this 
enzyme and the goat placenta contains a 513-
reductase which converts Ps through to the 
inactive 513-reduced derivatives. There is no 
information on whether the goat placenta 
secretes Ps, and the circulating concen
trations of Ps and Ps sulphate in the goat are 
not known, but they are likely to be high. 

Sheep and goats are sufficiently close 
phylogenetically to allow interspecies crosses 
to survive until approximately day 40 of preg
nancy (Hancock et al., 1968). This may be 
because the goat placenta is unable to syn
thesize C21 steroids, although this appears 
unlikely in view of the low uterine pro
duction of P 4 in ovariectomized or lute
ectomized goats in which pregnancy is 
maintained with MPA (Sheldrick et al., 1980). 
However, the main difference between the 



two species may relate to the presence (or 
not) of placental 513-reductase or the relative 
activities of 513-reductase to 313-HSD. In 
species which contain 513-reductase and 
metabolize Ps to inactive metabolites, it 
would seem essential for the CL to remain 
functional and secrete significant amounts of 
P 4. There is an added need for the placenta to 
secrete luteotrophic substances to maintain 
the CL functional for the rest of pregnancy. 

Although glucocorticoids may increase 
313-HSD activity and de novo placental P4 bio
synthesis from Ps, Flint et al. (1978) failed 
to find any conversion of androstenedione to 
oestradiol-1713 by placental explants of the 
goat and suggested that the raised levels of 
oestradiol-1713 in the maternal circulation at 
term may not be placental in origin. The 
mammary gland of the goat produces 
oestradiol-1713 in late pregnancy (Maule 
Walker and Peeker, 1978), accounting for 
over 90% of the increase in peripheral plasma 
concentrations of oestradiol-1713 near term. It 
is possible that oestrone or oestradiol-17a 
produced by the uterus may be converted 
into oestradiol-1713 by mammary 17-dehydro
genase. 

9.6.5 LUTEOLYSIS 

Oestrogens are luteolytic in pregnant goats. 
Infusion of oestradiol-1713, but not oestradiol-
17a, into late pregnant goats resulted in PGF 
release into the uterine vein, leading to re
gression of the CL (Currie and Thorburn, 
1976). It was therefore proposed that in
creased oestrogen biosynthesis by the fetal 
placenta was responsible for the initiation of 
parturition of the goat (Currie and Thorburn, 
1977a; Thorburn, 1979; Thorburn and Challis, 
1979): oestradiol-1713 produced by the fetal 
placenta would traverse the placental barrier 
and act on the oestrogen receptors in the 
maternal placenta which respond by 
increased production of PGFza. Currie and 
Thorburn (1976, 1977a) proposed that oestro
gen increased the number of oxytocin recep-
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tors, whereas P 4 acted at the nuclear locus to 
repress synthesis of oxytocin receptors, as 
occurs in sheep (Roberts et al., 1976). 

When premature parturition was induced 
with oestradiol-1713, the placenta and mem
branes were delivered within 12 h of the 
fetus, perhaps because of the oestrogen 
causing breakdown of the lysosomes and the 
release of hydrolase enzymes, causing dissol
ution of the maternal placenta and placental 
separation (Currie and Thorburn, 1977a). 

Activation of fetal pituitary-adrenal func
tion may provide a stimulus to the final in
crease in oestrogen concentrations before 
parturition (Currie et al., 1973; Currie and 
Thorburn, 1977a; Thorburn et al., 1977a,b; 
Thorburn, 1979). Premature parturition 
resulting from ACTH infusion to the fetus is 
associated with elevated oestrogen concen
trations in fetal and maternal plasma and 
increased release of PGFza into the uterine 
vein (Thorburn et al., 1972a; Currie and 
Thorburn, 1977a), suggesting that oestrogens 
synthesized in the fetal cotyledons crossed 
the placental barrier to stimulate I'.GFza pro
duction by the maternal cotyledons. 

When CL regression is induced by the in
fusion of PGFza into the pregnant goat during 
late pregnancy, plasma P4 concentrations 
decline, and 30-40 h later there is a major 
release of endogenous PGFza into the utero
ovarian vein. The concentration of PGFza is 
maximal at the time of delivery of the kid 
(Currie and Thorburn, 1973). Similarly, endo
genous PGFza is released 24-36 h after CL 
regression induced during the mid-luteal 
phase of the sheep oestrous cycle by PGFza 
analogues (Challis et al., 1976b). In both in
stances P 4 withdrawal has been proposed as 
the stimulus for the increase in PGFza, which 
is consistent with the major action of P 4 in 
suppressing PG release. Abortion in goats 
after ovariectomy or luteectomy can be pre
vented by exogenous P4 (Meites et al., 1951; 
Irving et al., 1972b). When P4 was adminis
tered to ovariectomized pregnant goats in a 
manner that caused large fluctuations in the 
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plasma P4 concentrations, there was a signifi
cant increase in PGF2a concentrations in the 
uterine vein with each fall in P 4 (Thorburn et 
al., 1972a). After cessation of treatment, the 
P 4 concentrations fell and PGF2a values rose 
to a plateau of about 7 nglml that was main
tained for about 10 h before a further large 
increase occurred with labour itself. These 
experiments clearly indicate that P 4 sup
presses the release of PGF2a and suggested 
that the release mechanism is labile and 
quickly responds to variations in the plasma 
P4 concentration (Thorburn et al., 1972a; 
Currie and Thorburn, 1977b). 

In contrast, when premature parturition 
was induced with oestradiol-17~ the goats 
displayed striking mammary engorgement 
which was evident within 24 h of the start of 
treatment. The lactogenic response seen in 
these animals is in contrast to the agalactia 
observed in premature parturition induced 
with luteolytic doses of PGF2a but is similar to 
that observed with fetal ACTH infusion 
(Thorburn et al., 1972a; Currie and Thorburn, 
1976). These doses of oestradiol-17~ presum
ably stimulated the release of prolactin from 
the maternal pituitary which acted with the 
elevated oestradiol and low P 4 concentrations 
to give the observed lactogenic response. 

9.6.6 SUMMARY 

It seems likely that the following sequence of 
events is involved in the initiation of partur
ition in goats. Activation of the fetal 
hypothalamo-pituitary-adrenal axis causes a 
progressive increase in fetal cortisol concen
trations during the last 10 days before deliv
ery. Activation of the fetal adrenal may also 
increase the plasma concentrations of andros
tenedione (and other substrates) for aromati
zation to oestrogens by the placenta. Fetal 
cortisol induces 17a-hydroxylase activity in 
the placenta, facilitating the conversion of 
endogenous Ps to oestrogens within the pla
centa (and chorion?). Oestrogens, in turn, act 
locally in the placenta (and maternal endo-

metrium?) to stimulate increased production 
of PGF2a, which is released into the uterine 
vein. The countercurrent mechanism facili
tates transfer of PGF2a from the utero-ovarian 
vein to the ovarian artery and the PGF2a 

initiates regression of the CL. The initial 
decrease in P 4 enhances the release of further 
PGF2a, ensuring rapid and complete re
gression of the CL (Figure 9.12). 

High fetal cortisol concentrations also de
crease maternal PL values and may thus re
duce trophic support for the CL and lower 
maternal P 4 concentration. The decrease in P 4 

levels may enhance the release of PGF2a from 
the maternal placenta, and might be expected 
to work in concert with the high oestrogen 
values. The increase in the EIP 4 ratio in the 
placenta may increase the number of oxy
tocin receptors. The change in the EIP 4 ratio 
in maternal plasma, together with hypo
thalamic stimulation via the Ferguson reflex, 
would ensure release of oxytocin from the 
maternal posterior pituitary, the oxytocin 
causing a massive release of PGF2a during 
labour. 

The mammary gland also produces 
oestradiol-17~ in late pregnancy and may 
contribute to the increase in the EIP 4 ratio and 
provide a further stimulus for PGF2a release. 
The myometrium is exposed to PGF2a in
directly from the maternal placenta and 
directly by diffusion from the endometrium. 
The relative importance of these two routes 
has not been established. The sensitivity of 
the myometrium to PGF2a increases with the 
fall in P 4 concentrations. It is not yet known 
whether PGE2 exerts a stimulatory action on 
the caprine myometrium or the exact site of 
its synthesis. However, using the sheep ana
logy, PGE2 is probably synthesized in the 
chorion and fetal placenta and may reach the 
myometrium by the same route as PGF2a. 

9.7 CATTLE 

The major endocrine changes associated with 
parturition (days 277-290) in cattle are mostly 
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clearly defined. Some features are similar to 
those of other ruminants such as the sheep 
and goat, but differences are apparent par
ticularly in the source of P 4. 

9.7.1 ROLE OF THE FETUS 

Studies of prolonged pregnancy in cattle 
yielded the first clear evidence of an essential 
role for the fetus in the initiation of partur-

ition in any species. Genetic analysis of 
inbred stock (Jasper, 1950; Kennedy et al., 
1957) showed that, although the patterns of 
inheritance are similar, there are at least two 
distinct genetically controlled syndromes 
(Kennedy et al., 1957, 1967). Since a cow that 
is heterozygous for the mutant gene may 
have normal or abnormal pregnancies in any 
sequence when bred to a heterozygous bull, 
Holm (1967) postulated that the bovine fetus 
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Figure 9.12 The pathways involved in the initiation of parturition in the goat. 
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interacting with the maternal organism con
trols the length of its intrauterine life. The 
circumstantial evidence derived from study 
of the malformed calves points strongly to 
the anterior pituitary as the primary defect 
causing prolonged pregnancy, with adreno
cortical insufficiency as the next step in the 
chain. Although the roles of the fetal pitu
itary and adrenal have not been investigated 
directly by experimental ablation in cattle, 
much evidence is available to support the 
hypothesis that parturition in cattle is 
initiated, as it is in sheep, by activation of the 
fetal pituitary-adrenal system. The concen
tration of cortisol in fetal plasma rises prepar
tum, but there is some disagreement as to the 
magnitude of the increase. Comline et al. 
(1974), who studied 10 chronically cannu
lated fetuses, reported that the concentration 
of cortisol was usually <5 ng/ml before 250 
days of gestation, rising to about 10 ng/ml in 
fetuses 7-10 days before parturition and to a 
mean value of 61 ng/ml within 1 h of birth, 
which was premature at a mean of 264 days. 
In the series of five animals described by 
Hunter et al. (1977), values up to 7 days 
before parturition were similar to those 
reported by Comline et al. (1974), but the 
higher mean prepartum value (74 ng/ml) was 
attributed to delivery at term. Takeishi et al. 
(1989) reported similar findings in late preg
nancy but did not sample close to term. 
However, the concentration of 88 ng/ml 
found in neonates immediately after delivery 
agrees with that of 94 ng/ml found by 
Comline et al. (1974). ACTH concentrations 
rise from 60-70 pg/ml at 210 days to 240 pg/ 
ml at 240 days and to 400 pg/ml at 270 days 
(Takeishi et al., 1989), but values in the neo
nates fell to 180 pg/ml, a finding interpreted 
as evidence that the prepartum increase in 
cortisol concentrations may be due to an in
crease in the sensitivity of the adrenal to 
ACTH. 

Intramuscular or intravenous injections of 
ACTH into chronically cannulated fetuses 
but not the mother cause premature partur-

ition (Welch et al., 1973) after a delay of about 
6 days. The concentration of cortisol in
creases during treatment in a pattern similar 
to that at normal term and is associated with 
changes in maternal plasma oestrogen and P 4 

concentrations that mimic the normal pat
tern. Fetal treatment with cortisol has been 
investigated in only one animal (Comline et 
al., 1974): 100 mg of cortisol were injected 
four times daily intravenously and premature 
parturition at 257 days was observed after 
5[112] days. The relatively long latent period 
in the cow compared with that in sheep 
(about 211z days) may be attributable to the 
intermittent nature of the administration be
cause parturition can be induced in as short a 
time at 3 days by continuous fetal infusion 
of dexamethasone (Fairclough et al., 1981). 
Fairclough et al. (1981) described a dose 
relationship to latent period which was 12, 9 
and 3 days respectively for daily infusion 
rates of dexamethasone of 0.1, 1.0 or 10.0 mg. 
The lowest dose was associated with a lO-fold 
increase in cortisol concentration during the 3 
days before calving. These observations are 
consistent with the existence of negative 
feedback 6 weeks before term in the bovine 
fetus and also with a maturational effect 
of glucocorticoid on the hypothalamus
pituitary whereby the threshold of negative
feedback is progressively raised. A dose
related response in fetal oestrogen concen
tration also was found: with <2.2 mg of 
dexamethasone per day, no change in conju
gated oestrogen concentration occurred, but 
at a dose of 10 mg/day fetal oestrogen values 
rose sharply before the rise in maternal oes
trogen concentrations. Fairclough et al. (1976) 
postulated that fetal corticosteroids not only 
stimulate placental production of oestrogen 
but also influence the relative amounts of 
oestrogen secreted into the fetal and maternal 
circulations. 

Maternally administered corticosteroids for 
inducing parturition have been extensively 
studied because of their commercial utility in 
inducing calving in dairy cattle that would 



otherwise calve late in the milking season. In 
general, the patterns of concentrations of P 4, 

oestrogen and PGs in the maternal circulation 
after corticosteroid administration closely re
semble those at normal term. However, the 
time course of the changes is strongly depen
dent on the gestational age, the latency to 
delivery ranging from 13 days at 240 days 
(Hunter et al., 1974) to as short as 36 hat 272 
days (B. Hoffman et al., 1973). 

Little work has been done in the past 15 
years with chronically cannulated fetal prep
arations (probably because of the cost of 
experimental animals) and knowledge of the 
hypothalamo-pituitary-adrenal axis in fetal 
calves does not match that in fetal sheep. 
Although it is likely that many of the obser
vations made in fetal sheep can be extra
polated to the bovine fetus, there is a need to 
apply recently developed techniques to a 
relatively few well-planned experiments to 
confirm the validity of extrapolation. 

9.7.2 PROGESTERONE 

The changes in P 4 concentrations in maternal 
peripheral plasma follow a well-defined 
pattern on which there is general agreement 
(R.V. Short, 1958; Gomes et al., 1962; G.S. 
Pope et al., 1969; Donaldson et al., 1970; 
Edqvist et al., 1970; Stabenfeldt et al., 1970; 
Robertson, 1972; Schrams et al., 1972; R.E. 
Short et al., 1989). During the last 28 days of 
pregnancy, concentrations remain steady in 
the range 5-15 ng/ml until about 7 days 
before parturition, when they decline stead
ily to 3 ng/ml at 48 h before parturition. This 
fall coincides temporally with rising concen
trations of cortisol in the fetus (Hunter et al., 
1977). During the final 48 h, P4 values fall 
rapidly to <1 ng/ml. The maternal adminis
tration of dexamethasone in doses of 10 or 
20 mg is associated with a sharp fall in P 4 

concentration to about 1 ng/ml (Edqvist et al., 
1972) immediately before premature parturi
tion. 
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The source of P 4 in bovine pregnancy has 
been controversial. The placenta can syn
thesize P 4, as demonstrated by incubations of 
homogenized tissue (Ainsworth and Ryan, 
1967) or dispersed heterogeneous popu
lations in culture (Shemesh et al., 1984b), but 
the amounts are small compared with those 
released by placental tissue in other species. 
The cell type responsible for P 4 is the BNC 
(Reimers et al., 1985) which, although of fetal 
origin, migrates into the maternal epithelium 
(Wooding and Wathes, 1980). However, 
there is no clear evidence that the placenta 
secretes P 4. Indeed, the concentration of P 4 in 
uterine venous plasma is lower than in 
peripheral venous or arterial blood (Comline 
et al., 1974; Fairclough et al., 1975), although 
S.M. Pimentel et al. (1986) found higher con
centrations of P 4 in uterine venous blood 
than in arterial blood at 250 days and no 
difference at 270 days. Early ovariectomy ex
periments attempting to resolve the question 
of the relative roles of the placenta and CL 
suggested that the placenta might secrete P 4 

in substantial amounts in late pregnancy be
cause bilateral ovariectomy caused abortion 
only when performed before 200 days. 
However, when ovariectomy was performed 
after 200 days (Estergreen et al., 1967) there 
was a fall in the concentration of P 4 to > 10% 
of preoperative values (Edqvist et al., 1973a), 
confirmed by Wendorf et al. (1983). These 
findings undoubtably show that the CL is the 
major source of P4 in bovine pregnancy but 
leave unanswered the question of the source 
of the 10-20% of P 4 remaining in the plasma 
after bilateral ovariectomy. Fairclough et al. 
(1975) postulated that the maternal adrenal 
might be the source because Balfour et al. 
(1957) reported that the concentration of P4 

concentration in adrenal venous blood in 
pregnant cows at 210 and 240 days of ges
tation was 10-100 times greater than in adre
nal arterial blood. Wendorf et al. (1983) 
compared the effects of bilateral ovariectomy, 
bilateral maternal adrenalectomy and a com
bination of the two procedures performed at 
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215 days: the duration of pregnancy in adre
nalectomized animals compared with intact 
controls was unaffected, whereas ovari
ectomy was associated with delivery 8 days 
earlier than in controls: ovariectomized! 
adrenalectomized animals aborted within 4 
days of operation. Plasma P 4 concentrations 
fell slightly after adrenalectomy, to 20% after 
ovariectomy and to undetectable levels after 
the combined operation. Wendorf et ai. (1983) 
therefore concluded that, at least after 215 
days of gestation, the placenta does not 
secrete P 4 and that the CL is the major 
source, and that the adrenal secretes suf
ficient P 4 to maintain pregnancy until rising 
oestrogen concentrations near term cause a 
marked shift in EIP4 ratio. Nevertheless, the 
results of S.M. Pimentel et al. (1986) leave 
open the possibility that the placenta secretes 
small amounts of P 4 at 250 days. 

The prepartum fall in P 4 appears to be obli
gatory for the initiation of parturition at term 
since administration of P 4 or MP A can pro
long pregnancy by 7-10 days (L.E. McDonald 
et ai., 1953; Nellor, 1963). However, the pro
longation is unpredictable and fetal death is 
not uncommon. McDonald and Hays (1958) 
treated cows with P 4-in-oil starting 33 days 
before term with a regimen that was able to 
prevent abortion after luteectomy, but ob
served no prolonged pregnancies. However, 
the dose of P 4 was probably insufficient to 
prevent a substantial fall in plasma P 4 at 
term. In other studies using similar doses of 
P 4, pregnancy was either not prolonged 
(Holm, 1967) or prolongation occurred in 
some but not all animals (Kiesel and Autrey, 
1961). Fairclough et ai. (1984) examined the 
effect of progestagens on premature partur
ition induced by intrafetal infusion of 
dexamethasone: the cows were infused intra
venously with P4 or megestrol acetate. 
Treatment with P 4 prevented the fall in P 4 
concentrations in untreated cows. Parturition 
was prevented in all treated animals although 
concentrations of PGF2- in utero-ovarian 
venous blood increased as in untreated ani-

mals. Delivery occurred within 2 days of 
stopping treatment with progestagen. 

9.7.3 OESTROGENS 

The concentration of unconjugated oestrone 
in plasma exceeds that of oestradiol-17j3 by 
3-5 times, but the ratio is fairly constant 
throughout the second half of pregnancy. 
Oestrone concentrations are > 100 pg/ml 
from 140 days of gestation until 260 days, 
when levels began to rise steadily to reach a 
peak at term of about 2000 pg/ml oestrone 
and about 200 pg/ml of oestradiol-17j3 
(Edqvist et ai., 1973b). In general, these 
changes have been confirmed by others using 
radioimmunoassays (Robertson and King, 
1974; B. Hoffmann et ai., 1977; Hunter et al., 
1977), but opinions differ as to whether a fall 
in concentration occurs during the 24 h be
fore parturition. Peterson et ai. (1975) and 
Hunter et ai. (1977) reported well-defined 
peaks of both oestrone and oestradiol-17j3 
beginning 7-10 days before term and reach
ing maximal values about 3 days before term 
before falling sharply during the 24 h before 
parturition (Figure 9.13). 

There was no increase in fetal oestrogens 
accompanying the peak in maternal plasma. 
Maternal plasma also contains oestradiol-17j3 
but in much lower concentrations than in 
fetal plasma, where it is the dominant oestro
gen. Unconjugated oestrogens form only 
1-10% of total oestrogens (B. Hoffmann et al., 
1977). 

The source of oestrogen in the maternal 
circulation is probably the placenta; neither 
fetectomy (B. Hoffmann et ai., 1979) nor bilat
eral ovariectomy and bilateral adrenalectomy 
(Wendorf et ai., 1983) causes a fall in oestro
gen values. The concentration of oestrogen in 
utero-ovarian venous blood is higher than 
that in peripheral blood (Robertson, 1972; 
Peterson et al., 1975; G. Evans and Wagner, 
1981). The nature and site of synthesis of 
oestrogen precursors remain uncertain, but 
the experiments described above make it 



likely that they are derived largely, if not 
entirely, from C21 steroids synthesized in the 
placenta. Whether the precursors are a4 or as 
steroids derived from P 4 or Ps respectively is 
also uncertain. Fetal placental minces and en-

25 

20 

15 

~ 

~ 
~ Maternal as: 

r-... ,... 
.1 
0 

i 1000 
Q) 

0 
600 

200 

= 80 
.€ 
Cl .s 60 
"0 

"e 
* 40 
0 
0 

5120 
() 

~18 
Cl 
c: 
,;,,6 
c: e 
*14 
Q) 
Cl 

£12 

28122118116 12 

Cattle 943 

riched preparations of BNCs convert Ps pri
marily to P4 in late pregnancy, but the 
product becomes predominantly oestrogens 
prepartum (Gross and Williams, 1988). The 
rate of conversion of Ps to androstenedione 
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Figure 9.13 Plasma concentrations of fetal and utero-ovarian oestrone (e) and oestradiol-1713 (0), fetal 
(0) and maternal (-) jugular corticosteroids, maternal jugular progesterone ( .. ) and utero-ovarian PGF2a 
(6) preceding parturition in the cow. (Reproduced with permission from Fairclough et al., 1976; 1984.) 
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and oestrogen is increased by exposure to 
dexamethasone. These findings in vitro are 
consistent with the observations in vivo that 
treatment of the pregnant cow or the fetus 
with glucocorticoids is associated with a 
marked peak in the concentration of plasma 
oestrogens (Fairclough et al., 1981) and 
suggest that the prepartum rise in oestrogens 
is the result of activation by fetal cortisol of 
17a-hydroxylase and C17,20-lyase, as it is in 
sheep. This is supported by the demon
stration that exposure of placental tissue in 
vitro to glucocorticoids enhances the activity 
of 17a-hydroxylase (Flint et al., 1979) and by 
the observation that maternal oestrogen con
centrations increase in corticosteroid-treated, 
ovariectomized cows despite suppressed ma
ternal and fetal adrenal activity (B. Hoffman 
et al., 1977). The question of the relative im
portance of the Ll4 and the Lls-pathways was 
investigated by Hoedemaker et al. (1990), 
who incubated fetal villi with various tritiated 
steroids. They confirmed a dose-dependent, 
stimulatory action of cortisol on the conver
sion of androstenedione and Ps to oestrogen 
and found that androstenedione, Ps and 17a
OH-P4 were the preferred substrates. The 
relative conversion rates of androstenedione 
and DHEA to oestrogen were not investig
ated. 

9.7.4 PROSTAGLANDINS 

The concentration of PGF2a in utero-ovarian 
venous plasma remains low (1 ng/ml) 
throughout the last month of pregnancy until 
36--48 h before parturition. A gradual rise 
then occurs until 24 h prepartum, when the 
concentration rises sharply to reach 5-7 ng/ 
ml (Fairclough et al., 1975; Hunter et al., 1977; 
Gimenez et al., 1983) (Figure 9.13). The con
centration of PGFM in peripheral blood fol
lows a similar pattern (Edqvist et al., 1978). 
Although there is no correlation of PGF or 
PGFM concentrations with the slow decline 
in P4 concentrations during the last week of 

pregnancy, the final sharp fall in P4 values 
during the final 24 h prepartum coincides in 
onset with the marked increase in PGF2 in 
utero-ovarian plasma and of PGFM in periph
eral plasma, suggesting a luteolytic role for 
PGF2a • Luteectomy on day 250 after infusion 
of oestrone for 4 days fails to stimulate se
cretion of PGF2a, indicating that the fall in P 4 
production in normal cows is more likely to 
be a consequence of the sharp increase in 
PGF2a than its cause (C.A. Pimentel et al., 
1986). Furthermore, the infrequent blood 
sampling regimens in all studies to date leave 
open the possibility that the final rise in 
PGF2a is preceded by brief spikes of release of 
PGF2a, as occurs during luteolysis in the oes
trous cycle. 

The stimulus of PGF2a secretion at term 
remains uncertain. Neither oestrone infusion 
at 246 days nor removal of the major source 
of P 4 by luteectomy at 250 days stimulates 
secretion (C.A. Pimentel et al., 1986) but it is 
possible that an increase in EIP 4 ratio nearer 
term could be effective. Nevertheless, the in
crease in PGF2a concentrations normally 
associated with the marked increase in EIP 4 
ratio before parturition induced by intrafetal 
infusion of dexamethasone is not impaired by 
large doses of progestagen that block partur
ition (Fairclough et al., 1984). In addition, 
increased concentrations of oestrogen in ma
ternal blood are not obligatory for release of 
PGF2a since intrafetal infusion of low doses of 
dexamethasone are effective in inducing re
lease of PGF2a and parturition although oes
trogen levels are unchanged (Fairclough et . 
al., 1981). However, plasma oestrogen con
centrations may be an insensitive indicator of 
concentrations within the endometrium close 
to the site of synthesis in the placenta. 

An endometrial inhibitor of synthesis may 
also contribute to the regulation of PG re
lease. Shemesh et al. (1984a) described an 
endogenous, heat-labile inhibitor extracted 
from maternal caruncular tissue of placen
tomes. The activity was present in extracts 
from 120-0 day placentomes but was not de-



tectable after 260 days. Co-cultures of 120-day 
tissue (but not term tissue) with fetal cotyle
donary cells inhibited PG synthesis. Nothing 
is known of the factors responsible for the 
disappearance of inhibitory activity in late 
gestation. On the whole, while the evidence 
that release of PGF2a is determined mainly by 
the EIP 4 ratio is inconclusive, it seems to be 
the likeliest mechanism. Studies with inhibi
tors of P 4 synthesis and P 4 receptors such as 
epostane and mifepristone respectively are 
needed to resolve the issue. 

The source of PGs released into the utero
ovarian vein is thought to be mainly the pla
centa. Synthesis of labelled PGs from tritiated 
arachidonic acid was greater in the fetal villus 
than the maternal crypt component of late 
gestation placentomes and increased prepar
tum in both components, the predominant 
product being PGE2 from fetal tissue (Gross et 
al., 1987). The latter observation is not con
sistent with the concentrations of PGE2 in 
fetal blood reported by Gimenez et al. (1983): 
blood samples were obtained acutely from 80 
to 260 days of pregnancy and the concen
tration of PGE2 in the umbilical artery and 
vein was less than half that of PGF2a or 
PGFM. Whether PGE2 increases prepartum 
in the fetal calf circulation as it does in the 
sheep fetus is unknown. Highly enriched 
suspensions of BNCs produce PGE2 and, to a 
lesser extent, PGI2 (Reimers et al., 1985), but 
the production of PGF2 was not measured. 
Dispersed fetal binucleate cells, rather than 
fetal principal cells, were the major site of 
synthesis of PGs, and PGE2 predominated 
(Gross and Williams, 1988). 

The above studies do not appear to have 
clarified the source of the large quantity of 
PGF2a released into the maternal circulation 
immediately prepartum. By analogy with 
other species, it is most likely to be maternal 
tissues, but incubation of minces of maternal 
caruncles are not confirmatory; the possibility 
that intercaruncular endometrium is more 
active in production of PGF2o: has not been 
explored. 
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9.7.5 OXYTOCIN 

The concentration of oxytocin in peripheral 
plasma in late pregnancy is low (1-3 pg/ml), 
and no increase is found until the forelegs of 
the calf distend the vagina late in the second 
stage of labour (Landgraf et al., 1983), con
firming the early observations made with 
bioassays (Fitzpatrick and Walmsley, 1965). 
Maximal values of 60-116 pg/ml are reached 
at the time of delivery. Intravenous or intra
muscular injections of pig relaxin near term 
stimulate oxytocin release within 30 min 
(Musah et al., 1989), but the significance of 
this observation is unclear. The concentration 
of oxytocin receptors and the interrelation
ships of oxytocin and PGs have not been 
studied for cattle. 

9.7.6 RELAXIN 

Relaxin has been isolated from CL late preg
nant cows (M.J. Fields et al., 1980), but the 
concentration in the circulation has not been 
described. When pig relaxin is administered 
into the cervical canal in late pregnancy there 
is marked cervical dilatation, relaxation of the 
pelvic ligaments and shortening of the dur
ation of pregnancy by about 2 days (Perez
grovas and Anderson, 1982; Musah et al., 
1986). There was also a sharp fall in P 4 values 
and a rise in oestrogen levels within 24 h of 
treatment, but the reasons are unknown. 
Intramuscular treatment with relaxin is in
effective (Caldwell et al., 1990). 

9.7.7 SUMMARY 

The bovine placenta does not secrete P 4 in 
significant amounts and the source of circu
lating P 4 is mainly the CL, but the maternal 
adrenal may secrete sufficient P 4 to maintain 
pregnancy after ovariectomy. Parturition is 
initiated by luteolysis, probably induced by 
PGF2o: from a uterine source that remains 
undefined. The release of PGF2o: is stimulated 
by a sharp prepartum increase in concen-
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trations of fetal cortisol, but the mechanism is 
uncertain since neither increased oestrogen 
levels nor reduced P 4 concentrations (or both) 
stimulate release. The roles of oxytocin and 
relaxin have not been elucidated. In many 
respects, the mechanism of initiation of par
turition in cattle resembles that in goats. 

9.8 HORSE 

Information relating to parturition in the 
horse is insufficient to propose a coherent 
hypothesis for the mechanism of initiation of 
parturition. Available evidence makes it 
clear, however, that the horse differs mark
edly from ruminants and also differs in many 
respects from primates. 

9.8.1 ROLE OF THE FETUS 

The classical demonstration that the duration 
of pregnancy is determined by the genotype 
of the fetus was cross-breeding experiments 
in equids. The duration of pregnancy in the 
horse (stallion x mare) is 340 days and of the 
donkey (jack x jenny) is 365 days; the stallion 
x jenny cross is 350 days and the jack x mare 
cross is 355 days. However, these experi
ments cannot be interpreted as proving that 
the fetus itself plays the major part since the 
genes that are expressed may lie not in the 
fetus but in the placenta and/or fetal mem
branes, as they may in human pregnancy. 
The technical difficulties of obtaining surgical 
access to the fetal horse and of maintaining 
chronic preparations has prevented critical 
experiments such as fetal hypophysectomy 
and adrenalectomy. Experiments of nature in 
which the fetus lacks hypothalamic-pituitary 
tissue or adrenal glands have not been 
reported. The plasma concentrations of corti
sol in the fetal horse are unusual in showing 
no increase until 48 h before parturition and a 
marked increase in concentration only during 
parturition. Rossdale and Silver (1982) point 
out the wide range of gestation lengths that 

are compatible with mature foals when the 
onset of labour is spontaneous and yet the 
likelihood of delivery of an immature fetus 
when labour is induced with PG analogues 
within the term range. They suggest that 
'readiness for birth' is linked to fetal adrenal 
activity and occurs close to the natural time of 
delivery. These observations and the in
frequency of premature birth under natural 
conditions suggest that a signal, whether 
endocrine or paracrine, must pass from the 
fetus to the mother to indicate the foal's rea
diness for birth. Whether the signal is depen
dent on heightened activity of the fetal 
hypothalamic-pituitary-adrenal system is un
known, but the ability of dexamethasone ad
ministered to the mare to shorten pregnancy 
(AIm et al., 1975) is consistent with the 
notion. However, labour does not start for 
several days after dexamethasone treatment 
is stopped, which makes it unlikely that the 
corticosteroid acts directly as it does in sheep 
and goats. 

Corticosteroid treatment accelerates 
maturation of the fetal horse (G.c. Liggins, 
unpublished observations) and it is possible 
that the effect of dexamethasone on the 
timing of parturition is expressed by advanc
ing fetal maturation. The observation of AIm 
et al. (1975) that P4 treatment was as effective 
as dexamethasone in shortening pregnancy 
length is unexplained. 

9.8.2 PROGESTERONE 

Ovariectomy in pregnant mares up to 70 days 
of gestation causes abortion unless followed 
by P 4 treatment but is compatible with con
tinuing pregnancy when performed at 140 
days (Holtan et al., 1979), indicating that the 
placenta is a major source of P 4 throughout 
the second half of pregnancy. The pattern of 
plasma concentrations differs from that in 
other species. Peripheral concentrations in
crease early in pregnancy, peak at 60-120 
days and subsequently fall to low (Holtan et 
al., 1975; Seamans et al., 1979; Seren et al., 
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Figure 9.14 Plasma progestagens measured by GC-MS in pregnant pony mares. (D) = progesterone; 
(.6.) = 5a-pregnane-3,20-dione; (X) = 3~-hydroxy-5a-pregnan-20-one; (+) - 5a-pregnane-3~,20~-diol; 

(0) = 20a-hydroxy-5a-pregnan-20-one; ( ) = 5a-pregnane-3~, 20a-diol. Means, ± SEM. (Reproduced 
with permission from Holtan et al., 1991.) 

1981; N.5. Pope et aI., 1987) or undetectable 
(Holtan et al., 1991) values. Holtan et al. 
(1991), using highly specific gas chromato
graphy-mass spectrometry (GS-MS), found 
no detectable P 4 after 240 days but substantial 
quantities of Sa-reduced metabolites, illus
trating the problems associated with the use 
of less specific methods by earlier workers 
(Figure 9.14). 

The predominant steroids are 20a
hydroxy-Sa-pregnan-3-one (400-2100 ng/ml) 
and Sa-pregnane-3!3,20a-diol (100-3S0 ng/ 
ml). These first appear in the plasma between 
30 and 60 days and increase gradually until 
about 30 days prepartum, when concen
trations rise more rapidly until 2-3 days pre
partum, when a slight fall occurs. Four other 
mono and dihydroxy-Sa-pregnanes ident
ified by Holtan et al. (1991) are present in 
relatively low concentrations (30-100 ng/ml). 
It is difficult to reconcile the results obtained 
by GC-MS with those of Seamans et al. (1979) 

using chromatography/radioimmunoassay 
(RIA), who observed marked falls prepartum 
in both 5a-dihydroprogesterone (from 130 to 
10 ng/ml) and total hydroxy-5a-pregnanes 
(from 1400 to 100 ng/ml). Present evidence 
suggests that circulating P 4 is not required for 
the maintenance of pregnancy after 200 days 
but the role that 5a-pregnane metabolites 
might play remains uncertain until infor
mation about their biological activities be
comes available. 

Fowden and Silver (1987) investigated the 
effects of inhibiting P 4 synthesis by adminis
tering epostane, a 3!3-HSD inhibitor, for 9 
days at 292 days of pregnancy. Although 
plasma P 4 concentrations (measured by RIA) 
fell rapidly and remained depressed through
out treatment, none of the mares delivered 
prematurely. The results of similar experi
ments with the P4 receptor blocker, mifepris
tone, may help resolve the question of 
whether progesterone or its metabolites have 
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a significant place amongst the hormones 
maintaining pregnancy and controlling 
parturition. 

9.8.3 OESTROGENS 

The equine placenta lacks 17u-hydroxylase 
and requires androgen as substrate for ~yn
thesis of oestradiol-17J3 and oestrone (Ains
worth and Ryan, 1969). The fetal gonad 
rather than the fetal zone of the adrenal is the 
source of DHEAS metabolized by the equine 
placenta (Raeside et al., 1979). Re~ession of 
the fetal gonads in late pregnancy IS reflected 
in falling concentrations of plasma oestro
gens including biologically inert equilin and 
equilenin in the mare. This suggests that the 
gonads are the source of substrate for oes
trone and equilin, but the nature of the sub
strate for equilin is unknown because 
administration of labelled DHEA to the fetus 
yields labelled oestrone but not equilin 
(Pashen et al., 1982). The concentration of 
oestradiol-17J3 in maternal plasma rises from 
very low values after 108 days until 153 days, 
when levels rise rapidly to peak values at 198 
days then decline progressively after 279 
days, but the interval from peak values to 
parturition varies greatly (Haluska. and 
Currie, 1988). No significant changes m the 
concentration of oestradiol-17J3 occur near 
parturition. 

Fetal gonadectomy results in an immediate 
and sustained fall in maternal plasma oestro
gen concentrations, but P 4 values are unaffec
ted. Dysmature foals are delivered at term 
(Pashen and Allen, 1979). P~rturition c.an 
therefore occur normally despIte the mam
tenance of a very high P coestrogen ratio. 
The administration of large doses of stilboes
trol to mares from 321 days to foaling has no 
effect on the length of gestation, although 
softening and dilatation of the cervix occurs 
soon after the start of treatment (AIm et al., 
1975). These observations indicate that oes
trogen is unlikely to playa significant part in 
initiating parturition, even pennissively. 

9.8.4 OXYTOCIN 

The myometrium of the pregnant horse is 
very sensitive to oxytocin near term and par
turition can be induced rapidly by a single 
dose of oxytocin (Hillman, 1975; Rossdale et 
al., 1984), which presumably reflects a high 
concentration of oxytocin receptors. It is 
likely that the ability of oxytocin to induce 
rapid delivery is dependent on prior changes 
in the cervix that render it distensible, but 
this has not been studied. Nothing is known 
of the sensitivity to oxytocin earlier in preg
nancy or of the factors that influence the 
formation of oxytocin receptors. The patterns 
of P 4 and oestrogen concentrations in late 
pregnancy do not encourage the vi~w that 
the sensitivity to oxytocin is determmed by 
these steroids. 

The concentration of oxytocin in the 
peripheral circulation remains at very low 
values throughout pregnancy (Haluska and 
Currie, 1988) until the expulsive stage of 
labour, when peaks of variable magnitude 
are found (Allen et al., 1973; Haluska and 
Currie, 1988). 

Mares have an usually high degree of ma
ternal control over the expulsive phase of 
labour, suggesting that the high sensitivity to 
oxytocin coupled with the low circulating 
concentrations provides a means for the ma
ternal control of parturition by inhibiting re
lease of oxytocin through neural mechanisms 
(Haluska and Currie, 1988). The adminis
tration of oxytocin is followed immediately 
by the release of PGF2n (Barnes et al., 1978; 
Rossdale et al., 1979), although manual dila
tation of the cervix is not, indicating that a 
cervical reflex stimulating oxytocin release is 
absent in the horse. 

9.8.5 RELAXIN 

Relaxin in peripheral plasma assayed by 
heterologous RIA shows no change prepar
tum or until the expulsive stage of labour, 
when there is a sharp increase (Stewart et al., 



1982), probably due to a response to oxytocin 
because it can be reproduced by an intra
venous bolus of oxytocin, but mediation by 
the release of PGF2u cannot be exduded. The 
source of relaxin is likely to be the placenta; 
relaxin concentrations in the blood persist 
after delivery while the placenta is retained 
but fall after expulsion, and release of relaxin 
can be stimulated by oxytocin while the pla
centa is retained but not after expulsion 
(Stewart et al., 1982). 

The function of relaxin in equine partur
ition has not been studied and there is no 
direct evidence that it is involved in the 
connective tissue changes in the cervix and 
pelvic ligaments associated with parturition 
or with myometrial contractility. The non
pregnant cervix is notable for its unusual dis
tensibility, having longitudinal folds rather 
than annular rings, as in other farm species, 
and readily permits the passage of large in
struments (Ginther, 1979). This suggests that 
relaxin may be relatively unimportant in re
lation to prepartum cervical function. 

However, studies of EMG activity in the 
myometrium in two pony mares led Haluska 
et al. (1987a) to propose that the unusual 
pattern of myometrial activity in equine par
turition is attributable to the effects of relaxin. 
Ouring the week before parturition, uterine 
activity has a diurnal rhythm with infrequent 
contractions during the day and increased 
activity at night. On the day before partur
ition, increased activity is present during the 
day and becomes persistently increased dur
ing the early daylight hours of the day of 
parturition. However, a phase of myometrial 
quiescence lasting 2-4 h separates labour 
from rupture of the membranes and the 
expulsive phase of labour, a pattern that 
appears to be unique to the mare. The quiesc
ent phase precedes the sharp increase in 
relaxin concentrations during the expulsive 
phase. Immediately after delivery, myome
trial quiescence returns and persists until the 
placenta is expelled. 

When the photoperiod was reversed for 40 
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days before expected term, 58% and 16% of 
mares delivered at 08:30-16:30 hand 22:30-
08:30 h, respectively, compared with 13% 
and 80% of control mares at these times (Bosc 
et al., 1988). 

9.8.6 EICOSANOIDS 

Daily intramuscular injections of 12 mg of 
PGF2u in mares in late pregnancy does not 
induce labour (AIm et al., 1975), possibly be
cause of inadequate dosage. The synthetic 
analogue, fluprostenol, is very effective, 
stimulating labour and delivery within 90 
min in most animals (Ross dale et al., 1979). 
The administration of fluprostenol is associ
ated with an almost immediate increase in 
plasma concentrations of PGFM, which rise 
to very high levels at delivery if foaling occurs 
within 90 min. In mares foaling after >90 
min, PGFM values fall rapidly at the time of 
delivery, suggesting that the release of PGFM 
is not directly related to uterine activity or 
distension of the birth canal. Measurements 
of oxytocin have not been made, and it is not 
known whether fluprostenol stimulates re
lease of oxytocin, which could mediate the 
effect of fluprostenol on release of PGF2u . 

Rossdale et al. (1979) considered this to be 
unlikely because of the variable time (up to 60 
min) from injection of fluprostenol to the re
lease of PGF2u. These experiments cannot be 
interpreted as unequivocal evidence that 
PGF2u acts on the myometrium or has an 
obligatory role in parturition. The effects of 
cydo-oxygenase inhibitors such as indo
methacin on the time of parturition in horses 
have not been reported. 

The concentration of PGFM in maternal 
plasma is low until after 200 days, when a 
progressive rise occurs to a plateau about 15 
days before term, which is maintained until 
parturition (Barnes et al., 1978; Stewart et al., 
1984; Haluska and Currie, 1988) (Figure 9.15). 

PGFM concentrations rise sharply in labour 
but not until a few minutes before rupture of 
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the membranes and at least 2 min after an 
eightfold increase in the concentration of 
oxytocin has occurred (Haluska and Currie, 
1988). The release of PGF2a may therefore be 
a consequence of the rise in oxytocin concen
tration since administration of oxytocin is 
followed within a brief interval by a marked 
increase in PGFM values. The existence of 
significant arteriovenous differences in 
PGFM across the uterine circulation in late 
pregnancy strongly suggests uterine tissues 
as the source of PGFM, but the precise tissue 
is unknown (Silver et al., 1979a). 

Concentrations of PGE2 and PGF2a in
crease in fetal plasma and allantoic fluid 2-6 
days before parturition. The source of the 
PGs and the cause of the increase are uncer
tain, although they may be related to a fall in 
P 4 concentration in fetal plasma that occurs 
over the same period (Barnes et al., 1978). 
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An unusual feature of PG metabolism in 
the horse is the marked increase in the output 
of PGFM from the uterus during fasting for 
20-30 h (Silver and Fowden, 1982). The in
crease in plasma concentration of PGFM cor
relates with the fall in plasma glucose and the 
rise in free fatty acids. The levels of PGFM fall 
promptly after refeeding or glucose infusion, 
reaching basal levels within 1-3 h. Despite 
maintenance of normal nutrition after fasting 
there is a strong tendency to premature par
turition within 1 week. These observations 
indicate that a mechanism might exist wher
eby the fetus or placenta can recognize nutri
tional deprivation and respond by setting in 
motion the means to escape from an un
favourable intrauterine environment. How
ever, it is surprising that the response should 
occur after such a brief period of 
undernutrition. 
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Figure 9.15 Concentration of 13,14-dihydro-15-keto-prostaglandin F2a (PGFM) in peripheral plasma 
through pregnancy and parturition in mares. (Reproduced with permission from Barnes et al., 1978.) 



9.8.7 SUMMARY 

The horse shows a remarkable sensitivity of 
the myometrium to oxytocin and the speed 
with which delivery can be induced after a 
single intravenous injection of oxytocin. The 
late onset of raised oxytocin concentrations 
only minutes before the expulsive phase of 
labour is difficult to reconcile with the 
increased uterine activity present for several 
hours before delivery unless the myometrial 
sensitivity to oxytocin is increasing during 
this period. Studies of oxytocin receptor con
centrations are needed. 

Convincing evidence that oestrogen, P 4 or 
prostanoids play a significant part in the 
initiation of parturition in the horse is lacking 
(Thorburn, 1993). The oestrogen-P4 ratio is 
unimportant. The effects of oxytocin antag
onists on PG release and of cydo-oxygenase 
inhibitors on oxytocin release and parturition 
need to be investigated. At present, the most 
likely sequence is that oxytocin receptor con
centrations rise progressively in the final 
days of pregnancy, perhaps in response to 
release of minimal quantities of an eicosa
noid, allowing the myometrium to respond 
to the low levels of circulating oxytocin. 
Eventually a mechanical stimulus triggers a 
massive release of oxytocin, which in turn 
stimulates the synthesis of PGFza; rapid 
expulsion of the fetus is then assured by the 
combined effects of the two hormones. 
However, this hypothesis begs the question 
of how the fetus communicates its readiness 
for birth to the parturitional mechanism. This 
precocial species has a remarkably wide 
range of pregnancy lengths yet fetal matu
ration compatible with extrauterine survival 
seems to be attained only near the time of 
birth. 

9.9 RAT 

9.9.1 INTRODUCTION 

Pregnancy in the rat is maintained by P 4 se
creted by the CL and parturition is preceded 
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by a fall in circulating concentrations of P 4. 

Although the pregnant rat is the subject of 
more reports than any species other than 
man, the factors determining the fall in the 
secretion rate of P 4 are unknown. The onset 
of parturition in the rat and probably other 
murids has several features that are unique to 
the species and make it unsuitable as a model 
with relevance to parturition in primates. 

9.9.2 ROLE OF THE FETUS 

Implantation of fertilized ova in lactating rats 
does not take place at the normal time but is 
delayed for several days. Administration of 
P 4 or oestrogen shortens the delay (Yoshi
naga and Hosi, 1958). This phenomenon was 
exploited by Yoshinaga (1961) to study the 
effect of the fetus on the time of parturition 
by inducing early implantation of some of the 
blastocysts with local injections of oestradiol, 
thus creating pregnancies containing fetuses 
of two different ages. Delivery of all the 
fetuses takes place at one time in this prep
aration and the time depends on the ratio of 
old fetuses to young fetuses. When the ratio 
is more than 0.3, parturition occurs at normal 
term (23-24 days), but if the ratio is less than 
0.3 parturition is delayed until 28 days, when 
the older fetuses are born dead and the 
younger fetuses are born alive. Decapitation 
of the older fetuses when the ratio is more 
than 0.3 results in parturition at 28 days. The 
results were interpreted as evidence that the 
fetal brain or pituitary secretes a hormone 
that initiates parturition. However, the fetus 
could be secreting a hormone that maintains 
placental production of a luteotrophin. 

No evidence that the fetal brain or pituitary 
plays a part in initiating labour was found by 
Swaab et al. (1977), who removed the brain 
and pituitary by aspiration at 19 days of preg
nancy. Brain-aspirated and sham-operated 
animals did not differ in the length of preg
nancy, although both groups had longer 
pregnancies than unoperated controls. Brain-
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aspirated animals had more protracted 
labours than sham-operated controls, sug
gesting that the fetus may contribute to the 
course of labour although not to its initiation. 
Schriefer et al. (1982) proposed that partur
ition is triggered by oxytocin release from the 
fetus, but Higuchi et al. (1985a) found no 
evidence of a fall in pituitary content of oxy
tocin or increased plasma oxytocin in new
born animals compared with fetuses near 
term. 

9.9.3 PROGESTERONE 

The major source of P 4 in pregnancy is the CL 
and ovariectomy at any stage of pregnancy is 
followed by abortion in 12-24 h (Csapo and 
Wiest, 1969; Clabaut et al., 1988) which can be 
prevented by the administration of P 4. 

Abortion is also induced by treatment with P 4 

antiserum (Csapo et al., 1975) and by the 
inhibitors of P4 synthesis, azastene (Creange 
et al., 1978) or isoxazole (Carnathan et al., 
1981) and by mifepristone (Bosc et al., 1987). 
The concentration of P4 in the uterine vein is 
higher than that in arterial blood, suggesting 
placental secretion, but very much lower 
than that in ovarian venous effluent (Sanyal, 
1978). Homogenates of mid-pregnancy pla
centas produce P 4 during incubation but the 
production rate in placentas obtained in later 
pregnancy is low (Matt and Macdonald, 
1984). The abortifacient effect of ovariectomy 
leaves no doubt that the placenta secretes 
insufficient P 4 to maintain pregnancy. The 
concentration of circulating P 4 falls sharply 
beginning about 36 h before the onset of par
turition (Bartholomeusz et al., 1976; Clabaut 
et al., 1988). In animals of other species, the 
mechanism causing reduced P 4 secretion is 
luteolysis, but the fall in P 4 secretion by 
the rat CL is due, at least in part, to a sharp 
72-fold increase in ovarian metabolism of 
P4 to 20a-hydroxypregn-4-en-3-one (20a-P4) 

(Weist, 1970). The prepartum fall in P4 con
centrations is associated with an equally large 
rise in 20a-P 4 levels due to a marked increase 

in the activity of ovarian 20a-hydroxysteroid 
dehydrogenase (Weist et al., 1968). 

Induction of a new crop of CL after 12 days 
of pregnancy by injections of pregnant mare 
serum gonadotrophin followed by LH pro
longs pregnancy to 25-27 days and usually 
results in death of the mothers or fetuses 
(Takahashi et al., 1979). Plasma P4 concen
trations are maintained after term and the 
normal increase in 20a-P 4 is greatly attenu
ated. These results were interpreted as 
evidence that the secretion of placentalluteo
trophin continues beyond term and that the 
new CL remain responsive to placentalluteo
trophin, the difference being attributable to 
low levels of LH at the time when the new CL 
were formed. 

The prepartum fall in P4 levels is accom
panied by an equally sharp fall in the concen
trations of myometrial nuclear P 4 receptors 
and a sharp rise in nuclear oestrogen 
receptors (Saito et al., 1985). This pattern of 
changes is consistent with P 4 promoting the 
formation of its own receptors and inhibiting 
formation of oestrogen receptors, thus ampli
fying the effects of lowered P 4 concentrations 
on target tissues. 

Contractile activity in the rat uterus con
tinues throughout pregnancy despite high 
concentrations of P 4 (Fuchs, 1969). Paradoxic
ally, quiescence develops during the period 
of 24-36 h before parturition at a time when 
P 4 values are falling. Administration of P 4 

12 h before term is followed by normal labour 
at the expected time (Bernard and Ruttner, 
1985). These observations suggest that P4 

may lack a direct inhibitory action on the 
myometrial smooth muscle. Porter and 
Challis (1974) found no lessening of uterine 
activity post partum during intrauterine 
treatment with P 4 for 24 h. Because oestrogen 
inhibits uterine activity but promotes propa
gation and P 4 inhibits oestrogen receptor 
formation, Fuchs (1978) suggested that the 
observed actions of P 4 are best explained as 
anti-oestrogen effects. According to this 
hypothesis, falling concentrations of P 4 at 



term are associated at first with uterine 
quiescence due to increased expression of 
oestrogen, but this gives way to labour con
tractions as gap junctions, oxytocin receptors 
and PG synthesis increase in response to oes
trogen. In vitro studies of the effects of P 4 on 
longitudinal and circular muscle strips show 
that the acute effects are complex (Osa and 
Ogasawara, 1984). In late pregnancy, P4 

potentiates contractions of longitudinal 
muscle but inhibits those of circular muscle; 
post partum, the action on longitudinal 
muscle is biphasic and on circular muscle is 
inhibitory . 

9.9.4 OESTROGEN 

The rat placenta lacks aromatase activity and 
does not synthesize oestrogens (Matt and 
MacDonald, 1984). The evidence so far 
suggests that the luteotrophic action of 
oestradiol-17J3 in the rat is dependent on 
stimulation of intraluteal oestradiol pro
duction by LH and maintenance of oestradiol 
receptors by prolactin or a decidualluteotro
pin, probably rat placental lactogen, depen
ding on the stage of pregnancy (Gibori et al., 
1978, 1981; Basuray et al., 1983). The ovaries 
are the sole source of oestrogen in preg
nancy, but luteal and non-luteal tissues have 
limited ability to synthesize oestrogen in vitro 
in the absence of added androgen substrate 
in the second half of pregnancy (Taya and 
Greenwald, 1981). 

There is good evidence that the placenta is 
the major source of androgen for ovarian oes
trogen synthesis and that androstenedione is 
the preferred substrate. Although activities of 
17a-hydroxylase and 17,20-lyase are absent 
from the placenta in early pregnancy, activi
ties of both enzymes increase steadily from 11 
days and peak at 18 days' gestation (War
shaw et al., 1986). The total capacity of the 
placenta for androgen production greatly 
exceeds that of the ovaries. Peripheral 
plasma concentrations of androstenedione 
and testosterone follow the same pattern as 

Rat 953 

the activity of placental 17a-hydroxylase, 
rising from 12 days and peaking at 18 days 
(Jackson and Albrecht, 1985). The lack of 
effect on pregnancy length of aspirating the 
fetal brains in entire litters (which presum
ably prevents only prepartum increase in cor
tisollevels) does not support this possibility 
that placental 17a-hydroxylase is inducible by 
rising concentrations of fetal cortisol, as in 
other species, thereby providing the fetus 
with the means of controlling steroidogene
sis. However, further studies of the regu
lation of placental 17a-hydroxylase are 
needed. Concentrations of oestrone and 
oestradiol-17J3 rise progressively from about 
16 days of pregnancy and peak at 21 days 
before falling slightly before parturition starts 
(Labsethwar and Watson, 1975; Fuchs, 1978). 
Although circulating concentrations of oes
trone are higher than those of oestradiol-17J3, 
the reverse is true in the ovarian vein (Shaik, 
1971). The secretion rate of the oestrogens 
follow a pattern similar to concentrations in 
plasma and reaches 100 ng of oestradiol-17J3 
per 24 h. 

Oestrogen has an essential role in preg
nancy and parturition. After ovariectomy in 
late pregnancy, oestrogen administration 
maintains pregnancy and normal parturition 
occurs at term, whereas untreated animals 
have prolonged delivery with a high fetal 
mortality (Catala and Deis, 1973), probably 
because formation of oxytocin receptors and 
gap junctions is impaired by lack of oestro
gen. Although oestrogen is luteotrophic in 
rats and delays luteolysis and parturition 
when given at 20 days at the start of luteo
lysis (Behrman et al., 1971), parturition is ad
vanced by administration at 21 days when 
luteolysis is established (Dukes et al., 1974). 
Daily injections of oestradiol starting at 16 
days induces premature delivery at 19 days 
(Mackenzie and Garfield, 1986). Oestrogen 
may therefore advance or delay delivery de
pending on the timing of treatment. The 
mechanism by which oestrogen stimulates 
premature delivery is uncertain but is likely 
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Figure 9.16 Concentrations of oxytocin receptors (D) and oestrogen receptors in the nuclear (e) and 
cytosolic (0) fraction of rat myometrium. (Reproduced with permission from Alexandrova and Soloff, 
1980a.) 

to be an indirect action since oestrogen 
inhibits uterine contractility in vivo and in 
vitro (Saldivar and Melton, 1966; Osa and 
Ogasawara, 1984). In ovariectomized puer
peral rats, actinomycin D interferes with the 
inhibitory effects of oestradiol on spon
taneous activity, suggesting that the mechan
ism involves the synthesis of protein 
(Downing and Porter, 1978). 

9.9.5 OXYTOCIN 

The myometrium is refractory to oxytocin 
throughout pregnancy until 6-8 h before 
delivery, when sensitivity increases mark
edly (Fuchs and Poblete, 1970). At that time, 
parturition is readily induced by infusion of 
oxytocin in very small amounts and the 
pattern of contractions mimics that during 
spontaneous delivery. Concentrations of oxy
tocin in maternal plasma are low until the 
first pup is delivered, when there is a modest 

rise (Higuchi et ai., 1985a,b). The rapid in
crease in sensitivity to oxytocin is attributable 
to a corresponding increase in the concen
tration of high-affinity oxytocin binding sites 
in the gravid and non-gravid uterine horns 
(Alexandrova and Soloff, 1980a,b). Attempts 
to establish increased oxytocin receptors as 
the major factor initiating parturition have 
not been successful. Passive immunization 
with an oxytocin antibody that impairs lac
tation is ineffective in preventing normal par
turition at term (Schriefer et ai., 1982). 
Experiments with competitive antagonists of 
oxytocin are needed. 

The concentration of oxytocin receptors 
correlates closely with that of nuclear oestra
diol receptors, which increase as the concen
tration of P 4 falls prepartum (Alexandrova 
and Soloff, 1980b) (Figure 9.16). 

The relationship to oestradiol is probably 
direct but it may be mediated indirectly, at 
least in part, by PGF2a because adminis-
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Figure 9.17 Effect of PGF2a at day 18 on the concentration of oestradiol receptors in the nuclear and 
cytosol fraction and of oxytocin receptors in rat myometrium at labour on day 20. One group of 
PGF2a-treated animals was treated with progesterone. (Reproduced with permission from Alexandrova 
and Soloff, 1980c.) 

tration of the cyclooxygenase inhibitor, 
naproxen, inhibits both the sensitivity to oxy
tocin and the increase in oxytocin receptors 
(W.Y. Chan et al., 1988). However, in non
pregnant rats, treatment for 5 days with 
PGF2a or indomethacin is without effect on 
oxytocin receptor concentrations (Engstrom 
et al., 1988). The layers of the myometrium 
have different sensitivities to oxytocin: the 
longitudinal layer is as sensitive at 10 days of 
pregnancy as at term whereas the circular 
layer is refractory until 21 days (Crankshaw, 
1987). A difference in the spontaneous con
tractile activity and response to oxytocin of 
the distal and proximal portions of the uter
ine horn correlates directly with differences 
in the concentrations of oxytocin receptors in 
the respective horns and inversely with the 
concentration of P 4 in the respective tissues 
(Gorodeski et al., 1990). The administration of 
PGF2a at 18 days induces delivery at 20 days 
accompanied by increased oxytocin and oes
tradiol receptors, both of which are inhibited 

by the administration of P 4 (Alexandrova and 
Soloff, 1980c) (Figure 9.17). 

Whether the response is caused directly by 
PGF2a or indirectly by inducing luteolysis re
mains uncertain. The administration of mife
pristone causes fetal death about 12 h later. 
Oxytocin receptor concentrations rise sharply 
at this time but abortion is delayed for a 
further 12 h (Gorodeski et al., 1990), sugges
ting that oxytocin may be insufficient to cause 
coordinated contractions and another factor, 
possibly PG, is essential for delivery. 

Pelvic neurectomy impairs the release of 
oxytocin during parturition by interrupting 
the afferent pathways of a reflex stimulated 
by vaginal distension. Rats in which the in
crease in oxytocin is partly inhibited begin 
labour at term but delivery is slowed, 
whereas those showing no rise fail to deliver, 
but signs of labour such as stretch move
ments, vaginal bleeding and passage of 
mucus occur at term (Higuchi et al., 1986). 
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These observations are consistent with 
increased oxytocin concentrations being obli
gatory for expulsion of the fetuses but not for 
the initiation of parturition. 

9.9.6 RELAXIN 

Relaxin in pregnancy arises from the ovary 
and disappears from the circulation after 
ovariectomy. Serum concentrations increase 
prepartum in two phases, the second of 
which occurs between 36 and 24 h before 
birth and coincides with the onset of func
tional luteolysis (Sherwood et al., 1980). 
Concentrations fall during the final 24 h of 
pregnancy. Relaxin is required for normal 
delivery at term. Pregnant rats ovariecto
mized at 9 days and given maintenance P 4 

(withdrawn at 21 days) and oestrogen 
(Downing and Sherwood, 1985a) or at 21 
days and given oestrogen alone (Cheah and 
Sherwood, 1988) have prolonged pregnan
cies and durations of labour. Addition of 
relaxin to the treatment schedule restores 
pregnancy length and labour to normal. 
Treatment of intact rats with relaxin from 
19 to 23 days prolongs pregnancy but not 
labour unless delivery occurs during treat
ment when labour is prolonged (Jones and 
Summerlee, 1986a). When delivery occurs 
after treatment is finished, labour is 
shortened. This may be attributable to a 
central effect of relaxin on oxytocin release 
since infusion of relaxin lowers circulat
ing oxytocin concentrations (Jones and 
Summerlee, 1986a). The opioid antagonist, 
naloxone, prevents the fall in oxytocin values 
and the prolonged labour associated with 
relaxin treatment, suggesting that the effect 
of relaxin on oxytocin release is mediated by 
an opioid system (Jones and Summerlee, 
1986b). However, naloxone treatment is in
effective in preventing delayed onset of 
labour in stressed rats although it shortens 
the interval between the birth of successive 
pups (Long et al., 1985). Passive immuniz
ation with monoclonal antibodies specific for 

rat relaxin has no effect on the timing of 
luteolysis or initiation of parturition but pro
longs labour (Guico-Lamm and Sherwood, 
1988) due to failure of the cervix to undergo 
the normal prepartum increase in distensibi
lity (Hwang and Sherwood, 1988). 

The second phase of relaxin release that 
coincides with luteolysis can be induced 
prematurely by administration of PGF20t 

(Gordon and Sherwood, 1983). Indomethacin 
protracts luteolysis, delays or prevents deliv
ery and delays the increase in relaxin concen
trations until indomethacin treatment is 
stopped. 

In addition to effects on the cervix, relaxin 
inhibits myometrial activity. The frequency of 
contractions in ovariectomized animals main
tained on oestrogen and P 4 is reduced by 
treatment with relaxin (Downing and 
Sherwood, 1985a). Relaxin inhibits spon
taneous activity of circular muscle in vitro as 
well as activity induced by low concen
trations of oxytocin and PGF but does not 
inhibit longitudinal muscle contractility 
(Downing and Sherwood, 1985b). Another 
potential route by which relaxin may 
influence myometrial activity is by its action 
in inhibiting myometrial synthesis of PGI2 

which stimulates myometrium in vitro 
(Gimeno et al., 1983). 

9.9.7 CATECHOLAMINES 

Adrenaline and noradrenaline inhibit con
tractile activity of the longitudinal muscle 
from pregnant rats in vitro, whereas circular 
muscle is inhibited by adrenaline but stimu
lated by noradrenaline in low concentrations, 
particularly in late pregnancy (Chemaeva, 
1984). The latter response probably reflects 
the concentration of cxradrenoreceptors, 
which increases sharply in the last 6 h of 
pregnancy (Legrand et al., 1987) for reasons 
that are uncertain. The occupancy of CXr 
adrenoceptors may make an important con
tribution to the overall excitability of the myo
metrium at the onset of labour because 



chemical sympathectomy with 6-hydroxy
dopamine blocks parturition and markedly 
lowers the concentration of noradrenaline in 
both plasma and myometrium (Legrand et 
al., 1987). Administration of a bolus of prazo
sin delays delivery for a period equal to the 
half-life of the drug. The relationship of u
adrenoceptors mediating these responses to 
the adrenergic nervous system is unclear in 
view of the progressive degeneration of the 
nerves during pregnancy. 

9.9.8 EICOSANOIDS 

Intravenous infusion of PGF2a for 6 h at a rate 
of 20 glh at 18 days or later induces irrevers
ible luteolysis, as indicated by a fall in plasma 
P 4 concentration within 3 h and parturition 
36-48 h later (Dukes et al., 1974; Fuchs et al., 
1974). This suggests that release of PGF2a at 
about 20 days of pregnancy is the normal 
luteolytic signal that initiates parturition, but 
there is little direct evidence to support this 
hypothesis. The anti-inflammatory agent, 
fenclozic acid, given at 20 days is ineffective 
in delaying labour (Dukes et al., 1974). 
Treatment with indomethacin delays par
turition by about 24 h (Aitken, 1971; 
Chantharaksri et al., 1974; Fuchs et al., 1976), 
which probably results from a reduced rate of 
decline of P4 concentrations. Nevertheless, 
rising levels of 20u-P 4 show that luteolysis 
occurs despite indomethacin treatment. A 
delay of 24 h in the onset of parturition is 
associated also with passive immunization 
with anti-PGF2a antibodies (Dunn et al., 
1973). Cavaille and Maltier (1978) demon
strated in unilaterally pregnant rats that re
moval of the ovary on the side of the gravid 
horn caused delayed parturition, whereas 
unilateral ovariectomy had no effect on preg
nancy length in bilaterally pregnant animals. 
Their suggestion that the gravid horn gener
ates a luteolytic factor that reaches the ovary 
by a direct route was supported by the obser
vation that deliveries were delayed or incom
plete in half the bilaterally pregnant animals 
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in which unilateral ovariectomy was com
bined with ligation of the uterine artery and 
vein on the opposite side. 

Although aspirin and indomethacin inhibit 
both spontaneous and oxytocin-induced con
tractions in vitro, indomethacin is ineffective 
in inhibiting contractions in vivo (Fuchs et al., 
1976). Furthermore, infusion of PGF2a or 
PGE2 within 24 h of term fails to induce deliv
ery, whereas oxytocin is highly effective 
(Dukes et al., 1964). These observations 
suggest that the rat differs from many other 
species in the relative refractoriness of the 
myometrium to PGs close to term. Proges
terone enhances and oestrogen inhibits the 
myometrial response to PGs in ovariecto
mized rats (Fuchs, 1964); if this also occurs in 
the pregnant animal, the sharp prepartum 
fall in P coestrogen ratio should inhibit the 
response to PGs. 

In view of the doubt about the luteolytic 
role of endogenous PGF2a and the refractori
ness of the myometrium, the question arises 
as to the function of the rapidly increasing 
concentrations of prostanoids in the uterus 
near term (Gu and Rice, 1991). The with
drawal of P 4 in the presence of maintained 
oestrogen concentrations in ovariectomized 
pregnant rats maintained by steroid adminis
tration causes a specific increase in PGF con
centration in uterine tissue and oestrogen 
alone stimulates PGF, PGE, TXB2 and 6-keto
PGF1a (L. Wilson and Lindsey, 1987), thus 
reproducing the marked increase in uterine 
PGs found after luteolysis at term in intact 
animals (L. Wilson and Freinkel, 1982). P4 

treatment blocks the stimulatory effects of 
oestrogen. Neither treatment increases the 
concentration of any of the prostanoids in 
uterine venous plasma (L. Wilson and 
Huang, 1984). 

The major prostanoid produced by the 
myometrium is PGh, but experiments to 
determine its actions are inconclusive. 
Kawano and Mori (1988) observed that PGI2 

concentrations were highest where the uter
ine wall was most stretched and postulated 
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that PGI2 maintained uterine relaxation. 
However, PGI2 stimulates myometrium in 
vitro. 

Although the prostanoids appear to have 
little direct oxytocic activity at term, they may 
play an important part in the mechanism 
causing the marked increase in concentration 
of oxytocin receptors that precede the onset 
of parturition (Alexandrova and Soloff, 1980c; 
W.Y. Chan et al., 1988). 

9.9.9 SUMMARY 

The onset of parturition in rats is precipitated 
by functionalluteolysis, which is unusual in 
that the fall in P 4 secretion is caused mainly 
by metabolism to 20a-P4 rather than by 
reduced synthesis of P 4. Another unusual 
feature of steroid metabolism is the depen
dence of ovarian oestrogen synthesis on sub
strate (androstenedione) secreted by the 
placenta. The luteolytic signal arises from the 
gravid uterus, but whether it is the result of 
withdrawal of luteotrophin or release of a 
luteolysin (PGF2a) is uncertain. The resulting 
fall in P 4 values while ovarian oestrogen 
secretion is maintained is associated with 
a sharp rise in oxytocin receptors, ar 
adrenoceptors and relaxin, all of which are 
necessary for the timely onset and progress 
of parturition. Delivery of the litter is depen
dent on release of oxytocin during the expul
sive phase of labour. The role of prostanoids 
in the onset of parturition is uncertain be
cause they have little oxytocic activity in vivo 
and the part they play in luteolysis is not 
established, but they may contribute to the 
formation of gap junctions, oxytocin recep
tors and aradrenoceptors and to the release 
of relaxin. 

9.10 GUINEA PIG 

9.10.1 INTRODUCTION 

Pregnancy in the guinea pig has many fea
tures in common with human pregnancy and 

the mechanism of initiation of parturition (65 
days) is likewise unknown. The paracrine 
hypothesis that is currently under active in
vestigation in humans remains unexplored in 
the guinea pig. 

9.10.2 ROLE OF THE FETUS 

The results of experiments attempting to 
establish a fetal role in parturition are con
flicting and cannot be fitted into a plausible 
hypothesis. The concentration of cortisol in 
fetal plasma increases markedly in the last 
week of pregnancy due to both rising levels 
of cortisol-binding globulin and increased 
rate of secretion (Dalle and Delost, 1980). The 
fraction of free cortisol is proportionately 
greater, suggesting that it could serve as a 
stimulus to parturition. However, a daily in
jection of a large dose of dexamethasone into 
each fetus in three animals during the last 
week of pregnancy did not advance the time 
of parturition (Illingworth et al., 1974). 
Furthermore, destruction of the fetal pitu
itary or pituitary stalk has no effect on preg
nancy length (Donovan and Peddie, 1973), 
although fetal adrenal growth is impaired. 
The placenta is freely permeable to cortisol 
and the rise in fetal levels of cortisol parallels 
that in the maternal plasma (Dalle and 
Delost, 1976). The administration of dexa
methasone to the mother has no effect on the 
time of parturition, although passage into the 
fetus is likely (lllingworth et al., 1974). 
Paradoxically, preliminary experiments in 
which the fetal midline basal hypothalamus 
was lesioned were followed by abortion 
(Donovan and Peddie, 1973). Available evi
dence makes it clear that the prepartum 
increase in fetal cortisol values does not 
trigger parturition, but the role of the fetal 
hypothalamus and pituitary is ambiguous. 

9.10.3 PROGESTERONE 

Pregnancy becomes independent of the CL in 
mid-pregnancy when placental production of 



P 4 is sufficient to maintain pregnancy. 
Ovariectomy before 30 days causes abortion 
but delivery at term occurs when ovari
ectomy is performed after 30 days (Csapo et 
al., 1981). However, the CL remains func
tional throughout pregnancy and circulating 
concentrations of P 4 fall by 40% after ovari
ectomy at term (Batra and Thorbert, 1981). 
High P 4 concentrations, with much P 4 bound 
to a unique binding globulin, are maintained 
to term and do not fall before the onset of 
labour (Heap and Illingworth, 1974). 

Doubt has been expressed that progester
one is a myometrial regulatory agent in the 
guinea pig. Myometrial activity continues 
throughout pregnancy despite high levels of 
P4. Exogenous P4, even when placed in the 
uterus, is without effect on the duration of 
pregnancy or on the mechanical activity of 
the uterus (Porter, 1970, 1971). However, the 
refractoriness of the uterus could be attribu
table to full occupancy of P 4 receptors. P 4 
inhibits and oestrogen stimulates receptor 
formation (Sumida et al., 1988); accordingly, 
the very high P 4-oestrogen ratio prevailing 
throughout pregnancy is likely to be associ
ated with a low concentration and a high 
occupancy of receptors. Experiments with P 4 
antagonists leave little doubt that the main
tenance of pregnancy is dependent on pla
cental P 4 because such treatment causes 
abortion after 40 days' gestation (Elger et al., 
1986). This does not necessarily imply a direct 
action of P 4 on the myometrium as the effect 
of P 4 antagonists could be mediated, for 
example, by the release of PGs. 

9.10.4 OESTROGENS 

Concentrations of oestrogen in the maternal 
circulation are very low in the second half of 
pregnancy and fall during the week before 
term (Illingworth et al., 1974). The levels are 
unchanged by bilateral ovariectomy (Batra 
and Thorbert, 1981), suggesting that the site 
of oestrogen synthesis is within the uterus. 
The placenta has little aromatase activity 
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(Ainsworth and Ryan, 1966) and the site of 
synthesis appears to be intrafetal because 
Challis and Illingworth (1972) demonstrated 
that the concentration of labelled oestrogen 
after injection of radioactive androstenedione 
was higher in the umbilical artery than in the 
umbilical vein. Much of the radioactivity was 
associated with the 16a-hydroxylated prod
ucts, oestriol and epioestriol. 

Administration of oestrogen does not in
duce labour; indeed, implants of oestradiol or 
stilboestrol delay the onset of labour and 
cause a high incidence of fetal death (Ill
ingworth et al., 1974). The mechanism of 
delayed delivery is uncertain but could be 
attributable to induction of P4 receptors 
(Sumida et al., 1988) by oestrogen. The con
centration of nuclear oestrogen receptors ex
pressed per mg of DNA in the myometrium 
increases from 50 days to term but remains 
unchanged when expressed per mg of pro
tein (Alexandrova and Soloff, 1980d). 

9.10.5 OXYTOCIN 

Oxytocin is undetectable in the maternal cir
culation before the expulsive phase oflabour, 
when it is released in substantial amounts 
(Burton et al., 1974). The plasma of the 
firstborn fetus contains no oxytocin, but 
subsequent fetuses have concentrations 
approaching those of the mother. Since the 
placenta is permeable to oxytocin, this 
suggests a maternal origin for the oxytocin in 
the fetal circulation. Oxytocin receptor con
centrations in the myometrium rise through
out pregnancy to 60 days and plateau 
thereafter until term (Alexandrova and 
Soloff, 1980d). This pattern is mirrored by 
sensitivity to oxytocin, which increases 50-
fold from early to late pregnancy (Bell, 1941). 
The absence of detectable oxytocin in plasma 
or an increase in myometrial oxytocin recep
tors before parturition is inconsistent with a 
role for oxytocin in the initiation of partur
ition, but until decidua has been studied the 
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possibility of a prepartum increase in recep
tors in that tissue cannot be ruled out. 

9.10.6 RELAXIN 

Relaxin immunoreactivity in guinea pig 
plasma (measured by RIA using an antibody 
against pig relaxin) during late pregnancy 
does not show any consistent pattern be
tween animals. Relaxin concentrations rise in 
mid- to late pregnancy in some animals, and 
in others values rise shortly before partur
ition (Boyd et ai., 1981). Lengthening of the 
pubic ligaments is preceded by increased 
plasma concentrations of relaxin in most, but 
not all, animals. 

Circulating relaxin may arise from the 
endometrial glands, where increasing quan
tities can be demonstrated by immunocyto
chemistry as pregnancy progresses (Pardo 
et al., 1980). Treatment of ovariectomized 
guinea pigs with oestrogen and P 4 not only 
induces accumulation of relaxin in endome
trial glands but also reproduces the marked 
relaxation of the pelvic ligaments that occurs 
in response to treatment with relaxin (Pardo 
and Larkin 1982). Injections of pig relaxin 
inhibit spontaneous uterine activity in non
pregnant guinea pigs and, because P 4 appar
ently lacks inhibitory effects, Porter (1972) 
suggested that relaxin is the hormone mainly 
responsible for uterine quiescence in this 
species. 

9.10.7 CATECHOLAMINES 

The total content of myometrial <ll

adrenoceptors increases 34-fold in preg
nancy, but this is attributable to growth of the 
uterus and not to an increase in concentration 
(Arkinstall and Jones, 1989). Together with 
the observation that the excitatory response 
to noradrenaline declines towards term 
(Carter, 1985), this suggests that <lr 

adrenergic stimulation is unlikely to contrib
ute to the initiation of parturition in the 
guinea pig. 

9.10.8 EICOSANOIDS 

Information about the synthesis of prosta
noids in the pregnant guinea pig is almost 
completely lacking. Plasma concentrations of 
PGF in peripheral plasma remain unchanged 
with the onset of parturition, but there is a 
twofold increase in PGF and 6-keto-PGF1o. in 
vena caval plasma (Kendall, 1977). PGE2 and 
its metabolites have not been measured. The 
endometrium produces significant quantities 
of PGs at least in early pregnancy (Poyser, 
1984) which may be important in activating 
the myometrium; strips of circular muscle 
from pregnant animals become quiescent in 
vitro unless the endometrium is left intact 
(H.A. Coleman and Parkington, 1988). Daily 
subcutaneous injections of PGF2o. or PGE2 at 
43 days induce abortion, but a high pro
portion of fetuses are dead when expelled 
(Elger, 1979); PGs therefore differ from oxy
tocin, which induces the abortion of living 
fetuses. 

9.10.9 SUMMARY 

It is difficult to construct a satisfactory 
hypothesis for the mechanism that initiates 
parturition in guinea pigs. Clearly, partur
ition is not dependent on luteolysis, and 
available evidence does not support an active 
role for oxytocin. Insufficient information is 
available to assess the possible role of 
prostanoids. 

9.11 DOG 

9.11.1 INTRODUCTION 

Reported studies of pregnancy and par
turition are almost exclusively related to 
laboratory-bred beagles. P 4 and oestrogen 
levels in Labrador bitches are similar to those 
of beagles, and there is no reason to expect 
major differences in the mechanism of par
turition within the canine species. The dog 
belongs to the large group of mammals in 
which parturition is preceded by luteolysis. 



9.11.2 ROLE OF THE FETUS 

The contribution of the fetus to the onset of 
parturition has not been studied. Pregnancy 
and pseudopregnancy are of the same dur
ation (65-66 days) but, although differences 
in the endocrine milieu of the two are rather 
subtle, it is clear that the presence of the 
conceptus is expressed in CL function. Fetal 
corticosteroids are unlikely to playa part be
cause administration of dexamethasone from 
45 days leads to fetal death but not partur
ition (Austad et al., 1976). 

9.11.3 PROGESTERONE 

Maintenance of pregnancy is dependent on 
P 4, and ovariectomy at 50-55 days is followed 
by parturition (Sokolowski, 1971). In both the 
pregnant and pseudopregnant animals, P4 

concentrations rise to high values (25 ng/ml) 
by 25 days and then fall progressively to 
about 3 ng/ml 3 days before parturition 
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(Concannon et al., 1975). The concentration 
continues to fall slowly in the pseudopreg
nant bitch, whereas it falls abruptly in the 
pregnant animal to about 1 ng/ml on the day 
of parturition (Figure 9.18). 

P 4 implants at 60 days prevents parturition 
at term and results in prolonged pregnancy 
and death of the mother (Concannon et al., 
1977). Pregnancy is maintained when plasma 
P4 concentrations exceed 2 ng/ml. Luteolysis 
terminates luteal function abruptly about 
48 h before parturition. The rapid withdrawal 
of progestational activity immediately pre
ceding parturition is apparent in hypo
thermia and a sharp rise in plasma prolactin, 
both of which begin shortly after the fall in P 4 

levels (Concannon et al., 1978). 

9.11.4 OESTROGEN 

Oestrogen concentrations remain steady 
through the second half of pregnancy at 

-1 o 
Days from parturition 

Figure 9.18 Concentrations of progesterone and 13,14-dihydro-15-keto-prostaglandin F2a (PGFM) in 
peripheral plasma of bitches around parturition. (Reproduced with permission from Concannon et al., 
1988.) 
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about twice the values of the non-pregnant 
cycle (Concannon et aI., 1975) then fall 
sharply during the 2 days prepartum to reach 
non-pregnant values by the day of partur
ition. Immunoreactive plasma oestrogen is 
mainly oestradiol-17j3 (Austad et al., 1976). 
The source of oestrogen is unknown, but the 
prepartum fall in concentrations which co
incides with a similar fall in P 4 points strongly 
to the ovary. 

9.11.5 RELAXIN 

Plasma relaxin concentrations rise in the 
second half of pregnancy in intact and ovar
iectomized animals in which pregnancy is 
maintained with injections of 17a-ethyl-19-
nortestosterone, although values are lower in 
the latter group (Steinetz et aI., 1989). These 
findings suggest that relaxin is secreted by 
the ovaries and the uterus. Parturition is not 
heralded by any marked changes in relaxin 
values. 

9.11.6 PROSTAGLANDINS 

The concentration of PGFM in peripheral 
plasma increases fivefold during the 3 days 
before parturition (Concannon et aI., 1988). 
The close temporal relationship of rising 
PGFM and falling P 4 values is consistent with 
a luteolytic role for PGF2a• Administration of 
PGF2a induces luteolysis (Concannon and 
Hansel, 1977), but whether PG antagonists 
prevent luteolysis is unknown. 

9.11.7 SUMMARY 

The initiation of parturition in the dog is 
almost certainly a consequence of luteolysis, 
and the luteolytic agent is probably PGF2a, 

but the stimulus to release of PGF2a is un
known. The hormonal changes at parturition 
are unusual in that both P 4 and oestrogen fall 
sharply at luteolysis and there is little or no 
change in the oestrogen-P 4 ratio. The trigger 

to parturition therefore appears to be exclus
ively a fall in P 4 concentrations. 

9.12 RABBIT 

The maintenance of pregnancy to term (31 
days) in rabbits has been known to depend 
on the presence of functional CL secreting P 4 

since the classical experiments of Fraenkel 
(1910) and Corner (1928). Luteolysis precedes 
parturition and is its cause, but the factors 
leading to luteolysis, which must be con
sidered to be the primary step in the mechan
ism initiating parturition, remain uncertain. 

9.12.1 ROLE OF THE FETUS 

Bauman and Dziuk (1975) decapitated all 
fetuses in the litter at 18-21 days: pregnancy 
length was shortened by 2 days in the does 
carrying decapitated fetuses, but only about 
10% of the fetuses were subsequently re
covered and no sham operations were in
cluded, making interpretation of the results 
difficult. Chiboka et aI. (1977) removed the 
fetuses at 25 days and observed normal deliv
ery of placentas at term preceded by normal 
nest-building behaviour. When fetectomy 
was performed at 21 days, placentas were 
retained until 36 days. The results were inter
preted as indicating that the fetuses pro
gramme the placenta before 25 days of 
gestation but thereafter the placenta is auton
omous in determining the time of parturition. 

9.12.2 PROGESTERONE 

The contribution of the placenta to the raised 
concentration of P 4 in the maternal circu
lation was investigated by Thau and Lanman 
(1974). Pregnant does were ovariectomized at 
21 days and pregnancy was maintained by 
injections of MP A, which does not cross-react 
in the RIA of P 4. The concentration of P 4 fell 
promptly to non-pregnant values, indicating 
that the CL is the only significant source of 
the raised levels of P 4 in pregnancy. 



The concentration of P 4 in maternal periph
eral plasma follows a well-defined pattern for 
which there is general agreement (Kendall 
and Liggins, 1972; Challis et al., 1973b; Singh 
and Adams, 1978; Lau et al., 1982): values rise 
rapidly during the first 8 days of pregnancy, 
reach peak values at 14 days, fall slightly to a 
plateau until 29 days then decline rapidly to 
reach low levels a few hours before partur
ition. The concentration of 20a-P4 is approxi
mately the same as that of P 4 and follows the 
same pattern through pregnancy (Fuchs, 
1978). The concentration of P4 in the myome
trium closely parallels that of the plasma 
throughout pregnancy and the ratio of 
myometrial-plasma concentration approxi
mates unity throughout most of pregnancy 
but falls slightly below unity near term. The 
concentration of P 4 receptors in myometrium 
and endometrium has been studied by Quirk 
and Currie (1984), who found that the 
nuclear P 4 receptor concentration in myome
trium is inversely related to the plasma 
concentration of P 4, and attributed this 
surprising result to stimulation of P 4 receptor 
formation by the rising ratio of oestrogen-P 4 

as plasma concentrations of P 4 (but not of 
oestrogen) fall prepartum. The concentration 
of receptors in endometrium does not rise as 
P4 levels fall. Quirk and Currie (1984) con
cluded that the level of P 4 receptors in rabbit 
myometrium does not reflect the physiologi
cal response to P 4. Evidence that the se
cretion of P 4 by the CL is dependent on 
luteotrophin(s) secreted by the placenta has 
been provided by experiments in which 
fetectomy was performed at 15 days and the 
placentas were left in place (Klein, 1967). At 
necropsy at 20 days, the CL had not 
regressed. Transplantation of placentas to the 
body wall or abdominal cavity prolongs the 
lifespan of the CL nearly to term (Chu et al., 
1946). The nature of the placental luteo
trophin and the extent to which maternal 
pituitary LH is part of the luteotrophic com
plex in the rabbit are uncertain, as also is 
whether luteolysis normally results from 
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withdrawal of luteotrophic support, from the 
action of a luteolysin or from both effects. 
Dislocation of the placentas is followed 
by luteolysis and abortion (Csapo, 1969). 
Although this experiment is open to several 
interpretations, including release of prosta
noids resulting from trauma, loss of placental 
luteotrophin is probably the most likely ex
planation since leaving a single placenta in
tact maintains pregnancy yet is unlikely to 
reduce significantly the extent of trauma. 

Inhibition of P 4 synthesis by oral adminis
tration of isoxazol, a 3~-HSD inhibitor, at 25 
days is followed by increasing sensitivity to 
oxytocin and oxytocin-induced abortion in 
most animals within 2 days (Bernard et al., 
1980). The claim that P4 concentrations in the 
uterine vein in these experiments fell as a 
result of treatment is doubtful since the post
treatment blood sample was collected at post
partum autopsy. The study needs to be re
peated with other inhibitors and improved 
sampling procedures. 

9.12.3 OESTROGEN 

The placenta probably does not secrete oes
trogen (Ainsworth and Ryan, 1966) and the 
ovarian follicles are the sole source. Loss of 
the follicles either by their removal, by in
ducing ovulation or by hypophysectomy 
causes abortion which can be prevented by 
the administration of oestrogen (Gadsby et 
al., 1983). Withdrawal of oestrogen is fol
lowed rapidly by a fall in circulating pro
gesterone to low levels which can be fully 
reversed by oestrogen treatment 24 h after 
oestrogen withdrawal provided that abortion 
is prevented by administering medroxy
progesterone (Gadsby et al., 1983). Thus, it 
appears that the putative placental luteo
trophin depends on follicular oestrogen for 
either its action or its production. 

A fall in oestrogen production is a potential 
physiological mechanism for initiating luteo
lysis and parturition, but studies of plasma 
oestrogen concentrations are not supportive. 
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Both oestrogen and oestradiol-17J3 levels re
main within a narrow range throughout 
pregnancy and show no significant trend at 
term (Challis et al. 1973b; Lau et al., 1982). 

9.12.4 OXYTOCIN 

The sensitivity to oxytocin increases dramati
cally prepartum (Fuchs, 1964; Porter and 
Schofield, 1966), and a small single intra
venous dose of oxytocin leads to rapid expul
sion of the litter after 30 days, although the 
uterus is refractory to oxytocin until 25 days. 
Myometrial contractions occur during deliv
ery in the non-pregnant horn of unilaterally 
pregnant animals (Fuchs, 1964), suggesting a 
circulating stimulus, presumed -to be oxy
tocin. Further support for a systemic stimulus 
was reported by Wagner (1974) who ob
served electrical activity synchronous with 
parturitional uterine activity in myometrial 
transplants in ear chambers. Electrical stimu
lation of the infundibulum and the median 
eminence causes parturition provided that 
the pregnancy is within 24 h of term 
(Lincoln, 1971). Milk ejection accompanying 
the electrical stimulation lends strong sup
port to oxytocin release as the stimulus to 
parturition. The extracellular electrical 
activity of magnocellular neurones was 
recorded in unanaesthetized rabbits during 
parturition by O'Byrne et al. (1986). Oxytocin 
neurones were differentiated from vasopres
sin neurones by their response to suckling. 
During parturition, 5-14 discrete bursts of 
firing were seen, representing a three- to 100-
fold increase in the rate of firing compared 
with prepartum. The increased electrical 
activity was accompanied by a marked in
crease in circulating oxytocin, leaving no 
doubt that the expulsive phase of labour is 
the consequence of oxytocin release. An obli
gatory role of oxytocin release to complete 
parturition is suggested by the prolongation 
of pregnancy that is associated with high cer
vical cord transection (Beyer and Mena, 
1970). 

The mechanism underlying the rapid in
crease in the sensitivity of the prepartum 
uterus to oxytocin was elucidated by Reimer 
et al. (1986). They measured the oxytocin re
ceptor concentrations in myometrium each 
day near term after determining the sensi
tivity to injections of oxytocin. In addition, 
they measured contractile responses to oxy
tocin in vitro at 30 days. The response to 
oxytocin increased at least fourfold between 
30 and 31 days of pregnancy, and this 
increased sensitivity was accompanied by a 
10-fold increase in oxytocin binding sites in 
both decidua and myometrium. The stimulus 
to the formation of oxytocin receptors in rab
bits has not been investigated but may be 
similar to that in the rat, i.e. inhibited by P4 

and stimulated by oestrogen (Fuchs et al., 
1983b). Whether the effects of ovarian hor
mones are direct or are mediated by other 
agents such as prostaglandins is uncertain. In 
the ovariectomized, non-pregnant rabbit, 
oxytocin stimulates the release of PGF2n from 
endometrium but not from myometrium 
(Small et al., 1978). Treatment with oestrogen 
increases oxytocin-stimulated release of 
PGF2n and P4 completely inhibits the re
sponse to oestrogen. 

9.12.5 CORTICOSTEROIDS 

The concentration of cortisol in fetal plasma 
rises progressively from 24 days to term, rais
ing the possibility that fetal cortisol is an im
portant signal to the initiation of parturition 
(Mulay et al., 1973; Baldwin and Stabenfeldt, 
1974). When cortisol (Nathanielsz and Abel, 
1972, 1973; Abel et al., 1973) or dexametha
sone (Adams and Wagner, 1969; Kendall and 
Liggins, 1972; Challis et al., 1975) was given 
to does at 21-25 days of pregnancy, delivery 
of pups after 72 h accompanied by nest
building activity and lactation was noted con
sistently. Induced parturition is preceded by 
a fall in P 4 concentrations of a similar magni
tude to that at normal term, but a rise in 
plasma concentration of PGF2n, which nor-
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Figure 9.19 Concentration of progester~ne and PGF in the peripheral plasma of pregnant rabbits. 
(Reproduced with permission from ChallIs et al., 1973a.) 

mally accompanies or precedes the fall in P 4, 

is not present and the response to dexameth
asone is not inhibited by concurrent treat
ment with indomethacin (Challis et al., 1975). 
Challis et al. (1975) proposed that the findings 
are consistent with a direct action of corticos
teroid on the ovary, which would rule out a 
physiological role for fetal cortisol since it 
does not have access to the maternal ovary. 
An alternative explanation is that corticoster
oid suppresses the putative placental luteo
trophin, which could be influenced by fetal 
cortisol, but administered corticosteroids 
might have a physiological or pharmaco
logical action on the placenta. Further experi
ments, including stimulation of the fetal 
adrenals with ACTH, are required before a 
role in parturition can be confidently attribu
ted to rising concentrations of fetal cortisol 
before term. 

9.12.6 RELAXIN 

Relaxin has been purified from the placenta 
(P.A. Fields et al., 1982) but the source of 
circulating relaxin is unknown. 

9.12.7 EICOSANOIDS 

Information about the maternal plasma con
centrations of prostanoids preceding partur
ition is limited. Assays of PGFM or a stable 
metabolite of PGE2 in serial samples near 
term have not been reported. Challis et al. 
(1973a) found that the peripheral concen
tration of PGF increased significantly from 21 
to 30 days in samples taken on alternate days 
(Figure 9.19). 

In three animals sampled daily from 29 
days values were raised on days 27-30 in two 
and not in the third, in which P 4 levels did 
not fall until 30 days. These results were not 
confirmed by Lytton and Poyser (1982), who 
found a peak of PGF2o< in uterine vein blood 
at 25 days, but concentrations remained low 
in arterial and peripheral venous blood to 
term. A physiological role of PGF2o< in luteo
lysis is not supported by experiments in 
which pregnant rabbits were given indo
methacin in late pregnancy (Challis et al., 
1975). The treatment prolonged pregnancy 
by 1 day but did not prevent luteolysis and P4 

concentration fell over the same time course 
as it did in controls. While there is doubt 
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whether release of PGFza precedes luteolysis, 
and that endogenous PGFza is luteolytic, in
fusion of PGFza causes an irreversible fall in 
P4 within 2 h (Challis et al., 1974c; Laudanski 
et al., 1979). Continuous intra-aortic infusion 
of PGFza for a minimum period of 8 h at 21 
days is followed by delivery after a mean 
latent period of 38 h (Nathanielsz et al., 1973). 
Inhibition of P 4 synthesis by administering 
trilostane, a 3j3-HSD inhibitor, as a single 
intravenous bolus at 28 days causes an im
mediate fall in P 4 and delivery after 30 h but 
the concentration of PGFM in peripheral 
blood remains low until labour starts, when it 
rises sharply (Makimura et al., 1984). 

M.H. Block et al. (1985) showed that 
placental microsomes in late pregnancy effi
ciently metabolize labelled arachidonic acid 
to PGEz and PGFza, PGDz and TXAz, but 
little PGIz, and the cytosolic fraction gener
ates a variety of lipoxygenase products. 

9.12.8 SUMMARY 

Parturition is immediately preceded by luteo
lysis and a marked fall in P4 concentrations, 
but the cause of luteolysis is not known. 
Although administered PGFza causes luteoly
sis, indomethacin fails to block luteolysis, 
suggesting that luteolysis is not normally 
initiated by release of PGFza. Parturition is 
readily provoked by oxytocin at term but the 
uterus is insensitive to oxytocin earlier in ges
tation. The increased sensitivity to oxytocin is 
probably due to a marked increase in oxy
tocin receptors that accompanies luteolysis 
and is likely to result from the fall in P 4. 

Luteolysis is probably due to withdrawal of 
luteotrophic support rather than the release 
of a luteolysin, but the nature of the luteotro
phin(s) and the stimulus to its withdrawal are 
unknown. 

9.13 CONCLUSIONS 

The past 25 years have seen enormous strides 
in the understanding of the mechanism of 

initiation of parturition. In some species, 
sheep in particular, knowledge has reached a 
level of sophistication similar to that in many 
other physiological systems. In others, pri
mates in particular, understanding of how 
the system does not work is substantial, but 
solid hypotheses capable of being tested are 
lacking. Clearly, wide diversity is a character
istic of mammalian parturition and it is diffi
cult to discern an evolutionary pathway. To 
some extent, the needs of the newborn can be 
linked teleologically to the type of mechan
ism in a given species; precocial species 
having a mature newborn capable of fending 
for itself immediately after birth are well 
served by a system where the fetus has firm 
control of the time of birth, whereas the more 
immature newborn dependent for survival 
on prolonged mothering tolerates systems 
that are less tightly tied to the fetus and ma
ternal influences are more readily seen. Even 
in sheep, however, maternal circadian 
rhythms probably contribute to the hour of 
birth if not the day. In evolutionary terms, 
whether the degree of maturity at birth is a 
cause or a consequence of a particular system 
of determining the time of birth is moot. 

The widely differing systems across the 
species tend to converge towards the end of 
their respective pathways so that the roles 
played by agents such as prostaglandins and 
oxytocin that activate the uterus have much 
in common. The extent to which the path
ways share a common origin is less clear. In 
general, opinions are divided on whether the 
signal is complex and multifactorial, deriving 
from input from many maturing organs or 
comes from one or more specific genes that 
function as a clock. Such a clock need not be 
absolutely accurate since the signal may not 
only initiate parturition but also accelerate 
maturation of those organs on which post
natal survival is most dependent. 

For the moment, it seems that classic endo
crine and physiological techniques have 
nearly reached their limit and that further 
progress is likely to come from investigations 



at a cellular level. Hopefully, however, the 
wheel will turn full circle and it will be poss
ible in due course to return to the whole 
animal armed with testable hypotheses de
rived from the study of cells. 
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10.1 HISTORICAL ASPECTS beyond the size of a 7-month fetus, and 

The concept that the fetus initiates its own 
delivery dates from 460 BC, when Hippo
crates suggested that, at the appointed hour, 
the fetus puts its feet on the fundus of the 
uterus and pushes to effect its own delivery. 
It was not until the tenth century that the 
Italian anatomist, Fabricius ab Aquapen
dente, proposed that the chief agent in the 
initiation of parturition was the muscular 
action of the uterus. In 1882, Spiegelberg re
emphasized the role of the fetus when he 
wrote in a German textbook of midwifery 
that, '. . . the reason why labour occurs at a 
definite time must be sought for, not in the 
uterus and its changes, but in the fetus. It is 
the maturity of the latter that gives the sig
nal.'. In 1933, Malpas reported a series of 
cases of prolonged pregnancy associated 
with fetal anencephaly. Malpas concluded 
that 'the time of the onset of labour is deter
mined by the foetus', and 'the foetal adrenal, 
pituitary, or nervous system, perhaps in 
combination, are suggested as tissues poss
ibly concerned in the actual excitation of the 
neuromuscular expulsive mechanisms' . 

Prolonged pregnancy in cattle has long 
been recognized as a clinical entity. Most 
inbred breeds of dairy cattle produce 
genetically defective calves. Investigation of 
affected fetuses provided the first definitive 
evidence for the fetal pituitary-adrenal axis 
playing a primary role in the initiation of 
parturition. Prolonged gestation in Holstein
Friesian Gasper, 1950) and Guernsey (Ken
nedy et al., 1957) breeds was due to a homo
zygous recessive autosomal gene in the fetus 
that resulted in fetal endocrinopathies 
(reviewed by Holm, 1967). In the cows carry
ing affected fetuses, the corpus luteum (CL) 
of pregnancy did not regress, and, rather 
than decreasing at term, progesterone (P 4) 
concentrations were maintained throughout 
gestation (Holm and Short, 1962). The affec
ted calves of the Guernsey breed were 
premature in development, failing to grow 

always exhibited adenohypophyseal aplasia. 
Although the adrenal cortex and medulla 
were distinguishable, the adrenal glands 
were small and the cortical architecture was 
undeveloped. Gestation in these animals 
ranged from 292 to 526 days (normal term, 
280 days). The affected calves of the 
Holstein-Friesian breed continued to grow 
during their prolonged gestation and were 
unusually large, but they failed to initiate 
labour and died in utero about 100 days past 
term (Holm, 1967). The adenohypophysis, 
although present, was smaller than normal 
(Holm, 1967). 

Naturally occurring prolonged gestation 
has also been observed in sheep. In 1963, 
a congenital cyclopian-type malformation 
associated with prolonged pregnancy was 
identified in fetuses of range sheep in Idaho 
(Binns et al., 1963, 1964). The teratogenic 
effect resulted from the ingestion of skunk 
cabbage (Veratrum californicum) on the four
teenth day of gestation. The toxic principle 
was ll-deoxyjervine, a steroidal alkaloid. 
The affected lambs had pituitary glands, 
although the neural connections were either 
missing or abnormal (Kennedy, 1971). In 
1969, Basson et al. reported cases of pro
longed pregnancy in sheep due to the inges
tion of the shrub Salsola tuberculata during 
the second half of gestation: gestation was 
prolonged for about 2 weeks, and at delivery 
the lambs were found to have atrophic adre
nal cortices. 

Clinical syndromes of non-infectious cause 
characterized by premature delivery are rare. 
The syndrome of recurrent abortion in highly 
inbred Angora goats has been studied by van 
Rensburg (1971), who demonstrated fetal 
adrenal hyperplasia in the aborted fetuses 
and suggested that premature activation of 
the fetal pituitary-adrenal axis may be 
responsible for the abortion. 

The above observations provided evidence 
which involved the fetus in the aetiology of 
prolonged pregnancy although the data indi-
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eating the specific involvement of the fetal 
pituitary-adrenal axis were less convincing. 
Liggins et al. (1967) established that, after 
electrocoagulation of the pituitary of an 
otherwise normal fetal lamb, pregnancy was 
prolonged indefinitely and was associated 
with hypoplasia of the adrenal cortices (Lig
gins and Kennedy, 1968). Parturition 
occurred at the expected time in multiple 
pregnancies if one fetus had an intact pitu
itary, or in single pregnancies if less than 70% 
of the pituitary tissue was removed. Pro
longed pregnancy was also reported in two 
ewes after bilateral fetal adrenalectomy 
(Drost and Holm, 1968). Ablation of the fetal 
adrenal medullary tissue did not result in 
prolonged gestation, indicating the primary 
role of the adrenal cortex (Liggins, 1969a). 

These experiments clearly established an 
essential role for the fetal pituitary in the 
initiation of parturition but did not determine 
whether the fetus played an active or passive 
role in the process. Liggins (1969b) showed 
that fetal infusion of synthetic ACTHl _24, but 
not other pituitary hormones, caused prema
ture delivery in 4-7 days. The infusion of 
glucocorticoid hormones, such as cortisol and 
dexamethasone, into the fetal lamb also 
induced premature labour. Infusion of these 
compounds at similar doses per unit weight 
into the mother were ineffective in influenc
ing the length of gestation. Furthermore, the 
active principle appeared to reside in the 
glucocorticoid moiety because infusions of 
mineralocorticoids such as deoxycorticoster
one were ineffective (Liggins, 1968, 1969b). 

These experiments showed that an intact 
fetal pituitary-adrenal axis was essential for 
the initiation of parturition in sheep and that 
activation of this pathway could cause 
premature labour. Bassett and Thorburn 
(1969) provided evidence that activation of 
the fetal pituitary-adrenal axis preceded 
normal-term parturition. In the chronically 
catheterized sheep fetus, there is a gradual 
increase in plasma glucocorticoids beginning 
about 15 days before term, accelerating to 

Table 10.1 Abbreviations used in chapter 10 

17-0HP4 

17-0HPs 
ACTH 
AVP 
B 
CBG 
CRF 
EP 
F 
Gpp(NH)p 
GTP 
HETE 
HMW 
HPA 
HPD 

HPETE 
IP 
IRMA 
~LPH 
ME 
MSH 
NDGA 
P4 
Ps 
PGE2 
POMC 
PVN 
RIA 
SON 
TGF 

17 u-hydroxyprogesterone 
17u-hydroxypregnolone 
adrenocorticotrophic hormone 
arginine vasopressin 
corticosterone 
corticosteroid-binding globulin 
corticotrophin-releasing factor 
receptor for PGE2 
cortisol 
guanylylimidodiphosphate 
guanine triphosphate 
eicosatetranoic acid 
high molecular weight 
hypothalamo - pituitary - adrenal 
hypothalamo - pituitary 
disconnected 
hydroperoxyeicosatetraenoic acid 
inositol phosphate 
immunoradiometric assay 
~-lipotrophin 
medium eminence 
melanocyte-stimulating hormone 
nordihydroguaiaretic acid 
progesterone 
pregnenolone 
prostaglandin E2 
proopiomelanocortin 
paraventricular nucleus 
radioimmunoassay 
supraoptic nucleus 
transforming growth factor 

a marked increase in the last 3-4 days, a 
finding consistent with the earlier obser
vation of Comline and Silver (1961) that the 
adrenal glands of the fetal lamb grow mark
edly in the last 10 days or so of intrauterine 
life. However, these findings gave no insight 
into the trigger mechanism which activated 
the fetal pituitary-adrenal axis. (HP A; 
abbreviations used in this chapter are given 
in Table 10.1). 

10.2 PLASMA CORTISOL 
CONCENTRATIONS IN THE FETAL LAMB 

The preparturient increase in fetal plasma 
glucocorticoids concentration first described 
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by Bassett and Thorburn (1969, 1973) has 
been reconfirmed many times (Comline et ai., 
1970; Alexander et ai., 1973; Drost et aI., 1973; 
Strott et aI., 1974; Thomas et ai., 1976; Brown 
et aI., 1978; Magyar et aI., 1980a). Magyar et al. 
(1980a) showed that the fetal plasma cortisol 
concentrations increased significantly from 
day 11.8 ± 1.0 (SEM) before labour, and 
again during the last 3-4 days of uterine life, 
then decreased rapidly within the first week 
post partum. Cortisol concentrations in fetal 
plasma may, in fact, start to increase about 25 
days before delivery (Norman et ai., 1985; 
Challis and Brooks, 1989). 

Isotopic kinetic techniques showed that the 
cortisol present in the fetal circulation before 
120 days of gestation is derived by transpla
cental transfer from the mother (Hennessy et 
ai., 1982), and it is only after this time that the 
fetal adrenal gland contributes. The increase 
in plasma cortisol concentrations may reflect 
an increase in the cortisol-binding capacity of 
fetal plasma (Fairclough and Liggins, 1975; 
Ballard et aI., 1982). Fetal infusion of ACTH 
at day 127 of gestation can stimulate an in
crease in the cortisol-binding capacity of fetal 
plasma (Challis et aI., 1984). The simul
taneous administration to the fetus of metyr
apone, an llf3-hydroxylase inhibitor, blocks 
the increase in cortisol binding capacity in the 
fetal circulation, suggesting that the increase 
in fetal plasma cortisol may be the stimulus 
for transcortin (CBC) production (Challis et 
aI., 1984). 

10.3 ADRENOCORTICOTROPHIC HORMONE 
(ACTH) 

The measurement of ACTH in ovine fetal 
plasma has been fraught with difficulties. In 
addition to ACTHl _39 several large molecular 
weight precursors of ACTH are present in the 
fetal circulation (see Jones, 1983, for refer
ences). Most of the earlier radioimmuno
assays (RIAs) for ACTH cross-reacted to 
some extent with these high molecular 

weight (HMW) forms and also small molecu
lar weight species. This probably accounted 
for the higher resting values reported in 
earlier studies, i.e. 207 ± 151 pg/ml (Jones et 
ai., 1978a) and 366 ± 42 pg/ml (Rees et ai., 
1975; Nathanielsz et aI., 1977). With the 
development of more specific antisera, the 
values measured were 69.6 ± 7.1 pg/ml (Win
tour et aI., 1980), 20-30 pg/ml (Norman et aI., 
1985) and 13.0 pg/ml (Pradier et ai., 1985). 
Less specific assays using antisera which 
cross-react with HMW ACTH peptides have 
considerable value if used in conjunction 
with chromatography to determine changes 
in the processing of the precursor hormone 
proopiomelanocortin (POMC) (Crosby et ai., 
1988, 1989). 

Using one of the less specific antisera, 
Jones and Roebuck (1980) and Jones (1983) 
showed that until 135-140 days of gestation, 
the HMW forms predominate in plasma, and 
that ACTHl _39 represented only 25-30% of 
the total ACTH pool. From 140 days onwards 
the proportion of ACTH l _39 relative to the 
HMW forms rose (Jones and Roebuck, 1980). 
The HMW forms of ACTH have a low ster
oidogenic potential (Casson, 1979, 1980; 
Chatelain and Dupouy, 1980; Roebuck et al., 
1980; Durand et ai., 1984a; Brieu and Durand, 
1987), and Jones (1983) argued that most pre
vious studies on fetal plasma ACTH were 
misleading because the RIAs used measured 
both active and relatively inactive ACTH 
molecules. When measured after peptide 
separation by gel filtration and RIA, the con
centration of ACTHl _39 in fetal sheep plasma 
remained at low levels until day 135 before 
increasing markedly until term (Jones, 1983). 
Using preparative gel filtration of plasma 
extracts, preliminary data indicated that 
ACTHl _39 increased in parallel with the major 
increase in plasma cortisol from day 140 
onwards (Jones, 1983). However, measure
ments of 'total' immunoreactive ACTH con
centrations failed to demonstrate significant 
changes before the prepartum increase in the 
fetal cortisol concentration (Rees et ai., 1975; 
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Figure 10.1 Fetal plasma concentrations of ACTH 1-39 and total immunoreactive ACTH in intact fetal 
lambs during late gestation. Samples were subjected to chromatography on Sephadex GSO fine and then 
quantitated by radioimmunoassay. 

Jones et al., 1977a; Wintour et al., 1980; Rose et 
al., 1982; Jones, 1983). 

In contrast to the above findings, Norman 
et al. (1985), using a direct RIA which is 
reported to be more specific for ACTHl _39, 

have shown a small progressive increase in 
fetal plasma ACTH during the last 30 days of 
pregnancy. The initial phase of the ACTH 
rise preceded or coincided with the increase 
in plasma cortisol, agreeing with the earlier 
data of Hennessy et al. (1982). Recent studies 
using an IRMA show a progressive increase 
in ACTHl _39 concentrations during the last 
third of gestation (Deayton et al., 1993) 

Gel filtration chromatography (Sephadex 
G50) and subsequent RIA have indicated that 
ACTH l _39 in fetal plasma increases over the 
last 20-25 days of gestation (Hollingworth et 
al., 1990a), and that ACTHl - 39, calculated as a 
percentage of total immunoactivity, increases 
from ~15% at 126-130 days to ~40% at 141-
145 days of gestation (Figure 10.1). 

Recently, we have used a two-site IRMA 
(Crosby et al., 1988) to measure directly the 
basal levels of the HMW ACTH precursor 
peptides (proopiomelanocortin [POMC, Mr 
31K, Kav =0.08] and pro-ACTH [Mr22K]) and 
ACTH l _39 as a function of gestational age. 

Under basal conditions, the concentration of 
the precursor peptides was high and did not 
change significantly during the last third of 
gestation (69±7 to 82.7±7 pmol/l at 110-114 
and 140-142 days of gestation respectively; 
Carr et al., 1992). However, basal ACTHl _39 

concentrations increased from 4.4±0.4 pmoV 
I (Carr et al., 1992) at 110-114 days to 
10.5±1.1 pmolll at 140-142 days. The molar 
ratio of the HMW forms to ACTH l _39 de
creased from 15.7 at 110 days' to 7.9 at 140 
days' gestation. These findings confirm and 
extend the earlier studies of Jones and 
Roebuck (1980) and Hollingworth et al. 
(1990a) and demonstrate that the bioactive 
ACTHl - 39 concentrations increase progress
ively during the last third of gestation while 
the concentration of the HMW species re
mains unchanged. The POMC and pro
ACTH peptides used in this IRMA were puri
fied from peptides secreted by human small 
cell lung cancer cells (DMS-79; White et al., 
1987). POMC peptides in the culture medium 
were characterized by Sephadex G75 chroma
tography and specific immunoradiometric 
analysis. 

The functions of the HMW ACTH pep
tides, which are present in high concen-
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tration in fetal plasma, are still a matter of 
debate. It has been proposed that the HMW 
forms are weakly steroidogenic and possibly 
growth-promoting in low concentrations 
(Gasson, 1979; Chatelain and Dupony, 1980; 
Roebuck et al., 1980; Durand et al., 1984a). 
Some peptides derived from the N-terminal 
fraction of the POMC molecule also show 
biological activity in adrenal steroidogenesis 
(Pederson and Brownie, 1980; AI Dujaili et al., 
1981; Lis et al., 1981). N-POMC-derived pep
tides (N-POMC-(1-61) amide), 'Y2 melanocyte 
stimulating hormone (MSH) and 'Y3-MSH 
potentiate the acute steroidogenic activity of 
ACTH l _24 on ovine fetal adrenal cells (Dur
and et al., 1984a). Other POMC-derived pep
tides, including f3-LPH, also possess a trophic 
effect, these were shown to enhance the sen
sitivity of the fetal adrenal cells to the steroid
ogenic actions of ACTHl _24 (Durand et al., 
1984a). 

Fetal bilateral adrenalectomy markedly 
increased the proportion of ACTHl - 39 com
pared with intact controls, and ACTHl - 39 was 
present in substantial amounts (30% of total 
immunoactivity) from as early as 117 days of 
gestation. 

In contrast, Jones and Roebuck (1980) have 
proposed that the HMW precursors of ACTH 
which are present in the fetal circulation may 
antagonize the stimulatory effect of ACTH on 
the adrenal earlier in gestation, and the 
preferential secretion of ACTH l - 39 late in ges
tation may explain the increase in fetal 
growth and cortisol secretion at that time, 
1983). Durand et al. (1985a,b) stressed that, in 
the studies of Roebuck et al. (1980), a substan
tial reduction in ACTH-induced steroido
genesis was only obtained when the ratio of 
HMW forms of ACTHIACTHl _39 was about 
10. This ratio was always <4 in the fetal 
pituitary (Silman et al., 1979) and lower in 
fetal blood (Jones and Roebuck, 1980). 
However, it has recently been shown, using 
an IRMA, that the molar ratio of HMW 
species/ACTHl _39 at days 110-114 clearly 
exceeded this figure, but by days 140-142, the 

ratio had decreased to 7.9 (Carr et al., 1992). 
This decreasing ratio may explain the in
crease in fetal adrenal steroidogenesis as term 
approaches. 

In contrast to earlier results, recent experi
ments provide strong evidence that POMC 
and pro-ACTH (used at concentrations found 
in fetal lamb plasma) inhibit ACTHl _24 
-induced secretion of cortisol from ovine fetal 
adrenal cells in vitro (Crosby et al., 1993). By 
themselves, neither of the HMW peptides 
had any steroidogenic action on the adrenal 
cells. However, both independently inhibited 
ACTHl _24-stimulated cortisol secretion from 
adrenal cells derived from fetal sheep be
tween days 116 and 132 of gestation. In cells 
from fetuses greater than 140 days' gestation, 
pro-ACTH, but not POMC, consistently in
hibited the action of ACTHl _24, suggesting 
the effects of POMC vary as a function of 
gestational age. At physiological concen
trations, these HMW peptides markedly 
lowered the maximum cortisol response of 
fetal adrenal cells to ACTH l _24. These 
findings suggest that, at the concentrations of 
the HMW species found in fetal plasma (Carr 
et al., 1992), the steroidogenic action of 
ACTHl _39 (or ACTHl _24) is severely blunted 
and that the fetal plasma cortisol concen
trations required to induce parturition cannot 
be achieved until the concentrations of 
ACTHl _39 present in the fetal circulation in
crease substantially. At the present time we 
lack detailed information on the plasma con
centrations of the precursor peptides from 
day 140 until term. Clearly, this inhibitory 
action of the HMW species can be overridden 
by high concentrations of ACTH, since fetal 
infusion of ACTHl - 24 will initiate premature 
labour. In the days preceding parturition, the 
plasma ACTHl _39 concentrations may have 
increased sufficiently to override the inhibi
tory action of the HMW species. 

It has been argued that, after fetal hypo
physectomy, the fetal adrenal gland should 
be more sensitive to ACTH due to the re
moval of the large molecular weight 'inhibi-



tory' peptides. Some peptides derived from 
the N-terminal fraction of the POMC mol
ecule show biological activity in adrenal 
steroidogenesis (Pedersen and Brownie, 
1980; AI Dujaili et al., 1981; Lis et al., 1981). 
N-POMC-derived peptides (N-POMCH1) 

amide, 'Y2-melanocyte-stimulating hormone 
(MSH) and 'YTMSH potentiate the acute ster
oidogenic activity of ACTHl _24 on ovine fetal 
adrenal cells (Durand et al., 1984a). Other 
POMC-derived peptides, including I3-LPH, 
also possess a trophic effect and enhance the 
sensitivity of the fetal adrenal cells to the 
steroidogenic actions of ACTH l _24 (Durand et 
al., 1984a). It might be expected that the 
adrenal glands would be less responsive to 
ACTHl _24 after hypophysectomy, which 
removes all these other peptides, and when 
ACTHl - 24 was infused into fetuses hypophy
sectomized 7-16 days earlier the fetal cortisol 
concentrations were substantially lower than 
those in intact fetuses (Kendall et al., 1978b). 
These results suggest that, without the pitu
itary, the fetal adrenal is less responsive to 
ACTH and that HMW species may exert an 
important trophic action on the fetal adrenal 
and enhance its responsiveness to ACTHl _24 
or ACTHl - 39. Removal of pituitary hormones 
in vivo for 6 days (by fetal hypophysectomy) 
resulted in a decreased ability of cultured 
adrenal cells from these fetuses to produce 
cAMP and corticosteroids in response to 
ACTHl _24 compared with cells from control 
fetuses (Durand et al., 1985a), although 
Connors and Liggins (1980) saw no change in 
the responsiveness of fetal adrenals to ACTH 
within 24 h after hypophysectomy. The se
cretion of large molecular weight POMC 
species by the fetal pituitary may therefore: 
(i) assume a trophic role for the fetal adrenal, 
preparing it for the increased levels of 
ACTHl _39 which will follow, and (ii) modu
late the action of ACTHl _39 released at the 
same time under stressful conditions and 
thus exert a protective role against the prema
ture release of ACTH. 

There may also be extra pituitary factors 
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which inhibit fetal adrenal activity (Durand et 
al., 1982a, 1985a,b). PGE2 produced by the 
placenta may exert an important trophic 
action on the HPA (section 10.10.1). Recent 
studies have shown that, following fetal 
hypophysectomy at 125 days' gestation, a 
continuous infusion of very small amounts of 
ACTHl _24 (115 pmol/h/kg) starting immedi
ately after surgery, induced delivery at term 
(Jacobs et al., 1993). Using an IRMA, the con
centration of ACTH l - 24 in carotid artery 
plasma of hypophysectomized fetuses during 
the infusion was undetectable (less than 
2.2 pg/ml) throughout the study, whereas 
the fetal plasma concentration of ACTHl _39 in 
age-matched control fetuses ranged from a 
mean of approximately 35 pg/ml at day 135 to 
160 pg/ml at term (day 147). In this study, 
only very low concentrations of bioactive 
ACTH were required to induce normal adre
nal growth, a normal preparturient increase 
in fetal plasma cortisol concentrations and 
delivery at term. The authors (Jacobs et al., 
1993) concluded that in the absence of the 
pituitary, the fetal adrenal glands become 
more responsive to ACTH, presumably due 
to the removal of pituitary-derived inhibitory 
factors such as POMC and pro-ACTH. This 
study also showed that, in this preparation, 
the action of ACTH is permissive in that no 
increase in plasma ACTH concentrations was 
needed and, given very small amounts of 
ACTH, the adrenal gland itself can initiate 
parturition at normal term. Presumably, in 
normal pregnancies, the adrenal 'clock' is 
overridden by a central (hypothalamic?) 
'clock' which determines the timing of the 
increase in bioactive ACTHl - 39 against an in
hibitory background of HMW ACTH pep
tides. Clearly, this study focuses attention on 
the importance of the fetal adrenal glands in 
the timing of parturition. Another novel fea
ture of these studies (Crosby et al., 1993; 
Jacobs et al., 1993) is they suggest that differ
ent products (ACTH l _39 and POMC, pro
ACTH) of the same pro-hormone may act as 
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agonists and antagonists of their target 
organ, the fetal adrenal gland. 

10.4 DEVELOPMENT OF FETAL ADRENAL 
FUNCTION 

The increase in fetal plasma cortisol concen
trations, starting about 10-12 days before par
turition (Magyar et al., 1980a), coincides with 
an enhanced responsiveness of the fetal adre
nal to ACTHl - 24 (Liggins et al., 1977). Before 
that time the immature fetal adrenal cortex 
responds poorly to short (1-2 h) infusions of 
ACTHl - 24 (10 fJ.g/h) (Bassett and Thorburn, 
1973; Liggins et al., 1977; Brown et al., 1978), 
yet a similar infusion into the mother caused 
a very rapid increase in maternal corticoster
oid concentrations. The plasma cortisol re
sponse to ACTHl _24 indicated that fetal 
adrenal sensitivity increased as a function of 
age late in gestation (Rose et al., 1982). 
Although hypoxaemia raised the ACTH con
centration in fetal plasma, the increase in 
ACTH was associated with a large and rapid 
increase in plasma corticosteroid concen
trations only after day 139 Gones et al., 1977b). 
Similarly, the increase in plasma ACTH con
centrations in response to haemorrhage 
(Rose et al., 1978) and hypotension (Rose et 
al., 1981) occurs without any significant corti
costeroid response until late in gestation 
(0.89-0.98 of gestation). Although the bioacti
vity of the ACTH peptides released in these 
experiments is still uncertain (section 10.3), 
the pattern of responses of the fetal adrenal 
gland, as judged by the cortisol concen
trations, was similar to that observed with 
ACTHl _24, indicating that an increase in adre
nal sensitivity late in gestation (during the 
last 10-12 days) corresponded to the increase 
in fetal plasma cortisol concentrations 
(Magyar et al., 1980a). The increase in cortisol 
concentrations is an expression of the release 
of bioactive ACTHl _39 from the fetal anterior 
pituitary gland. 

The adrenal response to corticotrophin
releasing factor (CRF) occurs by 110-120 

days' gestation, with a marked response at 
125 days' gestation (Norman et al., 1985; 
Pradier et al., 1985). Norman et al. (1985) ob
served a significant increase in the plasma 
cortisol concentrations in normal fetuses as 
early as 125-130 days' gestation, i.e. some 25 
days before delivery. The gestation length of 
sheep with chronically instrumented fetuses 
is often several days shorter than the mean 
gestation length of the flock and can vary 
between laboratories, sheep breeds and the 
number of experiments carried out on the 
fetus. Cortisol assays also vary between lab
oratories and it is easier to detect small 
changes in cortisol concentrations with more 
sensitive and specific assays. Nevertheless, 
the cortisol response to CRF in the above 
studies occurred earlier and was more 
marked than expected and raises the possi
bility that the pituitary (and or placental) fac
tors released by CRF are more steroidogenic 
than ACTHl _24• Another index of increased 
trophic drive to the fetal adrenal gland is its 
change in weight: the fetal adrenal gland 
grows in parallel to the growth of the fetus 
until day 130-135 when there is a rapid 
growth surge (Comline and Silver, 1961; 
Liggins, 1969a), indicating that significant 
amounts of ACTHl _39 do not appear in the 
fetal circulation until this time. 

10.5 FETAL MATURATION - IN VITRO 
STUDIES 

In a perifusion system, the corticosteroid pro
duction of adrenal tissue from fetal lambs 
(100-145 days' gestation) in response to 
ACTHl - 24 increased gradually until 137 days 
and then increased markedly until term (145 
days) (Bassett and Thorburn, 1973; Madill 
and Bassett, 1973). This increase paralleled 
the increases in adrenal weight and plasma 
corticosteroid concentration which occurred 
before birth (Madill and Bassett, 1973). It was 
suggested that in vivo the adrenal may well be 
responding at near-maximal rates to stimu
lation by endogenously produced ACTH dur-



ing the last 7-10 days of gestation, although 
this is clearly not so after birth (Madill and 
Bassett, 1973). These studies showed that, 
although the adrenals of younger fetuses can 
respond acutely to ACTH stimulation, it is 
the in vivo maturation of the ACTH
responsive system of the fetal adrenal which 
is rate limiting in the marked increase in corti
costeroid concentrations during the last week 
before parturition. The studies of Madill and 
Bassett (1973) illustrate that the fetal adrenal 
depends on ACTH to maintain its steroid
ogenic capacity. The weight of the adrenals, 
the plasma cortisol concentration and the re
sponse of the adrenals to ACTH increase in 
parallel. 

When ACTHl _24 is infused over 3-4 days in 
amounts that result in supraphysiological 
concentrations in the plasma, fetal adrenal 
maturation is induced, but it is not known 
whether ACTH in physiological concen
trations is responsible by itself for the normal 
preparturient increase in fetal adrenal re
sponsiveness. An extrapituitary inhibitor of 
adrenal maturation (Durand et al., 1982a, 
1985a,b) and PGE2, released from the pla
centa (section 10.10.1), has been suggested to 
playa role in fetal adrenal maturation. 

Although the acute response of the fetal 
adrenal to ACTH is relatively weak before 
about 136-140 days' gestation, many studies 
have shown that prolonged infusion of 
ACTHl _24 (4-10 j.Lglh) before that time can 
induce premature adrenal maturation, with 
high levels of cortisol in the fetal plasma 
at delivery (Liggins, 1968; Bassett and 
Thorburn, 1973; Strott et al., 1974; Kendall et 
al., 1977). The doses used are probably phar
macological and exceed the calculated pro
duction rate of ACTHl _39 (40 nglh) by a factor 
of 50-200 Oones et al., 1975; Nathanielsz et al., 
1977). When the dose of ACTH l _24 was 
reduced to 0.25 j.Lglh, starting at day 129, two 
fetuses were delivered at 143 and 144 days' 
gestation, suggesting possible premature 
delivery (Cabalum et al., 1982). Clearly this 
dose of ACTH l _24 must have been close to or 
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at the threshold: it would be of value to 
measure the plasma concentrations of ACTH 
and cortisol in hypophysectOlnized and con
trol fetuses infused with 100-200 nglh of 
ACTHl _24 from 120 days' gestation. This 
amount of ACTH should provide sufficient 
trophic support for the fetal adrenal. If the 
hypophysectomized fetuses (with ACTH in
fusion) are delivered at normal term, it would 
suggest that the trigger for parturition may 
reside in the adrenal or the placental-adrenal 
axis. 

Recently, these questions have been 
addressed experimentally. Fetuses hypophy
sectomized at 125 days' gestation and infused 
with 0.2 j.Lglh ACTHl _24 delivered prema
turely while those infused with 0.1 j.Lglh de
livered at term (Jacobs et al., 1993). These 
experiments demonstrate how exquisitely 
sensitive the fetal adrenal glands are to 
biologically-active ACTH in the absence of 
the pituitary. 

Because of their earlier observations and 
those of others indicating that many peptide 
hormones are secreted in a pulsatile fashion, 
Lye et al. (1983) compared the effect of admi
nistering ACTH as pulses (66 ng/min given 
for 15 min every 2 h) with giving the same 
dose (990 ng per 2 h) as a continuous in
fusion. This dose of ACTH (-500 nglh) is 
half the dose (1 j.Lglh) used by Cabalum et al. 
(1982) but only twice the apparent threshold 
(see above). Pulsatile administration of 
ACTH was continued until premature deliv
ery occurred with a mean time interval of 
99.1 h for singleton fetuses. Both the continu
ous and pulsatile modes of administration of 
ACTHl _24 provoked a significant increase in 
the fetal plasma cortisol concentrations (Lye 
et al., 1983). Unfortunately, plasma concen
trations of ACTH were not measured. 
However, increasing the ACTH l - 24 dose from 
250 nglh (Cabalum et al., 1982) to 500 nglh 
(Lye et al., 1983) was sufficient to induce 
premature parturition, suggesting that the 
system is very sensitive to a small change in 
ACTH concentrations. 



1012 Role of the fetus in the initiation of parturition 

10.6 BIOCHEMICAL CHANGES IN THE 
FETAL ADRENAL ASSOCIATED WITH 
MATURATION 

The fetal adrenal responds in vitro to ACTH 
with maximum cortisol output per unit 
weight of gland early in pregnancy (days 50-
60); the capacity is reduced during mid
pregnancy but returns again near term (Win
tour et al., 1975). It has been suggested that 
there is a suppression or inhibition of adrenal 
function around day 100 (mid-gestation) 
(Durand et al., 1982a, 1985a,b) and the with
drawal of this inhibition may be responsible 
for the increased adrenal responsiveness to 
ACTH (adrenal maturation) that precedes 
parturition. A lack of circulating ACTHl _39 

(or the presence of HMW species) would also 
explain this so-called inhibition because the 
infusion of ACTHl _24 can reverse it. 

Administration of ACTHl _24 to fetuses 
after day 100 of gestation causes premature 
maturation of fetal adrenal function (Challis 
et al., 1982a; Durand et al., 1982b, 1984b; Lye 
et al., 1983; Cathiard et al., 1985, Challis and 
Brooks, 1989). Specifically, the changes in the 
adenylate cyclase system and steroidogenic 
enzymes resemble those seen before normal
term parturition. Infusion of ACTHl _24 

(100 /-Lg/day for 5 days) into 115-day ovine 
fetuses caused a marked increase in the 
ability of adrenal cells to produce both cAMP 
and corticosteroids, when stimulated by 
ACTHl _24 or cholera toxin (Durand et al., 
1981a; Challis et al., 1982b). The changes in 
the cell membrane included: 

1. an increased activity of the regulatory and/ 
or catalytic subunits of adenylate cyclase 
as demonstrated by a greater response of 
cyclase to both sodium fluoride and gua
nylylimidodiphosphate [Gpp(NH)p] com
pared with that of control fetuses; 

2. the appearance of a more efficient 'coup
ling' between ACTH receptors and adeny
late cyclase, because ACTHl - 24, which is 
unable to increase cyclase activity in mem
branes from control fetuses, stimulated 

this enzyme in membranes from 
ACTHl _24-treated fetuses; 

3. an increased number of ACTH receptors 
from 47 ± 4 to 106 pmol per /-Lg of DNA 
(Durand et al., 1981b). 

10.7 ACTH RECEPTORS IN THE FETAL 
ADRENAL 

Recent studies have been directed towards 
elucidating changes in the number of recep
tors for ACTH (Durand, 1979), in the activity 
of adrenal adenylate cyclase (Durand et al., 
1981a-c) and in activities of the enzymes 
operant in the cortisol biosynthetic pathway 
(Anderson et al., 1970, 1972; Madill and 
Bassett, 1973). ACTH binding sites have been 
identified in cell membrane preparations of 
fetal sheep adrenal glands. Determination of 
the affinity of the binding sites by Scatchard 
anarsis gives an apparent Kd of about 
10- M, a lower binding affinity than nor
mally associated with membrane receptors 
(Durand, 1979). However, the Kd of the 
receptor-hormone binding and the apparent 
EDso of adenylate cyclase activation by ACTH 
(2-5 x 10-8 M) are reported to be well corre
lated (Durand et al., 1985b). There is another 
small pool of high-affinity sites in adult adre
nal membranes (Kd 10-12 M or 10-10 M) 
(Lefkowitz et al., 1971; McIlhinney and 
Schulster, 1975). The hypothesis of a dual 
messenger function in ACTH action on adre
nal steroidogenesis has received considerable 
attention (Li et al., 1989; Gallo-Payet and 
Payet, 1989). ACTH is now known to stimu
late steroidogenesis by at least two mechan
isms. Both appear to involve specific cell 
membrane receptors, but only one class of 
receptor recruits the formation of cAMP in 
the signal transduction process. It has also 
been proposed that mobilization of intracellu
lar calcium mediates steroidogenesis in re
sponse to a receptor species independent of 
adenylate cyclase (Yanagibashi, 1979; Kojima 
et al., 1985; Rasmussen et al., 1986). More-



over, low concentrations of ACTH can stimu
late steroid secretion without detectable 
changes in intracellular cAMP, and can in
duce calcium influx as well as a rise in cyto
solic calcium (for references see Gallo-Payet 
and Payet, 1989). Accordingly, Gallo-Payet 
and Payet (1989) have postulated that, at low 
concentration, ACTH binds preferentially to 
the high-affinity site of its receptor (type I), 
leading to calcium influx by depolarization of 
the membrane potential, and to steroid se
cretion predominantly through an inositol 
phosphate (IP3)- and Ca2+ -stimulated path
way. At higher concentrations, ACTH also 
binds to a lower affinity site of its receptor 
(type II), largely stimulating cAMP pro
duction and further increasing steroid se
cretion. Li et al. (1989) have proposed that 
ACTH1_ 10 and ACTHl1_24 promote adrenal 
steroidogenesis by different mechanisms. 
Using bovine adrenal cells they found that 
one class of receptor recognized ACTH1_ 1O, 

but not ACTHl1_24, and that it was linked to 
the cAMP messenger pathway. In contrast, 
ACTHl1_24 was linked to the IP3 pathway. 
Presumably ACTHl _24 works through both 
the type I (IPY'Ca2+) and type II (adenylate 
cyclase) pathways. It is therefore of consider
able interest that ACTHl1_24 displaces 1251_ 
labelled ACTHl _24 from its binding sites on 
ovine fetal adrenal preparations, whereas 
ACTH1_10 does not (Durand et al., 1985b). 
This would suggest that the type I receptor 
and its associated IPY'Ca2+ pathway is pres
ent in fetal membranes (between 100 and 130 
days' gestation), whereas the type II receptor 
and its associated cAMP pathway is not. 

The number of ACTHl _24 binding sites, ex
pressed per J.Lg of DNA, remains constant 
from day 124 to day 140, then increases dra
matically (threefold) between day 140 and 
term (Durand et al., 1985b). The close tem
poral relationship between the increase in 
adrenal adenylate cyclase responsiveness, 
the plasma corticosteroid concentrations and 
the number of adrenal ACTH receptors from 
day 140 supports the functional specificity of 
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these binding sites and strongly suggests that 
the increase in their number plays an import
ant role in the preparturient maturation of 
the fetal adrenal (Manchester and Challis, 
1982; Durand et al., 1985b). It also indicates 
that the preparturient increase in ACTH re
ceptors is closely linked to adenylate cyclase 
activity of the receptors and suggests that the 
receptors are of type II. Adrenal cells be
tween 100 and 130 days' gestation have high 
levels of ACTH receptors, but their response 
to ACTH, as judged by adenylate cyclase 
activity, is poor (Durand et al., 1981a-c). At 
124 days' gestation, ACTHl _24 was not able to 
increase adenylate cyclase activity in crude 
membrane preparations from ovine fetuses. 
It is possible, therefore, that the ACTH recep
tors present in the fetal adrenal between 100 
and 130 days are type I and are associated 
with the IP3/Ca2 + pathway, and that the in
crease in receptors during the last 7-10 days 
is due to a marked increase in type II recep
tors which account for the increase in adeny
late cyclase activity and steroidogenesis. The 
loss of sensitivity of the fetal adrenal in mid
gestation may be associated with the loss of 
type II receptors (due to low ACTHl - 39 con
centrations), and the biochemical changes 
observed at this time may be equivalent to a 
functional hypophysectomy with a selective 
loss of type II receptors. This situation can be 
reversed by the infusion of ACTH l _24 into 
young fetuses, in which the changes in cAMP 
and corticosteroid production closely re
semble those that occur spontaneously at 
term (Durand et al., 1981b) and with 
ACTHl _24 infusion of hypophysectomized 
fetuses Gones et al., 1978b). It has been shown 
in adult hypophysectomized rabbits that 
ACTH alone can induce its own (presumably 
type II) receptors, and so the preparturient 
increase in ACTH receptors may be due to a 
direct effect of ACTH. 

It is therefore possible that, with very low 
levels of ACTH in mid-gestation, the num
bers of type II receptors are lost and post
receptor changes occur. At day 63, ACTH, 
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cholera toxin, Gpp(NH)p and forskolin all 
stimulated cAMP and cortisol output by 
ovine fetal adrenal cells (Manchester and 
Challis, 1982; Durand et al., 1985b, 1987; 
Challis and Brooks, 1989). Responses to these 
agonists were lost at day 100 but reappeared 
near term (Durand et al., 1981a; Manchester 
and Challis, 1982). Durand et al. (1981b) were 
unable to stimulate adenylate cyclase activity 
with ACTH using adrenal membranes from 
day 124 fetuses, although sodium fluoride 
and Gpp(NH)p were effective. By day 140, 
however, the ACTH effect had reappeared 
and was enhanced by Gpp(NH)p. 
Manchester and Challis (1982) concluded that 
their inability to stimulate steroid output in 
response to ACTH between days 100 and 130 
could relate to the presence of a population of 
ACTH receptors that are not functionally 
linked to adenylate cyclase. However, the 
receptors may be linked to the IP/Ca2+ path
way. Although in these studies there was no 
steroidogenic response to ACTH, earlier in 
vitro studies (Glickman and Challis, 1980; 
Magyar et al., 1980b) had shown a small re
sponse to ACTH, and Norman et al. (1985) 
and Pradier et al. (1985) found that CRF 
administration to fetuses between 115 and 
130 days' gestation caused a small but signifi
cant increase in cortisol concentrations; this 
response may be mediated by the type I 
receptor. 

It has been suggested that the block to 
adrenal responsiveness after day 124 is due to 
decreases in GTP availability or GTP binding 
(Durand et al., 1981b), and that coupling 
through the Gs protein is probably a rate
limiting step in cAMP production (Durand et 
al., 1985b). It assumed that appropriate (poss
ibly type II) receptors are present before 140 
days but the available data would be consist
ent with a lack of adenylate cyclase-coupled 
(type II) receptors. These receptors can be 
induced in vivo or in vitro by ACTH treat
ment. As the studies of Li et al. (1989) indicate 
that ACTH acts via both receptors simul
taneously, the results with ACTHl _24 suggest 

that, if only the type I receptor is present (e.g. 
between 100 and 130 days' gestation), the 
steroidogenic response, although present, 
would be greatly reduced. The appearance of 
the type II receptor (e.g. at 137-140 days) 
would greatly enhance the steroidogenic re
sponse to ACTH. If the development of ade
nylate cyclase activity in the fetal adrenal 
membranes is dependent on the presence of 
biologically active ACTH in the fetal circu
lation, it would suggest that ACTHl - 39 con
centrations in fetal plasma must be low until 
about 137 days' gestation or inadequate to 
induce the adenylate-coupled (type II) 
receptors. 

In summary, the increase in fetal cortisol 
concentrations occurs in two phases the first, 
starting 20-25 days before delivery, is small 
and gradual and the second, starting some 
4-5 days before delivery, is rapid and 
marked. It is possible that ACTH l _39 at low 
levels (or the HMW species of POMC at high 
concentrations) acts via the high-affinity type 
I receptors to produce low levels of steroido
genesis and low cortisol concentrations, and 
that with increasing ACTHl - 39 concentrations 
the type II receptors are induced and steroi
dogenesis and cortisol secretion increase 
markedly. 

10.8 INHIBITION OF FETAL ADRENAL 
FUNCTION 

Adrenal cells from 115 to 120-day ovine 
fetuses, when cultured for 6 days, underwent 
spontaneous maturation of their response to 
ACTHl _24 (Durand et al., 1981a, 1982a, 
1985a,b). In cells maintained in ACTH-free 
media, basal cAMP production remained low 
and constant; an exponential increase in their 
cAMP response to a 2-h treatment of 
ACTHl _24 was observed, and by day 6 the 
response was 25-fold higher than on day 1. 
When cells were exposed to ACTHl _24 for 2 h 
per day from day 1 onwards, the develop
ment of the cAMP response was faster, but 



the production of cAMP was only slightly 
greater than that of cells cultured in ACTH
free media (Durand et al., 1982a). Durand et 
al. (1982a) therefore postulated the existence 
in the ovine fetus of factor(s) which inhibit 
the 'spontaneous' development in vivo of 
some component(s) of the ACTH l _24-
sensitive adenylate cyclase system. The 
action of the putative inhibitory factor(s) can 
be overcome by infusing fetal lambs with 
ACTHl _24. In some cell systems, calcium can 
antagonize the actions of cAMP: calcium
calmodulin complex activates cAMP phos
phodiesterase, the enzyme that catalyses the 
metabolism of cAMP to the inactive 5'-AMP. 
An increase in free cytosolic calcium ion can 
therefore decrease the levels of cAMP and 
cAMP-dependent protein kinase activity and 
change the activities of the enzymes that are 
substrates for this kinase (Mendelson, 1988). 
It is possible that an inhibitory factor might 
work via such a system and suppress cAMP 
levels. Oka et al. (1989) have shown that 
angiotensin II and transforming growth fac
tor beta (TGF-I3), both of which are known to 
act through IP3/Ca2+ receptors, can block the 
stimulatory actions of ACTH on cortisol pro
duction in cultured bovine fetal adrenal cells. 
In ovine fetal adrenal cells angiotensin II and 
TGF-13 inhibited the ACTH induction of 
cortisol production and P45017a: expression 
(Rainey et al., 1991). The putative inhibitor(s) 
could be therefore acting via this IP~Ca2+ 
pathway. However, at low concentrations, 
ACTH binds to high-affinity sites (section 
10.7), leading to calcium influx through 
voltage-dependent Ca2+ channels secondary 
to decreased potassium permeability, leading 
to steroid secretion by the IP~Ca2+ pathway 
(see Gallo-Payet and Payet, 1989). This recep
tor pathway may operate in the fetal adrenal 
despite the functional absence of the adeny
late cyclase pathway. It is possible that at low 
concentrations, ACTHl - 39 binds to the high
affinity sites, producing low levels of cortisol 
and inhibiting the adenylate cyclase path
way. However, as ACTHl _39 concentrations 
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increase, adenylate receptors increase, 
thereby stimulating steroidogenesis. 

Challis et al. (1984) have shown that trifluo
perazine, a calmodulin antagonist, blocks 
both ACTH- and dibutyryl cAMP-stimulated 
cortisol output by term fetal adrenal cells, 
providing further evidence that the calmodu
lin system is involved in post-receptor events 
in the fetal adrenal. In addition, the calcium 
channel blockers nifedipine and verapamil 
inhibit steroidogenesis in bovine adrenal 
cells induced by ACTH1_1O, ACTHl1_24 or 
ACTHl - 24 (Li et al., 1989), suggesting that 
calcium is required for release of steroid from 
adrenal cells regardless of the receptor/ 
effector mechanism. 

10.9 STEROIDOGENIC PATHWAYS 

Madill and Bassett (1973) showed that cortisol 
(F) was the principal corticosteroid released 
by the fetal adrenal at term, the molar ratio of 
F to corticosterone (B) in the perfusion eluate 
increased from 1. 2 for tissues from fetuses of 
100-200 days' gestation, to 2.5 at 135 days. In 
older fetuses, the ratio varied between 1.5 
and 12.5 with a mean of 5.3 (± 1.1) compared 
with 7.1 ± 0.3 in lambs and 10.5 ± 2.3 in 
adult sheep. Alexander et al. (1968) found a 
similar increase in the FIB ratio in adrenal 
venous plasma as the fetus neared term. 
Madill and Bassett (1973) considered the 
changes in the FIB ratio reflected an 
activation of 17a-hydroxylase by ACTH. 
Wintour et al. (1977) reported the inability of 
adrenal quarters from fetuses of 90-120 days' 
gestation to produce F in response to ACTH. 
Anderson et al. (1970) suggested that both 
17a and 1113 hydroxylating enzyme systems 
were relatively inactive in the adrenal cortex 
of the fetal lamb at 122 days' gestation and 
that these activities increased greatly just be
fore term or after prolonged fetal infusion of 
ACTH (Anderson et al., 1972). 

In an attempt to elucidate the change in 
activities of enzymes involved in corticoster
oid synthesis, Manchester and Challis (1982) 
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measured the formation of F and B in 
the presence of pregnenolone (Ps), 17a
hydroxypregnenolone (17a-OHPs), pro
gesterone (P4) and 17a-hydroxyprogesterone 
(17a-OHP4). In Day 50 tissue all four sub
strates were converted to F, and Ps and P4 

were converted to B, showing the presence of 
1113- and 21-hydroxylase activities as well as 
5,313-hydroxysteroid dehydrogenase. By Day 
100 only 17a-hydroxysteroids were converted 
to F and the conversion of P4 to 17a-OHP4 

was low. By day 130 and at term, both P 4 and 
17a-OHP4 were converted to F. It was con
cluded that there was a marked increase in 
17a-hydroxylase activity during the later part 
of gestation and at term it was no longer rate 
limiting for cortisol production. The activity 
of 313-hydroxysteroid dehydrogenase enzyme 
also increased during late gestation, but at 
term it remained, relatively, a rate-limiting 
enzyme (Manchester and Challis, 1982). 
Similar conclusions were reached by Durand 
et al. (1982b). 

10.10 PROSTAGLANDIN E2 

Placental prostaglandin (PG) synthesis, as 
judged by the PG synthetic capacity of cotyle
donary microsomes (Rice et al., 1988) and 
isolated placental cells (Risbridger et al., 
1985), increases markedly from day 100 
onwards. The ovine placenta secretes in
creasing amounts of PGE2 into the fetal and 
maternal circulations (Fowden et al., 1987), in 
parallel with the increase in fetal cortisol 
(Thorburn et al., 1988; Thorburn and Rice, 
1990). The increase in PGE2 precedes that of 
ACTH or cortisol (S.A. Hollingworth, per
sonal communication) and the placenta, by 
releasing PGE2, may play an important role 
in the activation of the fetal HP A axis (Rice 
and Thorburn, 1988; Thorburn et al., 1988, 
1989, 1991; Thorburn and Rice, 1990). 

lD.lD.1 CENTRAL ACTIONS OF PGE2 

The PGs have been implicated in the regu
lation of the activity of the HPA axis. PGE2 

stimulates ACTH release from the pituitary, 
and PGs of the E series may act at a suprapi
tuitary site because their action is blocked by 
the administration of morphine or lesions in 
the median eminence (de Wied et al., 1969; 
Peng et al., 1970). Local administration of PGs 
of the E, F, A and B series stimulate ACTH 
secretion when injected into medial basal 
hypothalamus at doses (0.5--1 J.1g) that are 
without effect when injected into the lateral 
basal hypothalamus, the anterior pituitary or 
the tail vein (Hedge, 1977, for review). Local 
hypothalamic administration of indometha
cin completely prevents compensatory 
adrenal hypertrophy as well as the ACTH 
secretion induced by some stresses (Thomp
son and Hedge, 1978), suggesting that local 
synthesis of PGs in the hypothalamus can 
influence the secretion of corticotrophins. 

The infusion of PGE2 into the abdominal 
aorta (Vilhardt and Hedqvist, 1970) or of 
PGE1 intravenously (Bed and Schrier, 1973) 
causes the release of vasopressin (A VP) and 
is probably, at least in part, a centrally me
diated effect (Vilhardt and Hedqvist, 1970; 
Andersson and Leksell, 1975; Yamamoto et 
al., 1976). Further evidence of a direct action 
of PGE2 on the hypothalamus was the 
finding that PGE2 was also active in an 
explanted guinea pig hypothalamo-neuro 
hypophysial complex (Ishikawa et al., 1981). 
Since PGs are formed in the hypothalamus 
(Ojeda et al., 1978; Hayaishi, 1983), it has 
been proposed that PGs exert a stimulatory 
action on ACTH release by increasing se
cretion of the ACTH-releasing hormones, 
CRF and AVP (Hedge, 1977; Thompson and 
Hedge, 1978). It is possible that PGs pro
duced in the hypothalamus may be carried in 
the portal circulation to act on the pituitary. 

PGE2 stimulates the hypothalamus to re
lease ACTH but its action on the pituitary is 
thought to be inhibitory. Several in vitro 
studies have shown that PGE2, but not 
PGF2a, PGD2 or PG}z, inhibits the release of 
ACTHlI3-endorphin after stimulation of the 
anterior pituitary by AVP or CRFl -41 (Vale et 



al., 1978; Vlaskovska et al., 1984; Vlaskovska 
and Knepel, 1984). Specific PGE2 binding 
sites exist in the anterior pituitary gland 
(Malet et al., 1982) and PGE2 is the major 
PGH synthase (cyclooxygenase) product pro
duced by the gland (Ojeda et al., 1978; Pilote 
et al., 1982; Vlaskovska et al., 1984). AVP and 
CRF stimulated the secretion of PGE2 by the 
anterior pituitary in vitro (Vlaskovska et al., 
1984). Thus it has been proposed that PGE2 is 
formed locally in the anterior pituitary fol
lowing CRF and/or A VP binding to the gland 
and may act as a negative-feedback modu
lator of ACTHlJ3-endorphin release and that 
the effects of blockade of the PGH synthase 
may be secondary to the removal of a local 
negative-feedback signal (PGE2 ) (Vlaskovska 
and Knepel, 1984). 

When indomethacin or other PGH syn
thase inhibitors are administered systemi
cally (Weidenfeld et al., 1980, 1981; 
Thompson and Hedge, 1981) or directly into 
the hypothalamus (Thompson and Hedge, 
1978) ACTH secretion is stimulated. The 
major site of action of systemically injected 
indomethacin is considered to be the adeno
hypophysis and the stimulation is probably 
secondary to the removal of the local inhibi
tory control of PGE2 on pituitary ACTH 
release. 

Vlaskovska and Knepel (1984) have pro
posed that lipoxygenase-derived arachidonic 
acid metabolites may exert a stimulatory 
action on ACTH release from the pituitary. In 
this study the major metabolite of arachi
donic acid in the adenohypophysis was 
found to be 12-0H-S,8,lO,14-eicosatetranoic 
acid (12-HETE), indicating the relative im
portance of the C-12 lipoxygenase pathway of 
arachidonic acid metabolism (Pilote et al., 
1982). Nordihydroguaiaretic acid (NDGA), 
which inhibits lipoxygenase activity in the 
adenohypophysis and reduces the formation 
of 12-HETE, inhibited the release of 13-
endorphin in response to stimulation by A VP 
or CRF, although 12-HETE had no effect on 
ACTH release (Vlaskovska and Knepel, 
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1984). The inhibitory action of PGE2 may also 
be mediated by the lipoxygenase pathway 
since PGE2 no longer inhibited A VP-induced 
J3-endorphin release in the presence of 
NDGA (Vlaskovska and Knepel, 1984). The 
potent stimulatory effect of indomethacin on 
ACTH release may therefore be due to a 
block of PGH synthase activity, thereby re
moving the inhibitory action of PGE2 on the 
lipoxygenase pathway, and by the preferen
tial shunting of arachidonic acid into the 
lipoxygenase pathway with the formation of 
stimulatory metabolites. The administration 
of PGH synthase inhibitors [4-amino antipyr
ine (4-AAP) and indomethacin] dramatically 
increases ACTH concentrations in adrenal
ectomized fetuses, suggesting that similar 
mechanisms may be operative in the fetal 
lamb (Hollingworth et al., 1990b). When 
PGE2 (2 J.Lg/min) is infused into fetal lambs 
from day 110 onwards, there is a pronounced 
increase in plasma ACTH values (Holl
ingworth et al., 1990c; Thorburn, 1991; 
Thorburn et al., 1991). Chromatographic 
analysis of the plasma on Sephadex GSO 
columns revealed that PGE2 stimulated the 
release of high and low molecular weight 
precursors as well as ACTHl _39 (Figure lO.2). 

PGE2 appears to act on ACTH release at the 
level of the hypothalamus, because ACTH 
release does not occur in response to PGE2 in 
hypothalamic-pituitary disconnected (HPD) 
fetuses. When the PGE2 infusion into the 
fetus was prolonged for ~24 h, fetal plasma 
ACTH values declined to basal levels after 
12 h, although cortisol concentrations 
remained elevated during the infusion (Thor
burn et al., 1991). The changes in ACTH and 
cortisol concentrations were similar to those 
during prolonged fetal hypoxaemia caused 
by a restriction in placental blood flow (Chal
lis et al., 1989; Hooper et al., 1990). The de
crease in ACTH values probably resulted 
from the inhibitory feedback of cortisol, and 
the prolonged increase in cortisol was prob
ably due to a direct action of PGE2 on the fetal 
adrenal (Louis et al., 1976). 
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Figure 10.2 Elution profiles of immunoreactive (IR) ACTH in fetal plasma. Samples were collected at 0, 
60 and 120 min after the infusion of prostaglandin Ez (2 ILg/min) into an intact fetus at 127 days' 
gestation. ACTHl - 39 elutes at 31 ml. Samples (1.0 ml) were subjected to gel filtration chromatography 
on Sephadex G50 fine using 1% formic acid (containing Polypep) as elution buffer at a flow rate of 
10 mllh. 

10.10.2 PGEz ACTION ON THE FETAL 
ADRENAL 

In adult animals exogenous PGEs stimulate 
adrenocortical cAMP production (Sarutz and 
Kaplan 1972; Honn and Chavin, 1977) and 
increase adrenal steroid production and re
lease (Flack and Ramwell, 1972; Sarutz and 
Kaplan, 1972; Laychock and Rubin, 1975; 
Warner and Rubin, 1975; Ellis et al., 1978). 
Prostacyclin is more potent than PGE2 in 
stimulating steroidogenesis (Ellis et al., 1978; 
Liggins et al., 1982). The presence of PGs, 
particularly PGE2, in adrenocortical tissue is 
well established. In vitro ACTH can induce 
adrenocortical PG synthesis (Laychock and 
Rubin, 1975) and indomethacin, which in
hibits adrenal PG synthesis (Thompson and 
Hedge, 1981), can inhibit ACTH-stimulated 
glucocorticoid secretion (Honn and Chavin, 
1977; Spat et al., 1977). In vitro reduced PG 
synthesis inhibits corticosteroid secretion in 
response to ACTH but not dibutyryl cAMP 
(Gallant and Brownie, 1973) and indometha-

cin exerts a direct effect on the adrenal, de
creasing responsiveness to acute elevations 
in ACTH (Thompson and Hedge, 1981). In 
the latter study, despite decreased respon
siveness to ACTH, basal concentrations of 
corticosterone were increased by the indo
methacin treatment, probably secondary to 
elevated plasma ACTH concentrations. 
Thompson and Hedge (1981) suggested that 
the site of action of PGs was at, or before, the 
activation of adenylate cyclase by ACTH. 
PGE2 may therefore act to increase ACTH 
receptors or to improve the coupling of the 
receptor to the adenylate cyclase, possibly at 
the level of the Gs protein, or via the IP3/Ca2+ 
receptor pathway. 

By infusing PGE2 and PGF2a into fetal 
lambs on days 125-130 of pregnancy, Louis et 
al. (1976) examined the possibility that PGs 
might influence fetal adrenal production of 
corticosteroids. At this stage of gestation, the 
fetal adrenal responds poorly to short-term 
infusions of ACTHl _24; PGE2 provoked a 
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threefold increase in fetal plasma cortisol, 
whereas a similar amount of PGF2a had no 
effect. The capacity of the placenta to syn
thesize PGs may therefore be associated with 
maturation of the fetal adrenal gland. There 
is a progressive increase in PGE2 concen
tration in the fetal circulation (Fowden et al., 
1987), suggesting that the stimulus to fetal 
adrenal function may come from the placenta 
(Thorburn et al., 1989). Liggins et al. (1982) 
confirmed the results of Louis et al. (1976) and 
showed that the effect of PGE2 was not sig
nificantly different in intact and hypophysec
tomized fetuses, eliminating the possibility 
that pituitary peptides were involved. 
However, PGE2 may release ACTH from the 
ovine placenta as it does from the human 
placenta (Petraglia et al., 1987). 

Specific PGE2 receptors have been ident
ified in the adrenal membranes of adult 
humans and sheep, and they stimulate ade
nylate cyclase activity (Dazord et al., 1974). It 
is not known whether PGE2 binding sites are 
present in ovine fetal membranes, but PGE2 

(10-5 M) did not stimulate adenylate cyclase 
in adrenal membranes of the fetal or newborn 
(3 days) lamb (Durand et al., 1981b). PGE2 

presumably exerts its action on the fetal 
adrenal via membrane receptors linked to the 
adenylate cyclase system (Rice and 
Thorburn, 1988; Thorburn et al., 1988; 
Thorburn and Rice, 1990; Thorburn, 1991). 
Coleman et al. (1985) have postulated that 
PGE2 can act through three types of recep
tors, which they have designated, EPv acting 
via the Ip3/Ca2+ pathway (present in contrac
tile tissues like smooth muscle); EP2, via the 
adenylate cyclase pathway; and EP3, also act
ing via the adenylate cyclase pathway but in 
an inhibitory mode. EP1 receptors may there
fore be present on the fetal adrenal between 
days 100 and 130 of gestation, and the in
fusion of PGE2 may induce a steroidogenic 
response by stimulating the EP1 receptors 
and activating the IP3/Ca2+ pathway. These 
putative EP1 receptors and the type I ACTH 
receptor may be linked to the same pathway. 

PGE2, but not cAMP or LH, can stimulate P4 

synthesis in isolated ovine binucleate cells 
(Wango et al., 1988), suggesting that PGE2, 

may act in an autocrine/paracrine fashion to 
stimulate placental P 4 synthesis, probably by 
an IP3/Ca2+ pathway. Further studies will be 
needed to determine whether the IP3/Ca2+ 

pathway develops earlier than the adenylate 
cyclase pathway in the fetal adrenal. 

10.11 THE DEVELOPMENT OF 
GLUCOCORTICOID FEEDBACK ON THE 
FETAL HPA AXIS 

Perhaps the key element in the initiation of 
parturition in sheep is that cortisol must 
reach sufficiently high concentrations in fetal 
plasma and be maintained for long enough 
(36-48 h) to induce high 17a-hydroxylase 
activity in the placenta (Anderson et al., 1975; 
France et al., 1988; Mason et al., 1989; 
Thorburn, 1991; Thorburn et al., 1991). The 
increased activity of this enzyme causes an 
increase in the metabolism of P5 away from 
P 4 to oestrogens, a profound increase in 
the oestrogen-progesterone ratio, a steep in
crease in PGF release, and thereby triggers 
parturition (Thorburn et al., 1991). Analysis 
of hormone profiles (Thorburn et al., 1989) of 
ewes entering term labour (Magyar et al., 
1980a; Elsner et al., 1980; Nathanielsz et al., 
1982) showed that P4 concentrations began to 
decrease rapidly 3.5 days (mean figure) be
fore delivery and this coincided with fetal 
cortisol concentrations of about 30-40 ng/ml 
(Magyar et al., 1980a). These levels are 
achieved only during the preparturient surge 
of cortisol (Thorburn et al., 1989). 

To achieve such high cortisol concen
trations it is essential that high plasma 
ACTHl _39 values are maintained during the 
preparturient cortisol surge. This raises the 
question of why, during the days preceding 
parturition, cortisol does not feedback on the 
hypothalamus and pituitary to inhibit 
the release of ACTHl _39• Earlier in gestation 
(117-131 days' gestation), the fetal 
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hypothalamic-pituitary unit is very sensitive 
to cortisol (Wood, 1986) but, in the last few 
days of fetal life, the negative feedback sensi
tivity is apparently absent, allowing the pre
parturient rise in cortisol to be maintained 
(Wood, 1987, 1988). It has been suggested 
that the maintenance of ACTH involves some 
neural pathways which are not subject to 
feedback inhibition by cortisol (Wood, 1988) 
or that some other powerful stimulus to CRF 
release may override the negative-feedback 
effects of cortisol. Placental PGEz, which is 
present in high concentration in the fetal cir
culation in the days preceding parturition, 
may provide such a stimulus (Thorburn, 
1991). 

The studies of Wintour et al. (1980) in adre
nalectomized fetuses suggested that the 
hypothalamic drive to the pituitary increases 
from 120-125 days of gestation, leading to 
a progressive increase in ACTH and 13-
endorphin concentrations. This finding 
clearly demonstrated the presence of an 
hypothalamic drive to the pituitary causing 
the release of increasing amounts of ACTH 
into the fetal circulation. The full extent of the 
stimulus was only revealed when the inhibi
tory effect of cortisol was removed by adrena
lectomy. In attempting to unravel the 
mechanisms involved in the initiation of par
turition in sheep, it would seem essential to 
determine the nature of the stimulatory input 
into the hypothalamus. 

After fetal adrenalectomy at 115 days' ges
tation, and hence removal of the inhibitory 
action of cortisol on the hypothalamus and 
pituitary, POMC mRNA levels in the fetal 
pituitary are significantly higher than in in
tact fetuses of the same gestational age (135 
days) (McMillen et al., 1990). 

The high levels of pituitary POMC mRNA 
found in adrenalectomized fetuses suggested 
that, in addition to the stimulus to the hypo
thalamus from the central 'trigger', the hypo
thalamus and pituitary are released from the 
negative feedback effect of cortisol making 
them more responsive to any stimulatory 

inputs. The high plasma concentrations of 
PGEz found in adrenalectomized fetuses 
(Hollingworth et al., 1990a) may provide a 
further stimulus for the release of CRH and 
A VP thus helping to maintain the high levels 
of ACTH found in these fetuses. To what 
extent the increase in plasma ACTH levels in 
adrenalectomized fetuses (Wintour et al., 
1980) is due to the progressive increase in 
fetal plasma concentrations of PGEz, rather 
than stimulation from some central 'trigger' 
or from the removal of cortisol inhibition, is 
unknown. The cause of the increase in pla
cental PGEz production is also unknown, 
although it has been suggested (Thorburn et 
al., 1988; Thorburn, 1991) that it is related in 
some way to the rapid increase in fetal 
growth at this time. 

Chromatographic analyses of plasma 
samples from adrenalectomized fetuses 
showed that ACTHl _39 was present in sub
stantial amounts much earlier in gestation 
(119 days was the earliest sample examined) 
than in plasma from control fetuses (Holl
ingworth et al., 1990a; Thorburn et al., 1991). 
The administration of cortisol to these adre
nalectomized fetuses selectively reduced 
values of ACTHl _39 (Hollingworth et al., 
1990b) but not those of high or low molecular 
weight precursors. The proposed model 
suggests that the ACTHl _39 released from the 
CRF target cells resides in vesicles within 
those cells (Schwartz, 1990). Furthermore, 
the CRF responsive cells are the likely site for 
the release of pulses of ACTH l _39 and a para
crine factor that acts to inhibit the secretion of 
ACTH (HMW forms) from other cells 
(Schwartz, 1990). 

Parkes et al. (1988), using an IRMA to 
measure ACTHl _39 specifically reported a 
parturient increase (fivefold) in ACTHl _39 but 
found no evidence of a rise in ACTHl _39 

when the increase in fetal cortisol concen
trations is expected. The increase in 
ACTH l _39 concentrations may start about 
126-130 days of gestation (Hollingworth et 
al., 1990a) or far earlier (Norman et al., 1985) 
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but adenylate cyclase activity in the fetal 
membrane and the major increase in fetal 
cortisol concentrations develop after 135--137 
days of gestation. 

A trophic drive to the HPA axis therefore 
appears to occur relatively early in gestation 
but is revealed only when the negative
feedback inhibition by cortisol is removed by 
fetal adrenalectomy. CRF is present in the 
hypothalamus quite early (115--120 days) but 
is not released until much later in response to 
cortisol. 

If ACTHl _39 is not released in significant 
amounts until late in gestation (e.g. ~135 
days' gestation), it is reasonable to ask what 
causes the initial increase in fetal cortisol 
levels. The present evidence suggests that 
HMW POMC species are present in the fetal 
circulation earlier than is ACTHl _39 (Jones, 
1983; Hollingworth et al., 1990a; Thorburn et 
al., 1991). Although they are considered to be 
only weakly steroidogenic, these peptides 
may be present in sufficient quantities to 
initiate a small increase in cortisol secretion 
from the fetal adrenal. PGE2 secreted by the 
placenta may also playa key role (in concert 
with the HMW species) in stimulating corti
sol secretion (Louis et al., 1976; Liggins et al., 
1982). When placental PGE2 release is stimu
lated by hypoxaelnia secondary to restricting 
placental blood flow, cortisol concentrations 
are increased and maintained at high levels 
(Hooper et al., 1990). Thus, together or indi
vidually, PGE2 and the HMW species of 
POMC may initiate the increase in fetal corti
sol levels, acting through a cAMP
independent pathway (section 10.7). This 
may be enhanced by a decrease in the plasma 
concentrations of the putative inhibitor pro
posed by Durand et al. (1982a). The gradual 
increase in fetal cortisol concentrations there
fore plays an important part in initiating the 
maturation of key organ systems of the body 
(Liggins et al., 1979; Thorburn, 1987) while 
delaying parturition, by inhibiting the release 
of ACTHl - 39 , until the maturation process is 
complete. 

Our recent results (Carr et al., 1992), using 
an IRMA, show a progressive increase in 
ACTHl _39 concentrations from early in the 
last third of gestation whereas the concen
tration of the HMW ACTH species remained 
unchanged, suggesting that the efficacy of 
the cortisol feedback decreases with time or 
the stimulus for the release of ACTH pro
gressively increases or both. 

Recent studies have clearly demonstrated 
the ability of cortisol to inhibit ACTH release 
in adrenalectomized fetuses (Hollingworth et 
al., 1990b). The adlninistration of cortisol to 
adrenalectolnized fetuses, in amounts suf
ficient to achieve parturient levels of cortisol 
in fetal plasma, caused a dramatic decrease in 
ACTHl _39 concentrations to very low levels. 
In normal fetuses at term, with the same 
cortisol concentrations, plasma ACTHl _39 

concentrations were found to be only 
modestly reduced (S.A. Hollingworth, per
sonal communication, 1993). These results 
suggest that, in intact fetuses, some positive 
stimulus opposes the inhibitory action of cor
tisol on the hypothalamus. This positive 
stimulus must be independent of the 'trigger' 
which is present and active in both adrenalec
tomized and intact fetuses. Since fetal plasma 
PGE2 concentrations are high at this time 
(Fowden et al., 1987; Hollingworth, 1993) and 
PGE2 is known to be a potent stimulator of 
ACTH release (Hollingworth, 1990a), it is 
possible that PGE2, derived mainly from the 
placenta (Fowden, 1987), may be the stimu
lus that maintains the ACTHl _39 concen
trations high in the face of high circulating 
levels of cortisol in normal fetuses at term. 

To summarize the above discussion, there 
appears to be a stimulatory drive to the fetal 
hypothalamus from a putative 'trigger' mech
anism, the site and nature of which is un
known, although it is thought to reside in the 
central nervous system. This drive initially 
succeeds in producing only a small increase 
in fetal plasma ACTHl - 39 levels (Norman and 
Challis, 1987a; Carr et al., 1992; Deayton et al., 
1993) and in initiating a small increase in fetal 
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plasma concentrations of corti~ol startin? 
about 120-125 days' gestation. ThIS early acti
vation of the HP A axis may be enhanced by 
the action of PGE2 acting at the hypothala
mus to stimulate the release of CRF and A VP, 
and thus ACTH and at the adrenal cortex to 
increase steroidogenesis. It is also possible 
that the 'trigger' may reside in the placenta 
and its action on the HP A axis is mediated by 
PGE2 • The activation of a placental trigger 
may be related to the growth of the fetus and 
the metabolic demands placed on the pla
centa (Thorburn, 1991; Thorburn et al., 1988). 

In the absence of adenylate cyclase (type 2) 
receptors in the fetal adrenal membranes be
fore 137-140 days' gestation, ACTHI_39 and 
PGE2 may act via type 1 IP3 receptors to 
initiate a small, but progressive increase in 
fetal cortisol concentrations. The increasing 
levels of cortisol in the fetal circulation exert a 
positive feedback action on the fetal adr.e~al 
cortex by increasing 17a-hydroxylase aCtiVI~ 
and enhancing the synthesis of further corti
sol (see Challis and Brooks, 1989). The in
creasing cortisol levels may also influence the 
processing of POMC favouring the secretion 
of ACTHl _39• In the light of recent data (S.R. 
Crosby, personal communication, 1993), the 
presence of high concentrations, of H~ 
ACTH species before 140 days gestatIon 
would reduce the responsiveness of the adre
nal cortex to ACTHl _39. 

CRF is present in the fetal hypothalamus 
before 115-120 days' gestation, and can be 
released by the fetal infusion of PGE2, but ~n 
the normal fetal sheep, it is not released In 

significant amounts until much later because 
of the inhibitory action of cortisol. The low 
concentrations of cortisol in fetal plasma be
tween 120-140 days play an important role in 
preparing the fetus for postnatal life by 
initiating the maturation of key organ sys
tems (Liggins et al., 1979; Thorburn, 1987). 

10.12 POSSIBLE HETEROGENEITY OF FETAL 
PITUITARY CORTICOTROPHS 

The above proposal requires the differential 
regulation of the secretion of th~ various 
POMC species, favouring the secretion of the 
weakly steroidogenic POMC species initially 
and the more active ACTHl _39 later. It was 
thought that the pituitary corticotrophs were 
a homogeneous popUlation of cells that re
sponded similarly to hypothalamic factors 
such as CRF and A VP. However, different 
cell populations appear to exhibit different 
secretory patterns in response to CRF, AVP 
or in the absence of a secretogogue (Schwartz 
and Vale, 1988; Schwartz, 1990; Schwartz et 
al., 1991). Pradier et al. (1988) noted that in 
the adult sheep intermediate molecular 
weight forms of immunoreactive ACTH are 
secreted by the pituitary in response to AVP, 
whereas ACTHl _39 is preferentially secreted 
in response to CRF. Thorburn et al. (1991) 
have suggested that the HMW species of 
POMC may be preferentially secreted in re
sponse to A VP by A VP target cells which 
could also secrete ACTH via a constitutive 
pathway (Schwartz et al., 1991) a~d secrete a 
stimulatory paracrine factor which acts on 
adjacent corticotrophs (Schwartz, 1990!. The 
putative stimulatory factor may be the lipoxy
genase derivative (possibly 12-HPETE) men
tioned above (section 10.10.1). This model 
could be used to explain changes in the fetal 
pituitary with increasing gestational age and 
in POMC peptide concentrations in the fetal 
circulation. The predominance of the HMW 
species of POMC in the fetal circulation be
fore 135-139 days of gestation may be due to 
the earlier appearance of the A VP target cells 
in the fetal pituitary and, possibly, the se
cretion of A VP by the fetal hypothalamus 
during this time. This suggestion would be 
consistent with the findings of Norman and 
Challis (1987a,b) that the fetal pituitary is sen
sitive to AVP stimulation (as judged by an 
increase in plasma ACTH levels) between 



days 100 and 130 of gestation but not at days 
135-140. 

Thorburn et al. (1991) have suggested that 
the late appearance of ACTHl _39 in the fetal 
circulation may be due to the late appearance 
of CRF target cells or the suppression of CRF 
release by the low levels of cortisol in the fetal 
circulation. Fetal adrenalectomy experiments 
(Thorburn et al., 1991) would favour the latter 
suggestion. The initial stimulatory drive from 
the hypothalamus to the fetal pituitary may 
therefore be A VP before subsequent release 
ofCRF. 

10.13 WHAT CONTROLS THE RELEASE OF 
ACTHl _39? 

The next critical step in the sequence of 
events leading to parturition in sheep is an 
increase in the concentrations of ACTHl _39 in 
fetal plasma. There is some dispute about the 
timing of this step, but recent data indicate 
that a significant increase in ACTHl _39 con
centration does not occur before day 135 of 
gestation (Parkes et al., 1988; Hollingworth et 
al., 1990a; Deayton et al., 1993) consistent 
with the timing of the rapid increase in 
ACTH receptors and adenylate cyclase 
activity in the fetal adrenal membranes, both 
of which might be expected since ACTH is 
known to increase its own adenylate cyclase 
receptors. These changes would explain the 
dramatic increase in fetal cortisol concen
trations in the 4-5 days before delivery. The 
most obvious cause of this increase in 
ACTHl _39 concentration is fetal plasma is an 
increase in the secretion of CRF by the hypo
thalamus. When feedback inhibition of the 
hypothalamus by cortisol is removed by fetal 
adrenalectomy, pituitary POMC mRNA 
levels increase markedly (McMillen et al., 
1990) and there is a marked increase in 
POMC peptides in the fetal circulation and 
the premature release of ACTHl _39• If the 
stimulus for ACTHl - 39 secretion was coming 
simply from increased secretion of CRF, it 
might be expected that pituitary POMC 
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mRNA levels would increase in the days be
fore delivery, but McMillen et al. (1988) found 
reduced POMC mRNA levels after 140 days 
of gestation. However, when fetal pituitaries 
were removed from ewes in labour, Yang et 
al. (1991) found an increase in some ewes 
although there was considerable variability 
between pituitaries. 

A potential difficulty in the interpretation 
of these results is that total anterior pituitary 
mRNA was measured; if only a subpopu
lation of the corticotrophs is responsible for 
secreting most of the circulating ACTHl - 39, 

these measurements may not reflect the 
change in POMC mRNA levels in these 
different cell populations. However, the de
crease in the POMC mRNA levels observed 
by McMillen et al. (1988) is consistent with 
cortisol exerting a negative feedback (in the 
slow domain, Dallman et al., 1987) at the 
pituitary level. Ozolins et al. (1990) have also 
demonstrated with HPD fetuses that cortisol 
can exert a negative feedback at the pituitary 
level. There are several possible reasons for 
the decrease in POMC mRNA levels in the 
pituitary before birth. Firstly, the secretion of 
CRF from the hypothalamus may actually be 
decreased rather than increased. Indeed, 
Brooks and Challis (1988) found that the CRF 
content of the fetal hypothalamus had de
creased by day 140 to the low values ob
served at day 100, suggesting that high 
cortisol concentrations were exerting a 
negative-feedback effect on CRF gene ex
pression, although the measurement of con
tent must be interpreted with caution. The 
low levels of CRF may indeed be an ex
pression of high turnover and low storage. 

It seems likely that the fetal hypothalamus, 
and particularly the cells which secrete CRF, 
is subjected to powerful stimulatory in
fluences which counteract the negative
feedback effects of cortisol and permit a con
tinued secretion of CRF. It would seem that 
PGEz can provide a powerful stimulus for 
CRF and ACTH release in the fetal lamb 
(Thorburn, 1989; Thorburn et al., 1991) and 
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high levels of PGE2 are found in the fetal 
circulation in the days before parturition 
(Fowden et al., 1987). PGs are also known to 
be synthesized locally in the hypothalamus of 
many species and may regulate the release of 
pituitary hormones (Hedge, 1977). 

The second reason for the low POMC 
mRNA levels in the anterior pituitary after 
day 140 is the high fetal cortisol levels. 
Finally, the relative amount of HMW species 
of POMC secreted by the fetal pituitary de
creases with increasing gestation (S.A. 
Hollingworth, personal communication) per
haps due to low levels of POMC mRNA in 
the putative A VP target cells rather than the 
CRF target cells. This suggestion would be 
consistent with the observation by Norman 
and Challis (1987a) that the fetal pituitary 
becomes less responsive to A VP by 135-140 
days of gestation. Low levels of POMC 
mRNA in A VP target cells may be secondary 
to a decrease in the secretion of A VP by the 
fetal hypothalamus late in gestation or to an 
increased release of the inhibitor from CRF 
target cells. 

Keeping all these reservations in mind, it is 
important to consider how the pituitary 
secretes increasing amounts of ACTHl _39 

despite decreasing amounts of POMC 
mRNA. There may be more efficient post
translational processing of the POMC mRNA 
(McMillen et al., 1988) or the CRF target cells 
may assume a more important role in the 
days preceding delivery (Thorburn et al., 
1991) so that post-translational processing in 
these cells favours relatively more ACTHl - 39 

and fully processed forms of POMC than 
HMW species (Schwartz, 1990). Although 
PGE2 does not appear to have a direct stimu
latory effect on the secretion of pituitary 
ACTH in the absence of CRF, since it does 
not increase ACTH secretion in HPD fetuses 
(S.A. Hollingworth, personal communi
cation), PGE2 may increase cAMP levels in 
the pituitary and therefore increase the 
efficiency of post-transcriptional events. 
Indeed, both CRF and PGF2 can act via ade-

nylate cyclase pathways and may act in con
cert to facilitate this process. 

Whether these putative functional cell 
types correlate with the 'fetal' (AVP target) 
and 'adult' (CRF target) cell types (Perry et 
al., 1985; Mulvogue et al., 1986) needs to be 
determined. Fetal adrenalectomy delays the 
appearance of 'adult' -type cells, whereas cor
tisol infusion into the fetus hastens their 
appearance (Antolovich et al., 1989). The 
present proposal suggests that various types 
of pituitary corticotrophs exist in the fetal 
pituitary during the last third of gestation. It 
is possible that the CRF target cells are rela
tively dormant before 135 days, but can be 
activated by the increased secretion of CRF 
after fetal adrenalectomy. The fact that the 
A VP-sensitive cells do not respond to a re
lease of AVP after day 135 of gestation (Nor
man and Challis, 1987a) does not establish 
whether A VP target cells have disappeared 
or have become non-functional because of 
low mRNA levels resulting from a lack of 
stimulation by A VP in late gestation or the 
increased presence of paracrine inhibitors. 

With reference to the more efficient post
translational processing of POMC in the 
near-term fetal pituitary, different processing 
pathways may occur in the different cell 
types. However, it is possible that all cortico
trophs possess the same pathways and that 
the redirection of POMC processing occurs in 
all cells, leading to an increase in the syn
thesis of ACTHl - 39 in the face of normal or 
low levels of POMC mRNA, or that 
ACTHl _39 is preferentially directed to a se
cretory rather than storage pathway. Several 
lines of evidence suggest that cortisol itself 
may influence post-translational processing 
by favouring the release of ACTHl _39 over the 
HMW species (Thorburn et al., 1991), per
haps by cortisol acting directly on the cortico
troph to influence the translational process or 
by selectively inhibiting the A VP target cells. 

In fetal sheep, the rise in plasma cortisol 
that precedes parturition (Bassett and Thor
burn, 1969; Magyar et al., 1980a) is associated 
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with an increase in the concentration of CBG 
in fetal plasma (Fairclough and Liggins, 1975; 
Ballard et al., 1982; Challis et al., 1985), par
ticularly during the second half of gestation, 
resulting in a threefold increase in CBG 
capacity by 140 days of gestation (Ballard et 
al., 1982). The expected rise in fetal CBG ca
pacity did not occur in hydranencephalic, 
stalk sectioned or hypophysectomized 
fetuses. However, Fairclough and Liggins 
(1975) and Challis et al. (1985) found that 
cortisol stimulated the synthesis of its own 
binding protein. Ballard et al. (1982) reported 
that the concentration of unbound ('free') 
corticoids was 0.9 ng/ml (12% of total corti
coids) at 115 days and did not increase until 
after 135 days, reaching a maximum level of 
18.7 ng/ml (14.5% of total corticoids on the 
day before spontaneous term delivery), a 16-
to 20-fold increase over values at 115-135 
days. Fairclough and Liggins (1975) sugges
ted that the early increase in CBG levels pro
tects the fetus from increases in plasma 
corticoids that could initiate premature 
labour. Thus, despite apparently high total 
concentrations of cortisol in fetal plasma, the 
effective concentration of cortisol exerting a 
feedback action on the fetal hypothalamus 
and pituitary is much lower. Since cortisol is 
thought to induce CBG synthesis in the fetal 
liver, this mechanism would allow the adre
nal to secrete high concentrations of cortisol 
while the cortisol itself induces its binding 
protein, thus lowering its 'free' concen
tration. This system would be particularly 
effective if the hypothalamus and pituitary 
were sensitive only to free cortisol whereas 
the placenta was also sensitive to bound form 
(Le. total cortisol). The action of CBG is there
fore to lower the efficiency of the negative
feedback system by maintaining lower free 
cortisol concentrations. The lower fetal corti
sol (total) concentrations reported in some 
species may result from lower CBG levels. 

10.14 FETAL HYPOTHALAMUS: 
ULTRASTRUCTURAL DEVELOPMENT 

Specific antibodies to CRF and A VP have 
been used to locate CRF and A VP neurones 
in the paraventricular nucleus (PVN) and 
supraoptic nucleus (SON) of the hypothala
mus of the adult sheep. CRF fibres derived 
from the neurones projected predominantly 
to the external lamina of the median emi
nence (ME), whereas A VP terminals were 
concentrated in the internal lamina (Levidio
tis et al., 1987). CRF neurones were first 
detected in the fetal PVN at 90 days of ges
tation, although no connections to the ME 
were apparent until 105 days. In contrast, 
A VP neurones were found from 42 days' ges
tation (earliest age examined); the cell bodies 
were mainly situated in the SON, but the 
fibres and terminals were present mainly in 
the external lamina of the ME and, and the 
electron microscope level, were closely 
associated with fenestrated portal vessels 
(Levidiotis et al., 1987). At later stages there 
appeared to be redistribution of A VP fibres 
such that, by 132 days' gestation, A VP pro
jections were more or less equally distributed 
between the laminae of the ME, whereas in 
the adult A VP fibres are directed mainly to 
the internal lamina, in which many are des
tined for the posterior pituitary. Consistent 
with the above findings, immunoreactive 
A VP concentrations in the hypothalamus in
crease progressively between day 63 and day 
138, decrease on day 143 and rise again in 
post-partum animals (Brieu et al., 1989). The 
ratio of immunoreactive A VP-CRF was about 
5 at days 63 and 123 of gestation, but de
creased to 1.2 by term (Brieu et al., 1989). 
Challis and Brooks (1989) suggested that this 
ratio reflects the greater efficacy of A VP as a 
releaser of ACTH in younger fetuses and the 
decline in potency of A VP relative to CRF 
with advancing gestation. The early appear
ance of A VP relative to CRF is consistent with 
the proposal that A VP may be a significant 
(and perhaps the major) factor controlling 
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ACTH release in the ovine fetus before 105 
days of gestation (Levidiotis et al., 1987) and 
probably up to 125-130 days' gestation. It is 
clear that, despite considerable progress 
being made in the past few years, more work 
is needed to explore the many possibilities 
that have emerged (see review by Challis and 
Brooks, 1989, for further information on this 
topic). 

10.15 THE 'TRIGGER' FOR PARTURITION 

Although the suggestion (Liggins, 1969a) that 
the fetal hypothalamic-pituitary-adrenal axis 
played a primary role in the initiation of par
turition in sheep has stood the test of time, 
the 'trigger' for parturition is still uncertain. 
A single trigger would seem unlikely, be
cause such an important biological system 
should include a fail-safe mechanism. Some 
input to the hypothalamus that stimulates 
the secretion of CRF, leading to activation of 
the HPA axis, is favoured. The release of 
A VP appears to precede that of CRF. The 
placenta could also activate the HP A axis by 
secretion of PGE2, although there is no evi
dence at the present time of placental PGE2 

being the 'trigger' for parturition. The merit 
of this proposal is that the placenta, being 
an interface between mother and fetus, 
responds to insults such as hypoxia, under
nutrition and emboli by secreting more PGE2 

(Hooper et al., 1990). The early release of 
PGE2 may provide a mechanism for initiating 
premature labour when the fetus is com
promised. Thorburn and Rice (1990) pro
posed that in normal pregnancies the growth 
pattern of the fetus may provide the trigger; 
when the fetus enters its rapid growth phase, 
PGE2 secretion by the placenta increases, the 
HP A axis is activated and cortisol concen
trations rise, initiating parturition. One 
advantage of linking the 'trigger' for partur
ition with fetal growth (and substrate supply) 
is that it ensures that the fetus does not out
grow its environment and that it is an appro
priate size at term to pass through the birth 

canal. It provides, therefore, a link between 
size at birth, fetal maturity and the initiation 
of parturition. 

Cutaneous temperature and pain receptors 
are active quite early in gestation in the fetal 
lamb, but the ascending spinothalamic tracts 
are not functional until around 100 days of 
gestation (J. Rawson and S.H. Rees, personal 
communication), and so information will not 
reach the brain until relatively late in ges
tation. It can be reasoned that, as the 
temperature-sensing pathways mature, the 
fetus becomes aware it is in a hot, humid 
environment with no means of regulating its 
temperature and so the 'stress' pathway (the 
HPA axis) is activated, resulting in its birth. 
This proposes a physiological mechanism by 
which the HP A axis might be activated to 
initiate parturition. This illustrates how the 
maturation of one physiological pathway 
may make continued intrauterine life unten
able. There are probably many other 
examples, all of which are likely to activate 
the HP A axis. 

10.16 SUMMARY 

Given the evidence of HP A axis activation 
obtained to date, a possible scheme for the 
initiation of parturition emerges (Figure 
10.3). 

Early in the last third of gestation (100-120 
days' gestation), the major ACTH species in 
the fetal circulation are high molecular 
weight and are probably derived mainly from 
the A VP target cells in the fetal pituitary. The 
secretion of HMW species is thought to be 
stimulated by A VP derived from the fetal 
hypothalamus. The stimulus for A VP release 
is either PGE2, produced locally or in the 
placenta, or some other stimulatory input 
into the hypothalamus. The CRF target cells 
are thought to be relatively quiescent at that 
time, probably due to a lack of CRF since they 
can be readily activated to secrete ACTHl _39 

by adrenalectomizing the fetus and removing 
the inhibitory feedback effect of cortisol on 
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the release of CRF from the hypothalamus. 
The adrenalectomy results suggest that the 
very low levels of cortisol present before 125 
days of gestation must be important for inhi
biting CRF release or that some other adrenal 
product suppresses CRF release. 

concentrations act via the type I receptors to 
stimulate the fetal adrenal to secrete low 
levels of cortisol. In some systems activation 
of IP3 /Caz+ (type I) receptors can inhibit the 
activity of the adenylate cyclase (type II) re
ceptors. This may occur in the fetal adrenal 
and help delay the appearance of the type II 
receptors until 135 days. PGEz may, in con
cert with the ACTH peptides, stimulate the 
adrenal type I receptors. 

We propose that the major ACTH recep
tors present in the fetal adrenal before 135-
140 days of gestation are type I (IP;YCaz+). 
The HMW species and the ACTHl - 39 in low 
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Figure 10.3 Diagrammatic representation of the pathways involved in the initiation of parturition in the 
sheep. 
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It is proposed that, with continued stimu
lation of the A VP target cells, a potent inter
cellular stimulator is produced which acts on 
the CRF target cells, rendering them more 
sensitive to CRF stimulation. Thus, about day 
125, perhaps without any increased secretion 
of CRF, the CRF-responsive cells secrete in
creasing amounts of ACTHl _39 and a sub
stance which is thought to inhibit the activity 
of the A VP target cells. In this way, the major 
functional cell type in the fetal pituitary 
switches gradually from the A VP target cells 
to the CRF target cells. With the increasing 
secretion of ACTHl - 39 by the CRF target cells, 
increasing numbers of type II (adenylate cyc
lase) receptors appear in the fetal adrenal 
from day 135 onwards. The increase in type II 
receptors leads to a major increase in cortisol 
production by the fetal adrenal during the 
last 4--6 days before delivery. 

The increasing levels of cortisol exert a 
negative feedback on the hypothalamus and 
pituitary. The cortisol inhibition of CRF is 
countered to a large extent by the stimulus of 
PGE2• While the effect of cortisol on the CRF 
target cells is likely to inhibit transcription of 
the POMC gene, it may enhance post
transcriptional events leading to secretion of 
greater amounts of ACTHl _39• The increasing 
levels of cortisol also augment 17a- hydroxy
lase activity in the fetal adrenal, enhancing 
the synthesis of further cortisol. Cortisol also 
stimulates the secretion of CBG from the fetal 
liver, lowering the concentration of free corti
sol and reducing the negative-feedback 
effects of cortisol. 

The progressive increase in the plasma 
concentrations of ACTHl _39 results in a major 
increase in fetal plasma cortisol values over 
the last 4--6 days before delivery. The high 
levels of cortisol induce high levels of 17a
hydroxylase activity in the placenta and lead 
to a dramatic decrease in maternal P 4 concen
trations and an increase in oestrogen concen
trations. Finally, the change in the E-P4 ratio 
stimulates the release of PGF2a and the initia
tion of labour. 

The foregoing is but one possible model for 
the initiation of parturition in the sheep. The 
fetal HP A axis is only the final common path
way leading to parturition, and the matu
ration of this pathway takes place in an 
orderly fashion over a relatively long time, at 
least the last third of gestation. In the fetus, 
as in the adult, the afferent information 
influencing the HP A axis can be derived from 
many sources and can act at several levels. It 
seems unlikely that a single 'trigger' for the 
initiation of parturition will be found. 
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11.1 INTRODUCTION 

During lactation, the suckling offspring con
trols three major components of lactation: the 
production of milk within the mammary 
gland, the ejection of this milk to the off
spring and, in many species, the suppression 
of ovarian activity or delay in implantation. 
Delaying a new pregnancy ensures sufficient 
time before the birth of the next offspring to 
permit adequate growth of the current off
spring during lactation. This chapter will 
review endocrine changes in lactation and 
their relationship to fertility regulation post 
partum. 

11.2 ENDOCRINE CHANGES ASSOCIATED 
WITH MILK PRODUCTION 

The onset of milk secretion at parturition, 
lactogenesis, occurs in all mammals and 
appears to be related not to an increase in 
the secretion of lactogenic hormones but to a 
removal of an inhibition of their action at the 
level of the mammary gland (Forsyth, 1986). 
There is considerable species variation in 
prolactin concentrations during pregnancy, 
but in all species for which data are available 
prolactin shows a large periparturient in
crease. If prolactin is suppressed around 
parturition by the dopamine agonist, bromo
criptine, the normal onset of lactogenesis is 
blocked in rats (Bohnet et al., 1977), rabbits 
(Djiane and Durand, 1977), pigs (Taverne et 
al., 1982), monkeys (Schallenberger et al., 
1981) and human (Cooke et al., 1976; 
McNeilly, 1977; F. Peters et al., 1986), con
firming the essential role of prolactin. In 
contrast, suppression of prolactin at partur
ition in ruminants delays rather than pre
vents lactogenesis if milking is continued 
(Akers et al., 1981; A.J. Davis et al., 1983; 
Forsyth and Lee, 1993), although milk yield 
may be reduced by below average peri
partum prolactin at a later stage of lactation 
in cows (Erb et al., 1980), but not goats (For
syth and Lee, 1993). 

It appears, therefore, that in the majority of 
species, while prolactin is essential for the 
initiation of milk production at parturition, it 
is triggered by a withdrawal of progesterone 
(Kuhn, 1983) as a consequence of cessation of 
luteal function or that delivery of the placenta 
after term is a major triggering factor (see 
Cowie et al., 1980; Forsyth, 1986). Jahn et al. 
(1989) show progesterone inhibition of casein 
synthesis in vitro in rabbit mammary explants 
by using physiological concentrations of pro
lactin and cortisol. Removal of prostaglandin 
F2a(PGF2a), an active inhibitor of milk se
cretion, may also be involved. In late preg
nant goats the mammary gland synthesizes 
PGF2a . Its secretion is switched from blood to 
milk 3-5 days prepartum (Maule Walker, 
1984). 

Once lactation is established, the continu
ation of milk production in all species is de
pendent on the pituitary gland (Cowie et al., 
1980). Experiments using hormone replace
ment in hypophysectomized lactating ani
mals and in vitro organ culture of mammary 
tissue have shown a requirement for prolac
tin, growth hormone, insulin, thyroid hor
mones and glucocorticoids, the proportions 
and relative importance of which varies with 
species (Cowie et al., 1980). In the following 
sections the change in secretion of these vari
ous hormones and their relative importance 
will be considered. 

11.2.1 PROLACTIN 

In all species so far studied, prolactin levels 
are raised during lactation (rat, Amenomori 
et al., 1970; Terkel et al., 1972; mice, Sinha 
et al., 1974; Markoff et al., 1981; rabbit, A.S. 
McNeilly and Friesen, 1978; Fuchs et al., 1984; 
Californian ground squirrel, Thordason et al., 
1987; dog, Concannon et al., 1978; blue fox, 
Mondain-Monval et al., 1985; tammar wal
laby, Hinds and Tyndale-Biscoe, 1982, 1985; 
and Bennett's wallaby, Curlewis et al., 1986; 
bush-tailed possum, Hinds and Janssens, 
1986; eastern quoll, Hinds and Merchant, 
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Figure 11.1 Effect of time post-partum on the suckling-induced release of prolactin in the rabbit (A) and 
human (B). The amount of milk taken and the duration of suckling was similar at the different stages of 
lactation but the amount of prolactin decreased. (From A.S. McNeilly and Friesen, 1978.) 

1986; pig, Bevers et al., 1978, 1981; van 
Landeghem and van de Wiel, 1978; 
Stevenson et al., 1981; goat, Hart, 1974; 
sheep, Kann and Denamur, 1974; Lamming 
et al., 1974; cow, Koprowski and Tucker, 
1973a,b; red deer, Loudon et al., 1983; mare, 
Worthy et al., 1986; Weist and Thompson, 
1987; elephant, A.S. McNeilly et al., 1983a; 
rhesus monkey, Schallenberger et al., 1981; 
marmoset monkey: A.5. McNeilly et al., 1981; 
human, e.g. Delvoye et ai., 1978; Duchen and 
McNeilly, 1980; Howie et al., 1980; A.S. 
McNeilly, 1980). 

Prolactin is released in response to the suc
kling stimulus (Figures 11.1 to 11.3), and 
there is no evidence that prolactin levels in
crease in response to exteroceptive or other 
stimuli related to suckling or milking other 
than direct teat or nipple stimulation (Figures 
11.2 and 11.3; rat, Voloschin and Tramezzani, 
1984; Mattheij and Swarts, 1987; rabbit, A.S. 
McNeilly and Friesen, 1978; Fuchs et al., 1984; 
goat, Hart and Linzell, 1977; human, Noel et 
al., 1974; McNeilly et al., 1983b). 

In most eutherian species the prolactin re
sponse to suckling is greatest during early to 

mid-lactation and declines as lactation pro
gresses (Figure 11.1; rat, Amenomori et al., 
1970; rabbit, A.S. McNeilly and Friesen, 1978; 
Fuchs et al., 1984; sow, van Landegham and 
van der Wiel, 1978; sheep, J.R. McNeilly, 
1972; goat, Hart, 1974; cow, Koprowski and 
Tucker, 1973a; Whisnant et al., 1986a; human, 
Glasier et al., 1984a; Johnston and Amico, 
1986). However, the wide variation in suc
kling pattern and nursing behaviour between 
species results in a variable pattern of prolac
tin during lactation. In rabbits, which suckle 
only once per day for 2-3 min, prolactin in
creases immediately suckling begins and pro
lactin levels remain elevated for up to 4 h 
after the end of suckling (Figure 11.1; A.S. 
McNeilly and Friesen, 1978; Fuchs et al., 
1984). In the rat, sheep, cow, goat, rhesus 
monkey and human, prolactin also increases 
at the start of suckling but tends to decline at 
the end of the suckling period (Figures 11.2 
and 11.3; Frantz et al., 1972; Lamming et al., 
1974; Kann and Denamur, 1974; Noel et al., 
1974; Hart, 1975a; Frawley et al., 1983; Glasier 
et al., 1984a; Grosvenor et al., 1986; Johnston 
and Amico, 1986), although this pattern may 
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Figure 11.2 Changes in the plasma levels of prolactin (.) and growth hormone (before, during and after 
milking (6) denervated, transplanted and intact innervated mammary glands in three goats. Note that 
prolactin concentrations increase only after milking of the innervated intact udder while, growth 
hormone release occurs after milking both the denervated and innervated udders. (From Hart and 
Linzell, 1977.) 

vary within species throughout lactation (e.g. 
human, Hennart et al., 1981; Glasier et al., 
1984a). 

Studies of the mechanisms controlling the 
release of prolactin in response to the suc
kling stimulus have often utilized, as a 
model, the lactating rat deprived of all but 
one of its litter for a variable period before the 
pups are reattached. An immediate increase 
in prolactin is then seen at the start of 
suckling (e.g. Isherwood and Cross, 1980; 
Sirinathsinghji and Martini, 1984; Grosvenor 
et al., 1986; Neill, 1986). However, this re
sponse is not normal in the rat, which spends 
up to 18 h per day nursing. Studies in which 
the changes in prolactin and suckling behav
iour have been monitored throughout the 
day show considerable variation in suckling 
activity during each 24-h period and no pre-

cise relationship between suckling and pro
lactin levels (van der Schoot et al., 1978; 
Sodersten and Eneroth, 1984; Nagy et al., 
1985, 1986a), a pattern also seen in the sow 
(Mattioli et al., 1986). Indeed in the rat, maxi
mum levels of prolactin could occur at times 
when mothers were away from the pups 
(Sodersten and Eneroth, 1984). In the rhesus 
monkey (Frawley et al., 1983; Aso and 
Williams, 1985) and human (Tyson et al., 
1972; Noel et al., 1974; Glasier et al., 1984a) 
when breast feeds are infrequent with an 
interval of 4-5 h, a clear increase in prolactin 
is seen at each suckling period. However, 
when the frequency of feeds increases, the 
prolactin response to each feed diminishes 
but the overall basal level of prolactin is 
significantly increased (Delvoye et al., 1977; 
Madden et al., 1978; Stern et al., 1986). Thus, 
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Figure 11.3 Changes in plasma levels of oxytocin in association with nursing in (A) a rabbit and (B) a 
human. In the rabbit oxytocin neurone activity is slow and irregular before nursing and plasma levels of 
oxytocin are undetectable. While the sight of the pups ( 0 ) before nursing did not alter neuronal 
discharge or plasma oxytocin, the onset of nursing ( • ) was associated with an increase in the rate of 
firing of the oxytocin neurone followed by a sustained rise in plasma levels of oxytocin. In contrast, in 
the human, a large pulsatile release of oxytocin occurred when the baby cried before the onset of 
nursing. Thereafter, plasma levels of oxytocin increased in a pulsatile manner during the period of 
nursing. Plasma levels of prolactin only increased after the onset of suckling. (Redrawn from A.S. 
McNeilly et al., 1983b, and Summerlee et al., 1986.) 

the frequency of suckling is associated with 
an overall increase in prolactin levels and a 
reduction in the amount of prolactin released 
at each suckling episode. 

The strength of the suckling stimulus may 
also alter the amount of prolactin released at 
each suckling episode. More prolactin may be 
released in response to suckling of hungry 
pups in the rat (Grosvenor et al., 1986; 
Jakubowski and Terkel, 1986a,b), and at milk
ing if two teats rather than one are stimulated 
in the goat (Hart and Linzell, 1977). Basal 
levels of prolactin are greater in underfed red 
deer, whose calves suckle more frequently 
(Loudon et al., 1983), but apparently not in 
the cow (Wheeler et al., 1982), and are higher 
in malnourished humans throughout lac
tation (P.G. Lunn et al., 1980; Hennart et al., 
1985) and in lactating marmoset monkeys 

suckling twins rather than single offspring 
(A.S. McNeilly et al., 1981). 

Plasma prolactin levels are only marginally 
elevated during the early stages of lactation 
when the young is very small in the bush
tailed possum (Hinds and Janssens, 1986), 
eastern quoll (Hinds and Merchant, 1986) 
and tammar (Hinds and Tyndale-Biscoe, 
1982, 1985) and Bennett's wallaby (Curlewis 
et al., 1986). When the joey begins its growth 
spurt in mid-lactation, prolactin levels in
crease dramatically, presumably in response 
to a greatly increased suckling activity and 
demand for milk in all these marsupials, 
although there may be some confounding 
effects of season (Tyndale-Biscoe and Hinds, 
1984). Prolactin levels decline only when the 
joey leaves the pouch, returning to suckle 
only infrequently. In tammar wallabies, an 
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increase in prolactin receptors in the suckled 
gland in very early lactation probably enables 
this gland to respond selectively to low circu
lating prolactin (F. Stewart, 1984). The 
change in the pattern of prolactin in response 
to suckling or milking in goats, sheep and 
cattle is similarly confounded to some extent 
by the seasonal increase in prolactin which 
occurs in all three species with increasing day 
length (sheep, Walton et al., 1977; goat, Hart, 
1975b; cow, Peters and Tucker, 1978; Webb 
and Lamming, 1981). Since young ruminants 
are normally born in the springtime, this co
incides with the time of the natural seasonal 
increase in prolactin. Nevertheless, prolactin 
levels in lactating ewes, whether in the 
breeding season (Clarke et al., 1984) or anoes
trus (Kann and Denamur, 1974; Lamming et 
al., 1974), are greater than in non-lactating 
seasonally anoestrous ewes, and the prolac
tin response to suckling in both the sheep 
O.R. McNeilly, 1972) and goat (Hart, 1975a) 
declines throughout lactation. The prolactin 
levels are similar in suckling and milked cows 
(Carruthers and Hafs, 1980; J.F. Smith et al., 
1981). In goats, milk yield increase resulting 
from more frequent milking is ultimately 
associated with an increase in prolactin re
ceptors, an effect local to the more frequently 
milked gland within an animal (McKinnon et 
al., 1988). 

The control of prolactin secretion is com
plex and the mechanisms underlying the 
increased release of prolactin during suckling 
and throughout lactation remain poorly 
understood. The main control over prolactin 
is provided by tonic dopaminergic inhibition 
from the hypothalamus, with ovarian oestra
diol providing both chronic and acute 
endocrine stimulation. A large number of 
prolactin secretagogues have been identified, 
but their physiological relevance remains un
certain. There is now evidence that prolactin 
secretion is subject also to paracrine control 
from the intermediate lobe and to controls 
operating within the anterior pituitary (Ben
Jonathan and Liu, 1992). 

The primary prolactin-inhibiting factor is 
dopamine (Ben-Jonathan 1985). Tuberoin
fundibular (TIDA) neurones terminate in 
the median eminence and release dopamine 
to reach the anterior pituitary via the long 
portal vessels. Tuberohypophysial (THDA) 
neurones project separately to the neural and 
the intermediate lobes of the posterior pitu
itary. They supply a lesser dopamine input to 
the anterior pituitary from the neural lobe via 
the short portal vessels. In the intermediate 
lobe, dopaminergic terminals synapse with 
glandular cells. Evidence in the rat suggests 
that the acute suckling stimulus causes a 
transient decline in dopamine levels in the 
hypophysial portal vessels (Plotsky and 
Neill, 1982) and the pituitary (Duker and 
Wuttke, 1985), allowing the prolactin in the 
pituitary to be transformed into a readily 
releasable form (Grosvenor et al., 1986), 
which is then secreted into the circulation. A 
chronic reduction in the amount of dopamine 
released from TIDA neurones of the hypo
thalamus into the portal vessels may contrib
ute to the maintenance of high prolactin 
levels throughout lactation, since hypo
thalamic dopamine turnover is reduced in 
lactation (Selmanoff and Wise, 1981; 
Demarest et al., 1983) and the ability of pro
lactin to stimulate dopamine release from 
these neurones is also reduced (short-loop 
feedback, Demarest et al., 1983). 

In lactating rats, removal of the posterior 
pituitary elevates basal prolactin release, con
firming an involvement of THDA neurones 
in tonic prolactin inhibition. However, suc
kling fails to increase prolactin in posterior 
lobectomized rats (Ben-Jonathan, 1985; Murai 
and Ben-Jonathan, 1987). Prolactin-releasing 
factor activity has now been identified in the 
posterior pituitaries of many species (fish, 
mouse, rat, hamster, rabbit, pigs, cows, 
sheep, monkeys and humans, Thomas et al., 
1989; Mori et al., 1990; Averill et al., 1991; 
Ben-Jonathan et al., 1991; Ellerkmann et al., 
1991), but its exact nature remains to be de
termined. In the rat, the activity is localized 
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mainly in the intermediate lobe (Laudon et 
al., 1990). Recently, Ellerkmann et al. (1992) 
have found in an in vitro model that N
acetylated a-melanocyte-stimulating hor
mone (and/or l3-endorphin) from the inter
mediate lobe rapidly recruits anterior 
pituitary cells into the prolactin-secreting 
pool by the removal of a post-translational 
block to prolactin synthesis (Porter et al., 
1992). 

In the model proposed by Ben-Jonathan et 
al. (1991), dopamine is suggested to exert 
tonic inhibition over the secretion of the pos
terior pituitary prolactin-releasing factor, as 
well as prolactin itself. Suckling acts to sup
press dopamine and a large amplification of 
the prolactin secretory response results from 
removal of inhibition from lactotrophs plus 
increased release of and response to the re
leasing factor. In addition, and as first postu
lated by Benson and Folley (1956), oxytocin 
released from the neural lobe by suckling 
could also amplify prolactin release. 

In several species the release of prolactin 
and, by implication, the changes in dopa
mine turnover appear to be mediated by a 
suckling-induced increase in opiate tone 
within the hypothalamus. Thus, blockade of 
opioid receptors with naloxone in the rat (Sir
inathsinghji and Martini, 1984; Selmanoff 
and Gregerson, 1986), pig (Mattioli et al., 
1986), sheep (Gregg et al., 1986; P.G. Knight 
et al., 1986; Malven and Hudgens, 1987) and 
cow (Gregg et al., 1986; Whisnant et al., 
1986a-c) results in a decrease in prolactin 
levels during lactation, while systemic 
administration of l3-endorphin (Selmanoff 
and Gregerson, 1986) will increase prolactin. 
In the ewe, suckling causes a significant in
crease in the concentration of l3-endorphin in 
the hypophysial portal vessels (Gordon et al., 
1987), although this may not be a specific 
effect. While naloxone apparently does not 
inhibit the prolactin response to breast stimu
lation in lactating humans (Lodico et al., 1983; 
Cholst et al., 1984; Tay et al., 1993), there 
seems adequate evidence to imply that suck-

ling causes the release of prolactin by a path
way at least involving an alteration in opioid 
tone within the hypothalamus. 

The importance of prolactin for the main
tenance of milk production in lactation 
varies, but it appears to be essential in most 
species other than ruminants. Thus, the 
specific suppression of prolactin with bro
mocriptine (Bohnet et al., 1977; Madon et al., 
1986a) or prolactin antiserum (Nagai et al., 
1986) in the rat, and with bromocriptine in 
the mouse (C.H. Knight et al., 1986) rabbit 
(Taylor and Peaker, 1975), Bennett's wallaby 
(Curlewis et al., 1986), dog Gochle et al., 
1987), pig (Fluckiger, 1978), rhesus monkey 
(Schallenberger et al., 1981) and women 
(F. Peters et al., 1986) results in a cessation of 
milk production. This effect can be reversed 
by administration of exogenous prolactin 
with the bromocriptine in rat (Bohnet et al., 
1977; Madon et al., 1986a) and rabbit (Taylor 
and Peaker, 1975). Milk production is also 
absent in women with an isolated prolactin 
deficiency (Kauppila et al., 1987a; A.S. 
McNeilly, 1985). In women, milk production 
can be enhanced by a drug-induced increase 
in circulating prolactin concentrations during 
lactation (Guzman et al., 1979; Kauppila et al., 
1981; Aono et al., 1982; Ylikorkala et al., 1982; 
Hofmeyer et al., 1985). In contrast, prolactin 
appears to have little importance in milk pro
duction in ruminants once lactation has been 
established. Suppression of prolactin has 
little or no effect on milk yield in the cow 
(Karg et al., 1972; V.G. Smith et al., 1974) and 
only marginally affects milk yield in the ewe 
(Hooley et al., 1978; Gow et al., 1983). Hart 
(1973) reported no effect of once-daily bro
mocriptine on milk yield in the goat, but 
given three times daily it reduced milk yield 
by 21 % (C.H. Knight et al., 1990). Studies of 
prolactin concentrations in plasma and whey 
show that, as circulating prolactin declines in 
goats, the ratio of prolactin and in whey to 
plasma increases, despite an absolute decline 
in whey prolactin concentrations. This may 
indicate increased efficiency of transfer across 
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the gland, perhaps contributing to the main
tenance of substantial milk yields (Gabai et 
al., 1992). The mammary gland may also syn
thesize prolactin. Transcription of the prolac
tin gene has been reported in milk secretory 
cells of the rat mammary gland (Steinmetz 
et al., 1993), although the substantial sup
pression of milk yield by bromocriptine in 
this species (70-100% within 2 days depen
dent on the stage of lactation; Flint et al., 
1992) suggests the contribution of locally pro
duced prolactin to sustaining milk yield must 
be limited. In ruminants there is no precise 
correlation between prolactin levels through
out lactation and milk yield (Hart et al., 1979; 
Kazmer et al., 1986). Exogenous prolactin 
given to high-yielding dairy cows either be
fore or after peak yield fails to alter their 
lactation performance (K. Plant et al., 1987). 
In goats, increasing post-milking prolactin 
concentrations by 100% by infusion produces 
a small effect on milk yield Oacquemet and 
Prigge, 1991). 

The major form of mature prolactin found 
in the pituitary of most species is a monomer 
of 199 amino acids, but prolactin shows a 
high degree of structural polymorphism, 
variants differing in biological activity 
(Sinha, 1992). Genetic variants may result 
from alternative splicing. Post-translationally 
modified forms also occur (cleaved, glycosyl
ated, phosphorylated, deamidated, sul
phated and polymeric). Binding proteins for 
prolactin have been described in the milk of 
rabbits, sheep, goats and humans (Postel
Vinay et al., 1991). The physiological signifi
cance of prolactin variants in lactation is not 
known, but the rat mammary gland pro
cesses prolactin (Baldocchi et al., 1992) 

11.2.2 GROWTH HORMONE 

In contrast to prolactin, relatively little is 
known about growth hormone and lactation 
in species other than ruminants, in part 
because suitable long-acting inhibitors of 

growth hormone have been unavailable until 
recently. A small increase in plasma levels of 
growth hormone may occur during suckling 
in the rat (Sar and Meites, 1969; Chen et al., 
1974), although levels remain relatively con
stant and independent of suckling through
out lactation (Nagy et al., 1986a). However, 
immunoneutralization of rat growth hor
mone can reduce milk secretion (Madon et 
al., 1986b; Flint et ai., 1992). The importance 
of growth hormone increases with stage of 
lactation and can be seen most clearly when 
prolactin is also suppressed. Suckling has no 
effect on growth hormone release in humans 
(Bryant and Greenwood, 1972) or dogs (Tsus
hima et al., 1971) and a growth hormone
deficient human can breast feed successfully 
(Rimoin et al., 1968). In the pig there is a 
slight rise in growth hormone levels in early 
lactation (Dehoff et al., 1986). 

In ruminants, growth hormone and not 
prolactin is of principal importance in galac
topoiesis. An increase in plasma levels of 
growth hormone occurs in response to milk
ing in the sheep (Martal, 1975), goat (Figure 
11.2; Hart and Flux, 1973) and cow (Hart, 
1983). Throughout lactation growth hormone 
levels are raised and are correlated positively 
with milk yield (Hart et al., 1978, 1979; Hart, 
1983; Barnes et al., 1985; Kazmer et al., 1985), 
are higher in high-yielding dairy cows than 
beef cows (Bines and Hart, 1977; Hart et al., 
1978, 1979) and are higher in dairy cows 
selected for high milk yield than in low
yielding dairy cows (Barnes et ai., 1985; 
Kazmer et al., 1986). The increase in growth 
hormone appears to be an adaptation to the 
increase in metabolic load of lactation and the 
relative decrease in glucose. Food restriction 
of cows increases growth hormone (Athana
siou and Phillips, 1978; Katzmer et ai., 1985) 
and the high growth hormone levels in dairy 
cows are reduced to those of lactating beef 
cows when they are restricted fed to equalize 
the milk production (Hart, 1983). Since 
growth hormone is lipolytic and antilipo
genic, these changes in growth hormone in 
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high-milk-producing ruminants occur in re
sponse to metabolic stimulants related to the 
production of milk (Bauman and Currie, 
1980) rather than directly to the suckling 
stimulus. Indeed, in the goat, growth hor
mone continued to be released in response to 
the milking of a denervated udder while the 
prolactin response, which is mediated via 
teat stimulation alone was abolished (Figure 
11.2; Hart and Linzell, 1977), and the changes 
in growth hormone only appear to occur in 
response to milk removal (Hart and Morant, 
1980). 

Growth hormone secretion is regulated by 
the hypothalamus through the inhibitory 
somatostatin and the stimulatory growth 
hormone-releasing hormone, both in turn 
regulated by biogenic amines or neuropep
tides originating within the central nervous 
system (Baile et al., 1986). In cows and sheep, 
elevation of endogenous growth hormone 
secretion with growth hormone-releasing 
hormone results in increased milk yield 
(Baille et al., 1986; Hart et al., 1985). 

The importance of growth hormone in the 
control of milk production in the ruminant 
was first shown by Folley and Young (1938), 
and later in growth hormone replacement 
studies in hypophysectomized sheep and 
goats (Cowie, 1966, 1969; Cowie et al., 1980), 
and is now being exploited commercially in 
cattle using recombinant DNA-derived bov
ine growth hormone (Bauman et al., 1985; 
Eppard et al., 1987; Flint, 1987; Tucker and 
Merkel, 1987). However, it is still unclear 
whether any actions of growth hormone on 
lactation are direct at the mammary gland or 
whether all are indirect, partitioning on nutri
ents for milk secretion away from body stores 
(homeorrhesis, Bauman and Currie, 1980). It 
has proved impossible to show binding of 
growth hormone to mammary micro somes 
by conventional methods (Akers, 1985), but 
two studies in cattle have shown messenger 
RNA for growth hormone receptors in the 
mammary gland: Glimm et al. (1990) used in 
situ hybridization, while Hauser et al. (1990) 

used solution hybridization-nuclear protec
tion assays. Nevertheless, close arterial 
infusion of growth hormone into one mam
mary gland in sheep and goats did not affect 
milk yield until the dose was high enough to 
increase peripheral concentrations, when 
milk yield was increased in both mammary 
glands (McDowell et al., 1987). By contrast, 
close arterial infusion of the growth 
hormone-dependent insulin-like growth fac
tor I into one mammary gland of goats 
increased both blood flow and milk yield in 
the infused gland (Prosser et al., 1990), an 
effect not seen when insulin-like growth fac
tor I was given systemically: it presumably 
arrived at the gland complexed to insulin-like 
growth factor-binding proteins (S.R. Davis et 
al., 1989). Flint et al. (1992) were unable to 
replace growth hormone by systemic insulin
like growth factors I or II, despite normal
izing serum concentrations, in maintaining 
the milk yield of lactating rats in which 
growth hormone was immunoneutralized. 
The mammary gland contains type 1 and 
type 2 receptors for the insulin-like growth 
factors. In addition, messenger RNA for 
insulin-like growth factor I is present in mam
mary glands (L.J. Murphy et al., 1987), largely 
in the stromal compartment (Hauser et al., 
1990). The possibility therefore exists of local 
action of locally produced insulin-like growth 
factors. Kleinberg et al. (1990) found in hypo
physectomized, oestrogen-treated rats that 
mammary growth and the mammary gland 
content of messenger RNA for insulin like 
growth factor I are stimulated by local im
plants of growth hormone but not prolactin. 

Thus, growth hormone plays an important 
role in lactation in ruminants. It may act coor
dinately at a number of sites, directly or via 
the insulin-like growth factors, to partition 
substrates to the mammary gland but also, 
possibly via local insulin-like growth factor 
production, to stimulate blood flow and/or to 
produce local metabolic effects. In other 
species, the role of growth hormone in 
lactation requires further investigation. The 
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studies of Flint et ai. (1992) in rats indicate 
that it should not be neglected. 

11.2.3 INSULIN 

Lactation is generally agreed to be a hypo
insulinaemic state. Insulin levels tend to be 
lower in lactating than in non-lactating rats 
(Sutter-Dub et ai., 1974; A.M. Robinson et ai., 
1978; Marynissen et al., 1983; Jones et al., 
1984; Burnol et al., 1986; Hubinont et al., 1986; 
Mizoguchi and Imamichi, 1986) and cows 
(Hart et ai., 1978; Lomax et al., 1979; Blum et 
ai., 1985; Denbow et ai., 1986; Gerloff et ai., 
1986; Sutton et ai., 1986). Insulin also tends to 
be higher in low- than in high-yielding cows 
(Hart et ai., 1978, 1979; Bines and Hart, 1982), 
and in beef cows levels of insulin increase to 
normal at weaning (Rutter and Manns, 1987). 

Lactation induces a state of negative 
energy balance in many species, especially in 
early lactation, resulting in a decrease in 
blood glucose. This, together with increased 
insulin clearance (Jones et ai., 1984), may lead 
to the lower insulin concentrations. In addi
tion, in ruminants the pancreatic response to 
glucose and propionate infusion in vivo is 
diminished (Lomax et ai., 1979). Madon et ai. 
(1988) found no difference in the insulin 
response to glucose in vitro in islets of 
Langerhans from virgin and lactating rats. 
However, Hubinont et ai. (1986), comparing 
lactating with non-lactating rats at 14 days 
after delivery, found reduced insulin output 
in response to secretagogues in pancreatic 
tissue from lactating rats. 

In addition to hypoinsulinaemia, tissue 
response to insulin is altered in lactation 
(Vernon, 1989). In both rats and ruminants 
insulin action on adipocytes is impaired in 
the lactating animal. The rat mammary gland 
is responsive to insulin, while the ruminant 
mammary gland appears to be refractory to 
the acute effects of insulin (Vernon, 1989), 
despite apparently similar requirements for 
insulin across species to maintain the syn-

thesis of milk components in vitro (Vonder
haar and Ziska, 1989). 

11.2.4 CORTICOSTEROIDS 

Plasma levels of cortisol may (Koprowski and 
Tucker, 1973a,b; Dunlap et ai., 1981a,b; 
Ellincott et al., 1981; Whisnant et al., 1985, 
1986a; Spicer et al., 1986a) or may not (Car
ruthers and Hafs, 1980; G.L. Williams et ai., 
1984; Faltys et ai., 1987) increase in response 
to suckling or milking in the cow. Overall, 
plasma levels of cortisol during lactation in 
the cow are similar to or only slightly higher 
than non-lactating cows throughout the day 
(Dunlap et al., 1981b; Keech et al., 1983; Faltys 
et al., 1987). In both the cow (Keech et al., 
1983; Faltys et al., 1987) and rat (Gala and 
Westphal, 1965) there is a slight decrease in 
the binding capacity of corticosteroid-binding 
protein, while in the rat there may also be a 
small increase in corticosterone levels, but 
only during the morning, in lactating versus 
non-lactating rats (Voogt et ai., 1969; Stern et 
ai., 1973). The adrenal response to stress does 
appear to be reduced in the lactating rat 
(Stern et ai., 1973), although a sustained re
lease of corticosterone can occur in lactating 
rats following olfactory stimulation from 
hungry pups (Zarrow et ai., 1972). Alterna
tively, there is little effect of lactation on corti
costeroids in the pig (Ash and Heap, 1975). 

In most species, adrenalectomy inhibits 
lactation (Cowie, 1966; Cowie et ai., 1980). A 
requirement for adrenal corticoids for the 
synthesis of milk components is also shown 
by in vitro culture of mammary tissue with 
biphasic effects on a-lactalbumin (Cowie et 
al., 1980; Vonderhaar and Ziska, 1989). The 
rabbit is an apparent exception since prolac
tin can maintain milk yield after hypophys
ectomy and adrenocorticotrophin has no 
additional effect (Cowie et ai., 1969). Never
theless, the requirements of the mammary 
gland for corticoids to maintain milk pro
duction appear to be met without any major 
alterations in plasma concentrations. In rats, 
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in extended lactation (Flint et al., 1984), corti
costeroids may become limiting, although 
cortisol inhibits milk ejection. The effect on 
lactation may result in part from suppression 
of the anabolic activity of adipocytes. 

The rat mammary gland contains both type 
I (mineralocorticoid) and type II (glucocorti
coid) receptors, but stimulatory actions of 
glucocorticoids on milk protein synthesis are 
exerted solely through the latter (Quirk et al., 
1986). Another level of control in rats is the 
metabolism of glucocorticoids to inactive de
rivatives by 11[3-hydroxysteroid dehydrogen
ase. The activity of the enzyme is reduced in 
lactation (Quirk et al., 1990a,b) 

11.2.5 THYROID HORMONES 

The thyroid hormones, triiodothyronine (T3) 
and thyroxine (T4), increase in lactation after 
an initial decrease after parturition in the 
goat (Riis and Madsen, 1985), the cow (Hart 
et al., 1978; Gerloff et al., 1986; Khurana and 
Madan, 1986) and the buffalo (Khurana and 
Madan, 1986). The percentage of free T3 and 
T4 remained constant in the cow and was 
negatively correlated with the levels of non
esterified fatty acids and positively correlated 
with cholesterol (Hart et al., 1978; Gerloff et 
al., 1986), consistent with a thyroid hormone 
response to the negative energy balance of 
the lactating dairy cow. In humans, T3levels 
were normal, but both free and bound T4 
levels were lower and thyroid hormone bind
ing globulin (TBG) was higher in lactating 
humans (Iwatani et al., 1987). Basal T4 levels 
are reported to be low in agalactic mares 
(F.N. Thompson et al., 1986), suggesting that 
a lack of T4 may adversely affect milk 
production. 

The biologically active T3 is produced 
mainly in peripheral tissues, by 5'
monodeiodination of T4. Treatment of lactat
ing dairy cows with recombinant derived 
bovine growth hormone produced a twofold 
increase in mammary tissue thyroxine-5'
monodeiodinase activity with no change in 

this activity in liver or kidney or in serum 
concentrations of T4 or T3 (Capuco et al., 
1989). In the mammary gland in vitro T3 selec
tively enhances a-lactalbumin synthesis in 
the mouse (Vondehaar and Ziska, 1989) and 
stimulates casein synthesis in rabbits (Hou
debine et al., 1978). 

11.2.6 ADRENALINE AND NORADRENALINE 

Very limited evidence suggests that there 
may be a transient increase in plasma levels 
of adrenaline and noradrenaline in response 
to suckling or milking in the rat (c. Clapp et 
al., 1985), sheep (Barowicz, 1979; Ewy and 
Barowicz, 1981), goat (Kuanjshkekova, 1976). 
These catecholamines together with aden
osine act through membrane receptors on 
adipocytes via a cascade controlling lipolysis 
(Vernon et al., 1991). The transmission of 
signals by the adrenergic-adenosine signal 
transduction cascade is altered in lactation to 
produce lipid mobilization as an adaptation 
providing substrates to the mammary gland. 
The components of the cascade are under 
complex chronic endocrine control by growth 
hormone, insulin, glucocorticoids and poss
ibly other hormones (thyroid hormones, sex 
steroids), which may vary both between 
species and with tissue depot within a 
species (Vernon, 1991). Direct actions on the 
mammary gland may also occur. The [3-
agonist cimaterol promotes lipolysis and pro
tein synthesis in the mammary gland of lac
tating rats (Choi et al., 1992). 

11.2.7 RELAXIN 

Relaxin is a homologue of insulin and plays 
an important role in pregnancy maintenance 
being produced by the corpus luteum and/or 
placenta (Kemp and Niall, 1984; Weiss, 1984). 
Although early studies suggested that suc
kling in the sow and ewe resulted in an 
increase in plasma levels of immunoreactive 
relaxin (Bryant and Charnley, 1976; Afele et 
al., 1979; Whitely et al., 1985) this has not 
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been confirmed. In the dog (Steinetz et al., 
1987), and in some studies the sow (Afele et 
al., 1979; Whitely et al., 1985), relaxin is de
tectable in plasma throughout lactation, but 
other studies find levels of relaxin to decline 
rapidly after parturition and remain un
detectable throughout lactation in rats (Sher
wood, 1980), pigs (Sherwood et al., 1975, 
1981; Kendall et al., 1983), horses (D.R 
Stewart and Stabenfeldt, 1981) and cats (D.R 
Stewart and Stabenfeldt, 1985). However, in 
the guinea pig the lactating mammary gland 
is a source of relaxin detectable by immuno
cytochemistry and Northern analysis (peaker 
et al., 1989). Since circulating relaxin is low in 
the lactating rat, the inhibitory effects of 
relaxin on oxytocin release from the rat hypo
thalamus in vivo (Summerlee et al., 1984; 
O'Byrne et al., 1986) would appear to rep
resent an effect of relaxin or similar com
pounds released within the hypothalamus 
rather than an effect of peripheral levels of 
relaxin. 

11.2.8 CONCLUSIONS 

Lactation results in changes in the serum con
centrations of several hormones and these 
changes are in general most marked in early 
to mid-lactation. Most notably, prolactin and 
growth hormone concentrations are raised 
while insulin or thyroid hormones fall. With 
the possible exception of growth hormone, 
these hormones act via receptors on mam
mary cells to promote the synthesis of milk 
components, but their net effect is also to 
partition nutrients towards the mammary 
gland and away from storage depots such as 
fat (homeorrhetic control, Bauman and 
Currie, 1980). It is also increasingly evident 
that local controls operate within the mam
mary gland and other tissues to interact with 
the endocrine changes. Local controls include 
alterations in blood flow, in receptors, in 
intracellular signalling, in the metabolism of 
hormones or in the production of local effec
tor molecules, both hormones and growth 

factors. Good data are available for relatively 
few species and already suggest species 
differences in the ways that hormonal control 
of lactation is exercised. 

11.3 OXYTOCIN AND THE MILK EJECTION 
REFLEX 

During lactation milk is secreted continu
ously but not necessarily at a constant rate 
into the alveoli of the mammary glands. The 
milk is made available to the suckling young 
by the action of oxytocin causing contraction 
of the myoepithelial cells surrounding the 
alveolus to expel the milk into the collecting 
ducts, cisterns and galactophores from which 
it can be withdrawn by the sucking young. 
This milk ejection reflex (MER) appears to be 
common to all mammals even though the 
pattern of nursing varies enormously be
tween species. This variation is determined 
in part by the rate of milk production and the 
time taken for the mother to secure an ade
quate food supply. 

The interval between nursing episodes 
ranges from alternate days in the tree shrew 
(RD. Martin, 1966) to about once per day in 
the rabbit (Zarrow et al., 1965) and 20 or more 
times in the laboratory rat (Lincoln et al., 
1973). The total duration of nursing (defined 
in terms of the time spent attached to the 
nipples) also varies from around 3 min per 
day in the rabbit to 18 h per day in the rat 
(Lincoln, 1983). Within species, the pattern of 
nursing also varies considerably, as illus
trated during lactation in humans, in whom 
nursing intervals vary from every 20 min in 
the hunter-gatherer !Kung tribe of Botswana 
and Namibia to the 'westernized' pattern of 
suckling with 3- to 16-h intervals. 

In spite of this great variation in suckling 
and nursing patterns, it is clear that the ejec
tion of milk from the mammary gland occurs 
as a result of the release of oxytocin from the 
neurohypophysis (Figure 11.3). An increase 
in oxytocin measured directly in plasma by 
either bioassay or radioimmunoassay or by 



recording increases in intramammary press
ure, a response specific to oxytocin, has been 
demonstrated in the wallaby (Lincoln and 
Renfree, 1981a,b), rat (e.g. Lincoln et al., 
1973; Higuchi et al., 1985; Grosvenor et al., 
1986; Samson et al., 1986), guinea pig 
(LC.A.F. Robinson et al., 1981), rabbit (Bisset 
et al., 1970; Summerlee et al., 1986), dog 
(Eriksson et al., 1987), pig (Folley and 
Knaggs, 1966; Forsling et al., 1979; Ellendorf 
et al., 1982), goat (Folley and Knaggs, 1966; 
A.S. McNeilly, 1972) sheep (Fuchs et al., 
1987), cow (Folley and Knaggs, 1966; Lawson 
and Graf, 1968; Cleverley and Folley, 1970; 
Forsling et al., 1974; Gorewit, 1979; Schams et 
al., 1984) and human (Cobo et al., 1967; Coch 
et al., 1968; Cobo, 1974; Weitzman et al., 1980; 
Lucas et al., 1980; A.S. McNeilly et al., 1983b; 
Leake and Fisher, 1985; Amico and Finley, 
1986; Johnston and Amico, 1986). Oxytocin 
levels also increase in the cerebrospinal fluid 
of the sheep brain during suckling (Kendrick 
et al., 1986). There is no evidence for a con
comitant release of vasopressin during MER 
in any species (Bisset et al., 1970; Wakerley et 
al., 1973; Bruhn et al., 1981; Johnston and 
Amico, 1986; Meyer et al., 1987). 

The pattern of oxytocin release appears at 
first sight to be variable between species, but 
much of this variation appears to be due to 
measurement of oxytocin in blood samples 
collected too infrequently during the nursing 
period. Since the half-life of oxytocin in the 
circulation is about 1.5 min, sampling fre
quencies of more than 1 min would give a 
false pattern of release. 

In studies in which sampling frequency is 
adequate, two patterns of oxytocin release 
are seen (Figure 11.3). In the rabbit (Fuchs et 
al., 1984; Summerlee et al., 1986; Figure l1.2a) 
and cow (Folley and Knaggs, 1966; Sibaja and 
Schmidt, 1975; Gorewit, 1979; Sagi et al., 
1980; Gorewit et al., 1983; Mayer et al., 1984; 
Schams et al., 1984) the release of oxytocin 
appears to be sustained for most of the nurs
ing period, although the amount released in 
the later stages of the milking period in the 
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cow may decline (Gorewit, 1979; Schams et 
al., 1984). 

In contrast to this sustained release of 
oxytocin, in the rat (Higuchi et al., 1985, 1986; 
Mayer et al., 1986), goat (A.S. McNeilly, 
1972), guinea pig (LC.A.F. Robinson et al., 
1981), pig (Ellendorf et al., 1982), sheep 
(Fuchs et al., 1987) and human (Lucas et al., 
1980; A.S. McNeilly et al., 1983b) oxytocin is 
released in a pulsatile manner during the 
period of nursing (Figure 11.3). 

Recent studies in which recordings of the 
electrical activity of the oxytocin neurosecre
tory cells in the paraventricular nucleus of the 
hypothalamus in conjunction with measure
ment of oxytocin release suggest that, in the 
rat, a single milk ejection, which occurs over 
a 5- to 20-s period every 2-5 min during the 
nursing period is associated with a single 
coordinated burst of firing of the oxytocin 
neurosecretory cells (see Summerlee and 
Lincoln, 1981; Lincoln, 1983; Lincoln et al., 
1985). This leads to a single-bolus release of 
oxytocin from the posterior pituitary, result
ing in a pulse of oxytocin in the plasma 
(Higuchi et al., 1985, 1986; Meyer et al., 1987). 
Since the next episode of coordinated firing 
of the oxytocin neurosecretory neurones in 
the rat does not occur for 2-5 min, and be
cause of the short half-life of oxytocin in the 
circulation, plasma concentrations of oxy
tocin return to baseline before the next pulse 
release of oxytocin. However, in the rabbit 
during nursing the interval between bursts of 
coordinated oxytocin cell neurosecretory 
activity resulting in oxytocin release is less 
than 1 min (Paisley and Summerlee, 1984), 
and so each release of oxytocin will occur 
before plasma oxytocin levels have declined 
from the previous release of oxytocin (Figure 
11.3; Summerlee et al., 1986). It is probable, 
therefore, that the different patterns of oxy
tocin release seen during suckling are related 
to differences in the time intervals between 
the coordinated firing of the oxytocin neuro
secretory cells in the para ventricular nucleus. 

The amount of oxytocin released appears 
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to increase during early lactation to a peak 
around mid-lactation in the rat (Sutherland et 
al., 1986), rabbit (Fuchs et al., 1984; 
Summerlee et al., 1986) and sheep (Fuchs et 
al., 1987) and then decline, while in humans 
there does not appear to be any significant 
change throughout lactation (Lucas et al., 
1980; A.S. McNeilly et al., 1983b; Johnston 
and Amico, 1986). 

In the majority of studies, there is a large 
variation in the amount of oxytocin released 
and little or no relationship has been found 
between the amount released and the milk 
volume or flow of milk in the cow (Gorewit, 
1979; Sagi et al., 1980; Schams et al., 1984), 
goat (A.S. McNeilly, 1972), sheep (Fuchs et 
al., 1987) or human (Lucas et al., 1980; A.5. 
McNeilly et al., 1983b; Johnston and Amico, 
1986). This suggests that milk ejection, i.e. 
the abrupt contraction of the myoepithelial 
cells, occurs once oxytocin concentrations 
have increased above a threshold (Schams et 
al., 1984; Lincoln et al., 1985). As a conse
quence, while an increase in intramammary 
pressure can be achieved by increasing the 
dose or amount of oxytocin given as bolus 
injections, thus forming the basis of the oxy
tocin bioassays (e.g. Tindal and Yokoyama, 
1962; Bisset et al., 1970; Lincoln et al., 1973), 
oxytocin given as continuous infusions tend 
to produce wave-like contractions of the 
myoepithelial cells which are not synchron
ized between adjacent mammary glands (Lin
coln et al., 1985). Indeed, only by giving small 
bolus injections of oxytocin is it possible to 
reproduce the intramammary pressure 
changes seen during nursing in the wallaby 
(Lincoln and Renfree, 1981a,b), grey seal 
(Lincoln et al., 1983) and human (Cobo et al., 
1967, 1968). 

The sensitivity of the mammary gland to 
oxytocin may change during lactation. In the 
rat, the amount of milk released is greater on 
day 13 than day 8 of lactation, but this 
appears to be due to a decrease in mammary 
resistance (Lau and Henning, 1987) since the 
amount of oxytocin released appears to be 

similar (Sutherland et al., 1986). In mar
supials, on the other hand, there is a clear 
change in sensitivity of the mammary gland 
to oxytocin (Lincoln and Renfree, 1981a,b). In 
the agile wallaby, the mammary gland can be 
induced to contract in the early stages of 
lactation to injections or infusions of oxytocin 
which are ineffective at later stages of lac
tation. During early lactation, when the 
young joey is continuously attached to the 
nipple, only a very little oxytocin is required 
for milk ejection. As the joey grows so the 
sensitivity of the mammary gland to which it 
is attached declines. When the joey leaves the 
pouch, returning to suckle, suckling will re
lease a large amount of oxytocin to eject milk 
from the older glands. This large release of 
oxytocin would have only a limited effect on 
the mammary gland to which a younger joey 
is simultaneously attached since the pressure 
response reaches a plateau at very low con
centrations of oxytocin. Thus, by altering the 
sensitivity of the mammary gland to oxy
tocin, the wallaby has allowed the simul
taneous suckling of a large and a small joey 
without necessarily altering the amount of 
oxytocin released in response to suckling 
(Lincoln and Renfree, 1981a,b; Lincoln, 
1983). 

The release of oxytocin in the rat occurs at 
regular intervals of 2-10 min, but only when 
the rat shows slow-wave sleep (Lincoln et al., 
1980), the suckling stimulus being sleep in
ducing in the rat (Lincoln, 1983). Milk ejec
tions occur at regular intervals during this 
sleep phase provided the suckling stimulus is 
maintained, and rat pups remain attached to 
the nipples for up to 18 h per day (Lincoln et 
al., 1973). In other species sleep is clearly not 
a prerequisite for milk ejection (Poulain et al., 
1981), although rabbits and guinea pigs do 
enter a 'trance-like' state during their periods 
of nursing (Lincoln, 1983). 

In the rat (Lincoln, 1983) and guinea pig 
(LCA.F. Robinson and Jones, 1982), pups 
suckle vigorously after milk ejection has 
occurred and no oxytocin appears to be re-



leased in response to exteroceptive stimuli in 
these species. In the pig, oxytocin release and 
milk ejection may be initiated by either the 
mother calling the litter or the piglets squeal
ing at the mother (Ellendorf et al., 1982). The 
piglets often massage or butt the udder for 
2-4 min before oxytocin release, and oxytocin 
release is associated with fast grunting in the 
sow before milk ejection when the piglets 
become quiet while suckling (Ellendorff et al., 
1982). It is possible therefore that oxytocin 
release may be induced occasionally before 
the onset of suckling. A similar release of 
oxytocin may occur before teat or nipple 
stimulation in cows, as a result of washing 
of the udder (Cleverley and Folley, 1970; 
Gorewit, 1979; Mayer et al., 1984, 1986; 
Schams et al., 1984) or in response to washing 
the udder and the sound and exteroceptive 
stimuli of the young goats (A.S. McNeilly, 
1972) or ewes (Fuchs et al., 1987) and in 
humans in response to preparations for nurs
ing, in particular the cry of the baby (A.S. 
McNeilly et al., 1983b). Indeed, spontaneous 
milk ejections may occur at regular intervals 
unrelated to suckling in humans during lac
tation (A.S. McNeilly and McNeilly, 1978). 
Oxytocin release and the milk ejection reflex 
may be inhibited by emotional or other forms 
of stress (Cross, 1955; Lincoln, 1983). This has 
been clearly demonstrated in the rabbit 
(Cross, 1955), pig (Ellendorff et al., 1982), cow 
(Bruckmaier et al., 1992) and human (I. 
Newton, 1961). In cattle, the injection of 
adrenaline at the time of milking reduced 
milk yield by restricting blood flow to the 
mammary gland without affecting oxytocin 
release (Gorewit and Aromando, 1985). 
Inhibitory effects of adrenaline are mediated 
by a-adrenergic receptors, while milk flow 
rates are increased by J3-adrenergic agonists 
(Bruckmaier et al., 1991). 

It is clear that in all mammalian species 
studied milk ejection occurs in response to a 
suckling-induced or -related release of oxy
tocin from the posterior pituitary as a result 
of the coordinated firing of oxytocin neuro-
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secretory cells in the paraventricular nucleus 
of the hypothalamus. In most species the 
pattern of oxytocin release is pulsatile, but 
when a sustained release does occur this is 
probably due to the interval between firing of 
the oxytocin neurones being shorter than the 
half-life of oxytocin in blood. In some species 
the release of oxytocin may occur before teat 
or nipple stimulation and can be inhibited by 
stress. It appears that in most, if not all 
species, oxytocin is required for milk ejection. 
Studies which failed to demonstrate a release 
of oxytocin even though milk yields were 
normal involved blood samples collected too 
infrequently. Where frequent samples are 
collected, the failure to demonstrate a release 
of oxytocin during nursing is always associ
ated with a reduced or absent milk flow 
(Ellendorf et al., 1982; Schams et al., 1984). 

11.4 OVARIAN ACTIVITY DURING 
LACTATION 

During lactation the suckled offspring stimu
lates milk production and milk ejection but, 
in most mammalian species, the suckling 
stimulus also delays either the resumption of 
ovulation or, if ovulation takes place, delays 
the time of implantation. In this way the 
interbirth interval is extended, allowing the 
suckling young to grow to a point where 
natural weaning is occurring and a reduction 
or absence of milk will not adversely affect 
the health of the growing young. In many 
species (e.g. cow, monkey, human) suckling 
prevents ovulation, in others implantation is 
delayed after a post-partum ovulation (e.g. 
rat, marsupials), while in species such as the 
marmoset monkey and sheep there may be a 
very short delay before ovulations resume. In 
seasonal breeders, such as the sheep, births 
normally occur at the end of the natural 
breeding season and any lactational anoes
trous period coincides with seasonal ano
estrus. Thus, the impact of suckling on 
resumption of ovarian cyclicity is almost 
insignificant compared with some mainly 
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non-seasonal breeders such as the primate, in 
which extended periods up to 4 years of 
suckling-induced infertility may occur. A 
final consideration is that in some species, 
such as the rat and many marsupials, the 
young are born at a very immature state, 
perhaps equivalent to birth of human infant 
at 4-6 months of the 9-month gestation, and a 
delay before the next pregnancy occurs or 
becomes sufficiently established to have a 
detrimental effect on the concurrent lactation 
is essential. In view of these different strate
gies, it is not possible to review the changes 
in ovarian activity and gonadotrophin se
cretion as a whole, but it is necessary to dis
cuss the strategies of individual species 
before drawing conclusions as to possible 
common pathways involved in the suckling
induced inhibition of ovarian activity. 

11.4.1 RAT 

Within 24-36 h of parturition, the exact 
timing depending on the time of parturition 
(Everett, 1961; J.R. Connor and Davis, 
1980a,b), a post-partum oestrus and ovu
lation occurs in the rat whether the rat is or is 
not lactating. In the natural situation, it is 
probable that most conceptions occur at this 
time (Bennett and Vickery, 1970; Conaway, 
1971), although more ejaculations are necess
ary for conception to occur (H.N. Davis and 
Connor, 1980). Although the lactating female 
is now also pregnant, implantation is delayed 
for 5-7 days compared with oestrous cycles in 
the non-lactating rat (Conaway, 1971), during 
which time the blastocyst is in a metabolically 
quiescent state (Gosden et al., 1981). 
Parturition then occurs around day 28, a time 
when natural weaning is occurring (see A.S. 
McNeilly, 1987a). In the absence of mating or 
lactation the next oestrous occurs 5--6 days 
after parturition, while suckling delays oes
trus and ovulation for up to 20 days with 
natural litter sizes (Rothchild, 1960, 1981; 
Maneckjee and Moudgal, 1975; van der 
Schoot et al., 1978; Sodersten et al., 1983), a 

delay which can be increased or decreased by 
increasing or decreasing the litter size (Roth
child, 1960; van der Schoot et al., 1978). 
Suckling will only delay oestrus if the suc
kling stimulus is vigorous during the later 
stages of lactation, if for instance the pups are 
hungry (Rothchild, 1960; van der Schoot et 
al., 1978; Lindblom et al., 1985). Whether or 
not conception occurs at the post-partum oes
trus in lactating rats, the corpora lutea 
formed are maintained throughout lactation, 
increasing in weight and progesterone pro
duction until mid-lactation, around day 10 
(Rothchild, 1960; Grota and Eik-Nes, 1967; 
Tomogane et al., 1969; Yoshinaga et al., 1971; 
M.S. Smith and Neill, 1977; van der Schoot et 
al., 1978; Gosden et al., 1981; Taya and 
Greenwald, 1982; Taya and Sasamoto, 1987). 
The corpora lutea of pregnancy are also main
tained, although with a much reduced 
activity (Taya and Greenwald, 1982). Both 
sets of corpora lutea are dependent on pro
lactin for the maintenance of progesterone 
secretion (Yoshinaga, 1974; Ford and 
Yoshinaga, 1975; M.S. Smith et al., 1976; van 
der Schoot et al., 1978; Taya and Greenwald, 
1982) and, since the amount of prolactin 
available is related to the suckling intensity 
and hence litter size, the amount of pro
gesterone secreted is indirectly related to 
litter size (Yoshinaga et al., 1971; Coppings 
and McCann, 1979; Taya and Greenwald, 
1982). Although corpora lutea are maintained 
throughout lactation, follicular development 
is suppressed. No large antral follicles are 
present and oestradiol levels are low during 
the first half of lactation (M.S. Smith and 
Neill, 1977; van der Schoot et al., 1978; 
Gosden et al., 1981; Taya and Greenwald, 
1982; Uilenbroek et al., 1982; Sodersten et al., 
1983; Taya and Sasamoto, 1987; Lux-Lantos et 
al., 1990). No compensatory ovarian hyper
trophy occurs after unilateral ovariectomy at 
this time (Mena et al., 1974; van der Schoot 
and Greef, 1986a) and no ovulations will 
occur after treatment with an ovulatory dose 
of either LH or hCG (Taya and Greenwald, 



1982; Taya and Sasamoto, 1987). Follicle 
growth resumes around day 10 of lactation, 
and plasma levels of inhibin (Taya et al., 1989; 
Taya and Sasamoto, 1991; Yohkaichiya et al., 
1991) and oestradiol increase slightly at this 
time, allowing oestrogen-dependent implan
tation of the blastocysts to occur (Psychoyos, 
1973; M.S. Smith and Neill, 1977; Taya and 
Greenwald, 1982; Taya and Sasamoto, 1987, 
1991). Major follicle growth and the develop
ment of healthy antral follicles does not occur 
in rats with normal litter sizes until around 
days 17-18 (Taya and Greenwald, 1982; van 
der Schoot and Greef, 1986a,b; Taya and 
Sasamoto, 1987,1991). Although plasma oes
tradiollevels may not increase significantly, 
ovarian compensatory hypertrophy after 
unilateral ovariectomy will now occur in 
these later stages of lactation (Mena et aI., 
1974; van der Schoot and Greef, 1986a,b). 

11.4.2 PIG 

Oestrus cyclicity in the pig is delayed for up 
to 6 weeks during lactation, and the delay is 
not necessarily dependent on the number of 
piglets suckling since lactational anoestrus 
can be maintained with as few as one or two 
piglets (Parvizi et al., 1976; Kuravongkrit, 
1984). However, the number of piglets and 
hence the suckling intensity can markedly 
affect the time from weaning to first oestrus 
and ovulation (Fahmy et al., 1979), and this 
interval is also reduced with longer lac
tations, presumably because of a reduction in 
the suckling intensity of the older piglets (Self 
and Grummer, 1958; Moody and Speer, 1971; 
Cole et al., 1975). A reduction in the suckling 
duration per day is achieved by removing the 
litter for up to 12 h (partial weaning) from the 
second to third week of lactation (D.M. 
Smith, 1961; Walker and England, 1978; L.H. 
Thompson et aI., 1981; Kirkwood et al., 1983; 
Henderson and Hughes, 1984; Stevenson 
and Davis, 1984; E.A. Newton et aI., 1987) can 
result in the occurrence of oestrus during 
lactation, while split weaning, in which a 
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portion of the litter is completely weaned, 
will increase the number of sows exhibiting 
early oestrus after weaning (Stevenson and 
Britt, 1981; Cox et aI., 1983; Henderson and 
Hughes, 1984; Stevenson and Davis, 1984). 

Since first oestrus normally occurs between 
12 and 20 days after parturition in the non
lactating sow, a proportion of the delay in 
resumption of oestrous cycles is due to recov
ery of the hypothalamo-pituitary axis from 
the suppressive effects of pregnancy (Elliot et 
al., 1980). However, even in the absence of 
lactation, abnormal luteal function can occur 
for up to 6 weeks after parturition (Kura
vongkrit et al., 1983a,b). During lactational 
anoestrus no corpora lutea and only a small 
population of large follicles are present in 
the ovary (Lauderdale et aI., 1965; Palmer 
et aI., 1965a,b; Crighton and Lamming, 1969; 
Asch and Heap, 1975; Stevenson et aI., 1981; 
Cox and Britt, 1982a; Duggan et aI., 1982; 
Kuravongkrit et aI., 1982; Dyck, 1983; 
Edwards and Foxcroft, 1983; Foxcroft and 
Hunter, 1985; Shaw and Foxcroft, 1985; M.J. 
Martin et aI., 1986; De-Rensis et aI., 1991). 
There is a large population of small antral 
follicles in anoestrus and, with advancing 
lactation, the size of these follicles increases 
and the number undergoing atresia decreases 
(Palmer et aI., 1965b; Cox and Britt, 1982a; 
Kuravongkrit et aI., 1982; Foxcroft and 
Hunter, 1985) although no follicles of a 
size equivalent to a preovulatory follicle 
are usually seen (Palmer et aI., 1965b; 
Kuravongkrit et al., 1982; Foxcroft and 
Hunter, 1985; Foxcroft et al., 1987). After 
weaning there is a rapid increase in the 
number of medium and large follicles and a 
reduction in the number of small antral fol
licles with a concomitant increase in plasma 
levels of oestradiol (Palmer et al., 1965a; Cox 
and Britt, 1982a; Dyck, 1983; Foxcroft et al., 
1987). 

11.4.3 SHEEP 

In natural conditions, lambing and sub-
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sequent lactation occur in the spring at a time 
when day length is increasing, which co
incides with the onset of seasonal anoestrus 
in most breeds of sheep. Thus, the effect of 
lactation on oestrous cyclicity is not clear. In 
suckled ewes which are either autumn lamb
ing in which lambing occurs before the start 
of seasonal anoestrus, oestrous cycles resume 
within 3-5 weeks (Shevah et al., 1975; Kann et 
al., 1979). Lactation may (Shevah et al., 1975; 
Kann et al., 1979; Moss et al., 1980; P.J. Wright 
et al., 1980; Gregg et al., 1986; Schirar et al., 
1989) or may not (Sharpe et al., 1986; Malven 
and Hudgens, 1987) delay the resumption of 
oestrous cycles, but this variation may relate 
to differences between breeds of sheep and 
the latitude at which the studies were carried 
out. However, there is evidence of a re
duction in fertility of lactating compared with 
non-lactating ewes following oestrus induc
tion (Restall et al., 1978; Rhind et al., 1980). 

11.4.4 COW 

Both milking and suckling delay the onset of 
oestrous cyclicity after parturition in the cow 
(RE. Short et al., 1972; G.L. Williams, 1990), 
although suckling will cause a longer delay of 
up to 150 days (mean around 57 days) before 
first ovulation compared with 30-70 days 
(mean around 25 days) in milked cows 
(Wiltbank and Cook, 1958; Casida et al., 1968; 
Oxenreider, 1968; RE. Short et al., 1972; 
Hurnick et al., 1975; King et al., 1976; Webb et 
al., 1977; Bulman and Lamming, 1978; 
Schams et al., 1978; Stevenson and Britt, 1979; 
Carruthers and Hafs, 1980; A.R Peters and 
Lamming, 1984; Bryner et al., 1990; M.G. 
Murphy et al., 1990; Randel, 1990; Savio et al., 
1990a,b; Schemm et al., 1990; Spicer et al., 
1990; G.L. Williams, 1990). In suckled cows 
the interval to first oestrus can be reduced if 
calves are removed temporarily or suckling is 
restricted (England et al., 1973; Tribble et al., 
1973; J.S. Connor et al., 1974; Randel et al., 
1976; Wetterman et al., 1978; Carter et al., 
1980; Randel and Welker, 1981; Suzuki and 

Sato 1984; Fogwell et al., 1986; LA. Wright et 
al., 1987). An increase in either milking fre
quency or the number of calves suckling may 
(H. Clapp, 1937; Wetterman et al., 1978) or 
may not (Wetterman et al., 1978; Lamming 
et al., 1981; A.R Peters et al., 1981; Mont
gomery, 1982; A.R Peters and Riley, 1982a) 
extend the interval to first oestrus. 

The considerable variation in the delay to 
resumption of oestrus in both suckled and 
milked cows is related not only to suckling 
or milking patterns but is considerably 
influenced by environmental factors, of 
which photoperiod and nutrition are of 
major importance. Although not displaying 
seasonal anoestrus, non-lactating cows do 
show a seasonal change in ovarian follicular 
development (McNatty et al., 1984). In paral
lel with this, the interval to oestrus is longer 
in suckled or milked cows calving in late 
autumn and winter than those calving in the 
spring or summer (Bulman and Lamming, 
1978; Montgomery et al., 1980; A.R Peters 
and Riley, 1982b; P.J. Hansen and Hauser, 
1983; P.J. Hansen, 1985). This effect can be 
replicated by artificial photoperiods (P.J. 
Hansen and Hauser, 1983, 1984) and is 
closely related to nutrition. Heavier and 
better nourished animals or those supplied 
with 24 supplementary dieting energy re
sume oestrous cyclicity earlier (Wiltbank et 
al., 1964; Butler and Smith, 1989; Dunn et al., 
1969; A.R Peters and Riley, 1982a; LA. 
Wright et al., 1987; Prado et al., 1990; Randel, 
1990), while oestrous cyclicity occurs later in 
poorly nourished cows (Lamming, 1966; 
Oxenreider and Wagner, 1971; Stevenson 
and Britt, 1979; LA. Wright et al., 1987) re
lated to a reduction in body condition (LA. 
Wright et al., 1987; Randel, 1990). 

Before first ovulation the final stages of 
follicular development are suppressed and 
plasma and milk levels of progesterone re
main basal confirming the absence of ovu
lation (Labhetswar et al., 1964; RE. Short et 
al., 1972; Webb et al., 1977; Schams et al., 
1978; Lishman et al., 1979; Rawlings et al., 



1980; Walters et aI., 1982; Bellin et al., 1984; 
A.R. Peters and Lamming, 1984; Dufour and 
Roy, 1985; Moss et aI., 1985; Eduvie and 
Dawida, 1986; Garcia-Winder et al., 1986, 
1987; Jagger et al., 1987; Bryner et al., 1990; 
Perry et al., 1991a,b). Plasma levels of oestra
diol remain low and rise only with the devel
opment of large healthy follicles preceding 
the first preovulatory LH surge (Lishman et 
al., 1979; Rawlings et al., 1980; Walters et al., 
1982; Moss et al., 1985; Jagger et al., 1987; 
Garcia-Winder et al., 1987; Spicer et al., 1987a; 
Savio et aI., 1990a,b; Schemn et aI., 1990; 
Spicer et aI., 1990). Large healthy follicles 
have been observed in weaned cows by 7 
days, in milked cows by 10 days and in suc
kled cows by 20 days post-partum (Oxen
reider and Wagner, 1971; Hoffman et al., 
1973; Lishman et al., 1979; Savio et al., 
1990a,b) with the percentage of non-atretic 
follicles in the ovary before first ovulation 
decreasing with time post-partum (Lishman 
et aI., 1979; Dufour and Roy, 1985). The cor
pus luteum of the first ovulation in both suc
kled and milked cows is usually short-lived 
(M.G. Murphy et aI., 1990; Savio et aI., 1990a; 
Perry et aI., 1991a). 

11.4.5 NON-HUMAN PRIMATES 

The majority of primates exhibit extended 
periods of suckling-induced ovarian in
activity, sometimes extending to 4 years in 
Old World great apes, monkeys and humans. 
In most species the resumption of ovarian 
activity has been assessed by monitoring 
interbirth intervals and the endocrine 
changes associated with the delay in resump
tion of ovulation are restricted to a very few 
species. Nevertheless, it is clear that lactation 
or suckling delays the resumption of ovu
lation in the great apes, such as the gorilla 
(Harcourt et al., 1980) and chimpanzee 
(Douglas and Butler, 1970; Clegg and 
Weaver, 1972; Tutin, 1980), lesser Old World 
anthropoids such as the baboon (Rowell, 
1974), various macaques (Kaufman, 1965; 
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Fujiwara et aI., 1967; Vandenberg and 
Vessey, 1968; Drickamer, 1974; Weiss et al., 
1976a; Varley and Vessey, 1977; Simpson et 
al., 1981; Wilson et aI., 1988; Gomendio, 1989; 
Nozaki et al., 1990; Maeda et aI., 1991; Gordon 
et aI., 1992) and members of the genus 
Cercopithecus (Mallinson, 1971; Rowell, 1974) 
and the New World monkeys including the 
spider (Wolf et aI., 1975), howler (Carpenter, 
1934) and squirrel monkeys (Travis and 
Holmes, 1974; Coe and Rosenblum, 1978), 
but not in the common marmoset (A.S. 
McNeilly et al., 1981; S.F. Lunn and 
McNeilly, 1982) or cotton-top tamarins 
(Ziegler et al., 1990). In the rhesus monkey, 
lactational infertility is associated with an ab
sence of ovarian follicular development ob
served as the persistence of low plasma levels 
of oestradiol for up to 150 days post-partum 
(Weiss et aI., 1973; R.F. Williams and 
Hodgen, 1983; Gomendio, 1989; Gordon et 
aI., 1992), in contrast to the non-suckled 
monkey, in which normal follicular develop
ment and ovulation occurs by about 42 days 
post-partum with menses occurring 14 days 
later (R.F. Williams and Hodgen, 1983). In 
these non-suckled monkeys, the corpus 
luteum of pregnancy regresses soon after 
parturition with a resultant rapid decline in 
plasma levels of progesterone (Weiss et aI., 
1973; Goodman and Hodgen, 1978; T.M. 
Plant et aI., 1980; Richardson et aI., 1985). In 
contrast, in suckled lactating mothers, the 
corpus luteum of pregnancy is maintained for 
the first 2-3 months post-partum as a result 
of the increased plasma levels of prolactin 
associated with lactation (T.M. Plant et al., 
1980; Schallenberger et al., 1981; Richardson 
et aI., 1985) and, although plasma levels of 
progesterone do fall over the first few days 
post-partum, they are maintained above nor
mal follicular phase levels for 2-3 months 
(Weiss et aI., 1973; T.M. Plant et al., 1980; R.F. 
Williams and Hodgen, 1983). Luteolysis of 
this corpus luteum of pregnancyllactation 
occurs if prolactin levels are suppressed 
either by weaning the infant (T.M. Plant et 
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al., 1980) or by treating the mother with al., 1991; Tay et al., 1992) may occur but are 
bromocriptine (Schallenbelger et al., 1981; usually not maintained (Howie and 
Richardson et al., 1985). In contrast to all McNeilly, 1982; Gross and Eastman, 1985; 
primates studied so far, lactation in the com- A.S. McNeilly et al., 1985; Flynn et al., 1991). 
mon marmoset is not associated with any These increases in oestradiol are associated 
significant delay in the resumption of ovarian with the growth of follicles as visualized 
activity post-partum, even though the by ultrasound, and medium-sized non
mothers normally have twins (A.S. McNeilly steroidogenically active follicles are also 
et al., 1981; S.F. Lunn and McNeilly, 1982). observed (Flynn et al., 1991). In non-

11.4.6 HUMANS 

Breastfeeding and lactation in women can 
induce a period of ovarian inactivity and 
amenorrhoea for up to 4 years but, because of 
the immense variation in breastfeeding pat
terns, the duration of this interval is very 
variable and may be as little as 2-3 months 
even in a fully breastfeeding mother 
(Udesky, 1950; Perez et al., 1972; R.V. Short, 
1976; Delvoye et al., 1978; A.S. McNeilly, 
1979, 1987a; Kennedy et al., 1989; Konner and 
Worthman, 1980; P.G. Lunn et al., 1980; 
Andersen and Schioler, 1982; Howie and 
McNeilly, 1982; Brown et al., 1985; Duchen 
and McNeilly, 1980; Gross and Eastman, 
1985; Hennart et al., 1981, 1985; P.G. Lunn, 
1985; Rivero et al., 1985, 1988; Wood et al., 
1985a,b; Stern et al., 1986). During the 
period of lactational amenorrhoea, ovarian 
follicular development, whether monitored 
by changes in plasma levels of oestradiol or 
urinary excretion of oestrogen (Reyes et al., 
1972; Bonnar et al., 1975; Rolland et al., 1975; 
Andreassen and Tyson, 1976; Baird et al., 
1979; Duchen and McNeilly, 1980; A.S. 
McNeilly et al., 1980, 1982a; Howie et al., 
1981, 1982; Howie and McNeilly, 1982; 
Glasier et al., 1983; Gross and Eastman, 1983, 
1985; Fraser et al., 1989; Israngkura et al., 
1989; Gray et al., 1990; Fink et al., 1992), 
appears to be suppressed. Luteal function 
rarely resumes, although small short-term 
increases in oestrogen secretion lasting a few 
days (P.R Lewis et al., 1985; Rivero et al., 
1985, 1988; Shaaban et al., 1990; RV. Short et 

breastfeeding women, an increase in plasma 
levels of oestradiol resulting from the devel
opment of a preovulatory follicle occurs 
within 15-30 days post partum and ovulation 
occurs within 30-50 days post-partum (Bon
nar et al., 1975; Baird et al., 1979; A.S. 
McNeilly et al., 1980; Howie and McNeilly, 
1982; Howie et al., 1982; Poindexter et al., 
1983; Gross and Eastman, 1985; Gray et al., 
1987). 

Ovulation may occur in a proportion of 
humans during breastfeeding, and in some 
this may occur before menstruation and may 
result in a pregnancy (Howie and McNeilly, 
1982; A.S. McNeilly et al., 1983c; Gross and 
Eastman, 1985). In the majority, ovulation is 
followed by menstruation, and in 40-60% of 
menstrual cycles occurring while humans 
continue to breastfeed, the luteal phases of 
these menstrual cycles are associated with 
inadequate corpus luteum function (Delvoye 
et al., 1980; Duchen and McNeilly, 1980; A.S. 
McNeilly et al., 1980, 1982a,b, 1983c; Howie 
and McNeilly, 1982; Gross and Eastman, 
1985; P.R Lewis et al., 1985; Gray et al., 1990; 
Shaaban et al., 1990), a situation similar to the 
resumption of menstrual cycles in a non
breastfeeding human post-partum (A.S. 
McNeilly et al., 1980, 1982a, 1983c; Poindexter 
et al., 1983; Gray et al., 1987). Normal ovula
tory menstrual cycles are more likely to occur 
later in lactation (A.S. McNeilly et al., 1982a). 

The duration of lactational amenorrhoea or 
infertility is directly related to the suckling 
activity of the infant (A.S. McNeilly, 1979, 
1987a; A.S. McNeilly et al., 1980, 1985; Howie 
and McNeilly, 1982; Thapa et al., 1988; 
Kennedy and Visness, 1992), and this 



accounts for the large variation in duration 
both within and between different societies. 
A reduction in breastfeeding, usually in 
terms of frequency but also in duration of 
each breast feed, can result in the resumption 
of ovarian activity even though breastfeeding 
continues (Rolland et al., 1975; Delvoye et al., 
1978; Andersen and Schioler, 1982; Howie 
and McNeilly, 1982; Howie et al., 1982; Brown 
et al., 1985; Hennart et al., 1985; Elias et al., 
1986; Gray et al., 1990; Shaaban et al., 1990; 
R.V. Short et al., 1991). These changes in 
suckling pattern may occur as a result of fac
tors influencing the baby, e.g. introduction of 
supplementary food (Howie et al., 1982; Elias 
et al., 1986) or the mother, in whom poor 
nutrition may extend the period of infertility 
(P.G. Lunn et al., 1980; Hennart et al., 1985). 
Suckling the baby at night may also prolong 
the duration of infertility (Howie and 
McNeilly, 1982; Wood et al., 1985a,b; Elias et 
al., 1986; Stern et al., 1986) although in these 
circumstances suckling frequency and dur
ation during the day also tend to be greater 
suggesting that it may not be an effect 
specific to night-time feeding (Stern et al., 
1986; A.S. McNeilly, 1987a). 

11.5 GONADOTROPHINS 

In most mammalian species for which ade
quate data are available, the changes in gon
adotrophin secretion post-partum and during 
lactation are similar. Most of the variation 
between species appears to occur as a result 
of differences in the pattern of suckling, nurs
ing or milking. The pituitary content of both 
LH and FSH is decreased in most species by 
the negative-feedback effects of the high 
levels of steroid hormones associated with 
pregnancy. After parturition, therefore, there 
is a finite time period during which pituitary 
synthesis of gonadotrophins returns to 
normal whether lactation occurs or not. The 
following sections will detail these changes in 
pituitary hormone content, plasma hormone 
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concentrations and responses to ovariectomy 
and oestradiol. 

11.5.1 FOLLICLE-STIMULATING HORMONE 

The pituitary content of FSH increases to 
normal within a few days of parturition in the 
rat (M.S. Smith, 1982a, 1985; Taya and 
Greenwald, 1982), pig (Crighton and 
Lamming, 1969), sheep (Charnley et al., 1976; 
Moss et al., 1980; Crowder et al., 1982; Clarke 
et al., 1984) and cow (Labhsetwar et al., 1964; 
Saiduddin et al., 1968; Carruthers et al., 1980; 
Cermak et al., 1983; Moss et al., 1985; Leung et 
al., 1986). In the rhesus monkey, the pituitary 
content of FSH is decreased during early lac
tation but returns to normal by mid-lactation 
(Weiss et al., 1976b). In vitro, pituitaries 
from lactating rats (M.S. Smith, 1982a, 1985) 
and cows (Leung et al., 1986) release 
normal amounts of FSH in response to 
gonadotrophin-releasing hormone (GnRH). 
Plasma levels of FSH in most species return 
to those seen in normal non-lactating animals 
early in lactation (rat, M.S. Smith and Neill, 
1977; M.S. Smith, 1978a,b; van der Schoot et 
al., 1978; Taya and Sasamoto, 1980, 1987, 
1990, 1991; Taya and Greenwald, 1982; 
pig, Stevenson et al., 1981; Cox and Britt, 
1982b; S. Edwards and Foxcroft, 1983; Shaw 
and Foxcroft, 1985; Foxcroft et al., 1987; 
E.A. Newton et al., 1987; sheep, Findlay and 
Cumming, 1976; Fitzgerald and Cunning
ham, 1981; Clarke et al., 1984; Schirar et al., 
1990; cow, Dobson, 1978; Schams et al., 1978; 
Webb et al., 1980; Lamming et al., 1981; 
Schallenberger and Petersen, 1982; G.L. 
Williams et al., 1982, 1983; Leung et al., 1986; 
Spicer et al., 1986b, I.A. Wright et al., 1987; 
Bryner et al., 1990; human, Reyes et al., 1972; 
Bonnar et al., 1975; Rolland et al., 1975; Keye 
and Jaffe, 1976; Baird et al., 1979; A.S. 
McNeilly et al., 1980; Howie and McNeilly, 
1982; Glasier et al., 1983; Tay et al., 1992) or by 
mid-lactation in the rhesus monkey (T.M. 
Plant et al., 1980; Gordon et al., 1992). 
Injections of GnRH cause the release of nor-
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mal amounts of FSH in the rat (M.s. Smith, 
1982a, 1985), in the pig (Stevenson et al., 
1981; Cox and Britt, 1982a) and in humans 
Geppson et al., 1974; Le Maire et al., 1974; 
Andreassen and Tyson, 1976; Keye and Jaffe, 
1976; Delvoye et al., 1978; Tay et al., 1993). In 
the cow, the FSH response to GnRH given 
either as a single bolus (Stevenson and Britt, 
1980) or as small repeated injections (A.R. 
Peters et al., 1985), while unaffected by suck
ling early in lactation (G.L. Williams et al., 
1982), declined with time post-partum in re
lation to the increase in ovarian follicular 
development and plasma levels of oestradiol 
Gagger et al., 1987). 

Ovariectomy results in an increase in FSH, 
but the response depends on the stage of 
lactation and the suckling intensity. Thus, 
the FSH response to ovariectomy is reduced 
in early lactation in the rat (Taya and 
Sasamoto, 1991), pig (Stevenson et al., 1981) 
and monkey (Weiss et al., 1976a,b) but re
turns to normal by mid-lactation, while in the 
cow the post-ovariectomy FSH response is 
normal soon after parturition (Acosta et al., 
1983; Hinshelwood et al., 1985). The FSH re
sponse to weaning depends on the degree of 
ovarian activity and the amount of steroid 
negative feedback. If follicular development 
is advanced and oestradiol levels are 
increased then there is no change in or even a 
decrease in FSH (pig, Foxcroft et al., 1987; 
E.A. Newton et al., 1987; cow, LA. Wright et 
al., 1987), while an increase in FSH may re
sult if weaning occurs earlier in lactation 
when follicular development and hence ster
oid and inhibin feedback are suppressed (pig, 
Shaw and Foxcroft, 1985; E.A. Newton et al., 
1987). The positive-feedback response to an 
oestradiol challenge is reduced or absent 
during early and mid-lactation in both the 
monkey (Yamaji et al., 1971; R.F. Williams et 
al., 1979; T.M. Plant et al., 1980; Schallen
berger et al., 1981; Ash et al., 1984; Richardson 
et al., 1985) and humans (Baird et al., 1979; 
Glass et al., 1981; Vermer and Rolland, 1982), 
and although absent at day 5 is normal by 

day 15-17 post-partum in the cow (A.R. 
Peters, 1984). In humans, oestradiol has a 
greater negative feedback effect on FSH 
(Baird et al., 1979). 

In summary, it appears that in most species 
both the pituitary content and plasma con
centrations of FSH return to normal soon 
after parturition, suggesting that a lack of 
FSH is not involved in the suppression of 
ovarian activity post-partum. However, it 
must be remembered that in most species 
there is a lack of ovarian activity with conse
quent lack of the ovarian negative-feedback 
hormones oestradiol and inhibin. Therefore, 
it might be expected that plasma concen
trations of FSH would be higher than normal. 

11.5.2 LUTEINIZING HORMONE 

Luteinizing hormone is normally released in 
pulses, each resulting from the release of a 
pulse of GnRH from the hypothalamus. It is 
thus appropriate to discuss changes in GnRH 
receptors in the pituitary in relation to 
changes in the pituitary content of LH and 
plasma levels of LH. As with FSH, the time 
course of changes in LH during lactation are 
similar between species when differences in 
suckling or milking intensity are taken into 
account. For clarity some of these changes 
will be described for each species and com
mon features of all species then discussed. 

(a) Rat 

The pituitary content of LH, LHb and gon
adotrophin a-subunit mRNA abundance is 
decreased during early lactation, increasing 
to that of a dioestrous female by mid-lactation 
(Ford and Melampy, 1973; M.S. Smith and 
Neill, 1977; M.S. Smith, 1978a,b; Steger and 
Peluso, 1978; Taya and Greenwald, 1982; 
Taya and Sasamoto, 1987; L.R. Lee et al., 
1989a,b; M.S. Smith and Lee, 1989). This 
reduced pituitary content of LH is accomp
anied by reduced hypothalamic GnRH con
tent (Minaguchi and Meites, 1967; M.S. 
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Figure 11.4 Changes in the pulsatile secretion of LH during lactation in the rat (A), cow (B) and human 
(C). Note that early in lactation in the cow and human, and in early to mid-lactation (day 10) in the rat 
suckled by a normal-size litter, the pulsatile secretion of LH is inhibited or absent. As lactation proceeds 
in the cow and human the pulsatile release of LH resumes and is associated with a return of ovarian 
follicular development. In the rat, a reduction in the suckling stimulus by reducing the number of pups 
from eight to two also results in an increase in the pulsatile secretion of LH. (Taken from Fox and Smith, 
1984; Glasier et al., 1984b; Riley et al., 1981.) 

Smith, 1978a) and there is a reduced or ab
sent release of GnRH in response to the excit
atory amino acid N-methyl aspartic acid (Pohl 
et al., 1989). There is up to a 50% reduction in 
pituitary GnRH receptors (Clayton et al., 
1980; M.S. Smith, 1984), suggesting an ab
sence of GnRH release from the hypothala
mus, since GnRH in the rat is known to 
positively regulate its own receptors and 
GnRH receptor number reflects exposure of 
the pituitary to endogenous GnRH (Clayton 
et al., 1982; Pieper et al., 1982). 

Basal plasma levels of LH are suppressed 
to around 25% of those in dioestrous (Figure 
11.4; Ford and Melampy, 1973; Hammons et 
al., 1973; Lu et al., 1976a,b; M.S. Smith and 
Neill, 1977; M.S. Smith, 1978a,b, 1982b, 1985; 

van der Schoot et al., 1978; Coppings and 
McCann, 1979; Taya and Greenwald, 1982; 
Uilenbroek et al., 1982; Hansen et al., 1983; 
Fox and Smith, 1984; Taya and Sasamoto, 
1987, 1990, 1991; Lux-Lantos et al., 1990) and 
increase in mid- to late lactation, around day 
20, when plasma levels of progesterone de
cline and those of 20a-dihydroprogesterone 
increase (M.S. Smith and Neill, 1977; Taya 
and Greenwald, 1982). 

These low basal levels of LH result from an 
absence of the normal pulsatile secretion of 
LH, at least on day 10 of lactation (Figure 
11.4; Fox and Smith, 1984; L.R. Lee et al., 
1989a,b). Exogenous GnRH given as large 
bolus or small pulsatile injections releases LH 
from the pituitary both in vitro (M.S. Smith, 
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1982a, 1985) and in vivo (Lu et al., 1976a,b; 
Hodson et al., 1978; M.S. Smith, 1978a; Steger 
and Peluso, 1978; Fox and Smith, 1984; L.R. 
Lee et al., 1989a,c) during lactation, but the 
amount of LH released is significantly 
reduced in comparison with dioestrus, and 
no potentiation of the LH response was seen 
in response to repeated injection of GnRH 
(Lu et al., 1976a,b; Hodson et al., 1978), as 
occurs normally during the oestrous cycle 
(Aiyer et al., 1974). Longer treatment with 
pulsatile GnRH induces a rapid increase in 
GnRH receptors to normal (L.R. Lee et al., 
1989a,c), a response similar to the increase in 
LH pulse output, reflecting GnRH, and 
GnRH binding after weaning (L.R. Lee et al., 
1989a,b; M.s. Smith and Lee, 1989; Ciofi et 
al., 1991). The increase in LH secretion was 
accompanied by an increase in LHI3 and 
gonadotrophin a-subunit mRNA abundance 
(L.R. Lee et al., 1989a,b) and could be 
reversed if suckling resumed (Maeda et al., 
1989). 

In lactating female rats, the LH response to 
an oestradiol injection, which will induce the 
release of a preovulatory-type LH surge in 
the normal oestrous cycle (Legan et al., 1975; 
Blake, 1977), is significantly reduced (M.S. 
Smith, 1978a; Coppings and McCann, 1979), 
the amount of LH released decreasing as 
litter size increases (Coppings and McCann, 
1979). Similarly, the daily LH surges which 
can be induced in non-lactating rats when 
exposed to continuous oestradiol (Legan et 
al., 1975) are abolished (Coppings and 
McCann, 1979) or dramatically reduced 
(Tsukamura et al., 1988) during lactation. 
Plasma concentrations of progesterone are 
elevated during lactation due to the persist
ence of the corpus luteum of pregnancy and 
to the new corpora lutea occurring as a result 
of the post-partum ovulation. This progester
one, together with any follicular steroid pro
duction, may play a role in suppressing 
GnRH output, and this can be assessed by 
monitoring the changes in gonadotrophins 
after ovariectomy during lactation. When 

ovariectomy is performed in early lactation 
suckling can prevent the normal rise in serum 
and pituitary levels of LH and, to a lesser 
extent, FSH (M.S. Smith, 1978b, 1981), and 
the normal decrease in hypothalamic content 
of GnRH (Culler et al., 1982a,b) and the post
ovariectomy suppression of LH and FSH can 
be enhanced if litter size is increased (Cop
pings and McCann, 1979). In contrast, when 
ovariectomy is performed in mid-lactation 
(days 10-lS), suckling only reduced the in
crease in LH and FSH by SO% (M.S. Smith, 
1981). The importance of the suckling stimu
lus in suppressing LH release was demon
strated in studies in which pups were 
separated from their mothers for 8-23 h 
(Isherwood and Cross, 1980; Sirinathsinghji 
and Martini, 1984). During the suckling 
period when the pups were reintroduced 
there was a dramatic increase in plasma 
levels of prolactin and rapid decrease in LH 
(Isherwood and Cross, 1980; Sirinathsinghji 
and Martini, 1984) but not FSH (Sirinaths
inghji and Martini, 1984), the increase in LH 
associated with an increase in pulsatile LHI 
GnRH release (Maeda et al., 1989). Although 
these results suggest that suckling will in
duce an acute decrease in LH secretion, suc
kling and nursing activity, in the rat is a more 
continuous activity with nursing periods last
ing up to 18 h. The suckling activity of the 
pups declines throughout lactation with con
siderable variation during each 24 h period 
(van der Schoot et al., 1978; Sodersten and 
Eneroth, 1984) and, although LH levels may 
be lower during a 24-h period in mothers 
suckling 10 rather than five pups (van der 
Schoot et al., 1978), there is no precise re
lationship between suckling activity and LH 
release (van der Schoot et al., 1978; Sodersten 
and Eneroth, 1984). This suggests that during 
lactation in the rat the effect of suckling on 
LH secretion is related more to a chronic 
alteration in secretion than a series of acute 
changes occurring every suckling episode. 
Nevertheless, in the rat, reduced basal levels 
of LH during lactation result from a suckling-



induced decrease in the hypothalamic con
tent of and subsequent release of GnRH from 
the hypothalamus, which results in a 
reduced number of GnRH receptors in the 
pituitary and a decrease in both the synthesis 
and release of LH both basally and in re
sponse to both GnRH and oestradiol. A simi
lar situation occurs in other species. 

(b) Pig 

During the first 3-4 weeks of lactation the 
pituitary content of LH (Crighton and 
Lamming, 1969; Cox and Britt, 1982b) and 
GnRH (Cox and Britt, 1982b) and basal 
plasma levels of LH remain low (Aherne et 
al., 1976; Parvizi et al., 1976; Dyck et al., 1979; 
van der Wiel et al., 1979; Cox and Britt, 1982b, 
Duggan et al., 1982; Stevenson and Britt, 
1979; Stevenson et al., 1981; Edwards and 
Foxcroft, 1983; Foxcroft et al., 1987; E.A. 
Newton et al., 1987), and neither pituitary nor 
plasma levels of LH increase in response to 
ovariectomy at this stage (Crighton and 
Lamming, 1969; Stevenson et al., 1981). The 
suppression of LH is associated with an ab
sence or decrease in the pulsatile release of 
LH (Parvizi et al., 1976; van der Wiel et al., 
1979; S. Edwards and Foxcroft, 1983; Shaw 
and Foxcroft, 1985; Foxcroft et al., 1987; E.A. 
Newton et al., 1987) and is directly related to 
litter size (Kuravongkrit, 1984). 

From the third week of lactation onwards 
the pulsatile secretion of LH resumes, but 
initially at a lower frequency than normal 
(Shaw and Foxcroft, 1985; Foxcroft et al., 
1987; Barb et al., 1991; Rojkittikhun et al., 
1991). Plasma levels of LH in intact (Elsaesser 
and Parvizi, 1980; Stevenson and Britt, 1980; 
Stevenson et al., 1981; Kirkwood et al., 1984a; 
Shaw and Foxcroft, 1985; Foxcroft et al., 1987) 
and ovariectomized sows (Stevenson et al., 
1981) and the amount of LH released in re
sponse to GnRH also increases from the third 
week of lactation (Bevers et al., 1981; 
Stevenson et al., 1981; Rojansthien et al., 
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1987). A positive-feedback response to exo
genous oestradiol is also re-established by 
day 35 of lactation, having been absent on 
day 5 and greatly reduced on day 15 of lac
tation (Elsaesser and Parvizi, 1980; Ramirez et 
al., 1985; Cox et al., 1988; De-Rensis et al., 
1991), although oestradiol will induce oestrus 
behaviour throughout lactation (Cox et al., 
1988). 

The LH response to weaning increases 
with time during lactation. In early lactation 
(day 10) the LH response to the natural post
weaning increase in oestradiol is poor (S. 
Edwards and Foxcroft, 1983; Kirkwood et al., 
1984a,b). In contrast, a significant increase in 
basal levels of LH due to an increase in LH 
pulse frequency but not amplitude occurs 
after weaning from day 2 onwards (Cox and 
Britt, 1982b; S. Edwards and Foxcroft, 1983; 
Shaw and Foxcroft, 1985; Foxcroft et al., 1987; 
E.A. Newton et al., 1987; Rojkittikhun et al., 
1991), and is related to a significant increase 
in both pituitary content of LH (Crighton and 
Lamming, 1969; Cox and Britt, 1982b) and 
hypothalamic content of GnRH (Cox and 
Britt, 1982b). The pattern of the pulsatile se
cretion of LH is very variable in the later part 
of lactation and, while sows exhibiting early 
oestrus after weaning tend to have increased 
pulsatile LH release before weaning (Shaw 
and Foxcroft, 1985), there does not appear to 
be any relationship between post-weaning 
LH pulsatility and time to oestrous onset 
(Foxcroft et al., 1987). 

(c) Sheep 

In the ewe the hypothalamic content of 
GnRH (Moss et al., 1980; Crowder et al., 1982; 
Clarke et al., 1984), pituitary content of LH 
(Charnley et al., 1976; Jenkin et al., 1977; 
Restall and Starr, 1977; Restall et al., 1977; 
Moss et al., 1980; Crowder et al., 1982; Clarke 
et al., 1984; Wise et al., 1985) and plasma 
levels of LH Oenkin et al., 1977; Clarke et al., 
1984; Gregg et al., 1986; Sharpe et al., 1986; 
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G.S. Lewis and Bolt, 1987; Malven and 
Hudgens, 1987) return to normal within 14 
days after parturition whether or not lac
tation occurs, as does the mRNA content for 
the gonadotrophin a and LHb subunits (Wise 
et al., 1985), GnRH receptor (Crowder et al., 
1982) and oestrogen receptor (Wise et al., 
1986). Basal levels of LH increase in parallel 
with an increase in pulsatile LH secretion 
during lactation, although the rate of increase 
in LH pulse frequency slows as the number 
of lambs suckled increases (Schirar et al., 
1990; Wise, 1990). The increase in pulsatile 
release of LH is directly related to an increase 
in pulsatile release of GnRH measured in the 
hypophyseal portal vessels (Wise, 1990). In 
early lactation, when pituitary LH content is 
low, only 30-40% of GnRH pulses release LH 
compared with 70-80% later in lactation 
(Wise, 1990). However, the effect of lactation 
on the resumption of oestrous cycles varies 
considerably among breeds of sheep even 
though most parameters of LH secretion 
appear to return to normal early in lactation 
(see previous section). In lactating ewes 
lambing during the breeding season a para
doxical increase in both basal levels of LH 
(Restall and Starr, 1977) and the pulsatile se
cretion of LH occurred (P.J. Wright et al., 
1981a,b,c; Clarke et al., 1984), the frequency 
of pulses being greater than during either the 
luteal phase or seasonal anoestrus. The LH 
response to GnRH returns to normal earlier 
in ewes lambing in the autumn (P.J. Wright et 
al., 1980) than those lambing in the spring 
during the late breeding or early anoestrous 
season (Charnley et al., 1974; Jenkin et al., 
1977) but, in spite of this normal response to 
GnRH, only around 50% of ewes show a 
normal positive-feedback response to oestra
diol by 30 days post-partum (P.J. Wright et 
al., 1980, 1981a,b). Chronic treatment of lac
tating ewes with low-dose oestradiol de
creases the LH response to GnRH (Leakakos 
et al., 1987) and causes a greater suppression 
of LH in lactating than non-lactating ovari
ectomized ewes. These results suggest that 

suckling can induce an increase in sensitivity 
to the negative-feedback effects of oestradiol, 
but the response varies considerably between 
different breeds of ewe. 

(d) Cow 

Both the pituitary content of LH (Labhetswar 
et al., 1964; Saididdin et al., 1968; Cermak et 
al., 1983; Moss et al., 1985; Leung et al., 1986) 
and the plasma concentration of LH increase 
to normal levels by 30-50 days post-partum 
(Echternkamp and Hansel, 1973; Dickery et 
al., 1975; Goodale et al., 1978; Schams et al., 
1978; Rawlings et al., 1980; Troxel et al., 1980; 
Webb et al., 1980; Kesler et al., 1981; Fisher et 
al., 1986; LA. Wright et al., 1987; M.G. 
Murphy et al., 1990; Savio et al., 1990a; 
Schemm et al., 1990; Spicer et al., 1990; 
Canfield and Butler, 1991; Lucy et al., 1991). 
The increase in basal levels results from a 
resumption of the pulsatile release of LH 
(Stevenson and Britt, 1979; Carruthers and 
Hafs, 1980; Carruthers et aI, 1980; Forrest et 
al., 1980; Rahe et al., 1980; Lamming et al., 
1981; A.R. Peters et al., 1981; Ramirez
Godinez et al., 1982; Walters et al., 1982; 
Fisher et al., 1986; G.L. Williams et al., 1987; 
LA. Wright et al., 1987; M.G. Murphy et al., 
1990; Schemm et al., 1990; Lucy et al., 1991; 
Savio et al., 1990a; Canfield and Butler, 1991) 
and occurs more rapidly in milked than suc
kled cows (A.R. Peters and Lamming, 1984). 
The LH response to GnRH both in vivo (Webb 
et al., 1977; Schallenberger et al., 1978, 1982; 
Fernandes et al., 1978; Foster et al., 1980; 
Jaeger et al., 1987) and from the pituitary in 
vitro (Moss et al., 1985; Leung et al., 1986) also 
increases with time post-partum, although 
there is no change in either the affinity or 
number of GnRH receptors in the pituitary 
during lactation (Moss et al., 1985; H.c. 
Leung et al., 1986). Weaning does not affect 
GnRH release from the stalk median emi
nence in vitro (Connor et al., 1990) and hypo
thalamic GnRH content is greater in suckled 



than non-suckled ovariectomized cows 
(Zalesky et al., 1990). 

A major increase in the pulsatile secretion 
of LH occurs in the few days preceding first 
ovulation post-partum (Figure 11.4; Walters 
et al., 1982; P.]. Hansen and Hauser, 1983; 
Garcia-Winder et al., 1984; A.R Peters and 
Lamming, 1984; Fisher et al., 1986; M.G. 
Murphy et al., 1990; Perry et al., 1991a), and 
this increase in LH stimulates follicle devel
opment and an increase in plasma concen
trations of oestradiol (Fisher et al., 1986; M.G. 
Murphy et al., 1990). Suckling delays this in
crease in LH pulsatility and weaning is 
associated with a rapid increase in LH pulse 
frequency without a change in pulse ampli
tude (Fogwell et al., 1986; Faltys et al., 1987; 
Rutter and Manns, 1987; LA. Wright et al., 
1987). This increase can be prevented by 
maintaining cows in a state of hypoglycaemia 
or negative energy balance (Rutter and 
Manns, 1987; Canfield and Butler, 1991; 
Randel, 1990; Schrick et al., 1990; G.L. 
Williams, 1990; Lucy et al., 1991) and the 
increase in frequency is less in cows in poor 
body condition (LA. Wright et al., 1987) and 
can be stopped by reintroduction of the suc
kling calf (LA. Wright et al., 1987). Increasing 
dietary energy can reduce the time to first 
ovulation, apparently by increasing LH pulse 
amplitude but not frequency (Canfield and 
Butler, 1991; 1990; Lucy et al., 1991). 

Oestrogen-induced positive-feedback re
lease of LH occurs in most suckled and 
milked cows by day 15 post-partum (Radford 
et al., 1978; RE. Short et al., 1979; 
Schallenberger et al., 1982; A.R Peters, 1984), 
but the amount of LH is significantly reduced 
compared with non-lactating cows, sugges
ting a suckling-induced reduction of re
sponse. The LH response to ovariectomy on 
days 4-5 post-partum is delayed for 5-10 
days in cows suckling one or two calves 
(Schallenberger et al., 1982; Acosta et al., 1983; 
Garcia-Winder et al., 1984; Hinshelwood et 
al., 1985), but both plasma levels and the 
pulse frequency of LH increase throughout 
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the post-partum period until they are equiv
alent to non-suckled ovariectomized cows by 
40-60 days post-partum (Garcia-Winder et al., 
1984). However, this escape from the inhibi
tory effects of suckling alone can be delayed 
by treatment with oestradiol (Acosta et al., 
1983; Hinshelwood et al., 1985). Indeed, the 
post-partum interval in intact suckled cows 
can be shortened by treatment with an anti
oestrogen (Chang and Reeves, 1987), sup
porting the view that suckling in the cow 
causes an increase in sensitivity to the 
negative-feedback effects of oestradiol. 

(e) Non-human primates 

During lactation in the rhesus monkey, 
plasma levels of LH remain suppressed for 
the first 9 months post-partum and then in
crease to normal follicular plasma levels by 12 
months (T.M. Plant et al., 1980). Injection of 
GnRH in the first month or of oestradiol for 
the first 3-6 months post-partum fails to in
duce an increase in LH (Yamaji et al., 1971; 
RF. Williams et al., 1979; T.M. Plant et al., 
1980; Schallenberger et al., 1981; Ash et al., 
1984; Richardson et al., 1985), in contrast to 
non-suckled monkeys, in which a normal 
response returns within the first month 
post-partum (T.M. Plant et al., 1980). The 
positive-feedback effect of oestrogen on LH 
gradually increases after 6 months to reach 
normal by 10-11 months post-partum (Figure 
11.5; T.M. Plant et al., 1980; Schallenberger et 
al., 1981). 

The suppression of gonadotrophin se
cretion and positive-feedback effects of oes
trogen can be induced in non-post-partum 
rhesus monkeys fostering neonates (T.M. 
Plant et al., 1980), confirming that the effect of 
lactation is due to the suckling stimulus alone 
and not any events associated with preg
nancy or parturition (Schallenberger et al., 
1981). Indeed, suckling delays the increase in 
both LH and FSH after ovariectomy in early 
lactation in cynomolgus monkeys (Gordon et 
al., 1992). 
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Figure 11_5 Changes in the positive- and negative- feedback effects of oestrogen on the secretion of LH 
with time post-partum in the rhesus monkey (A) and human (B). Note that in both suckled monkeys and 
humans the positive-feedback effect of oestrogen is inhibited by suckling while the negative-feedback 
effects of oestrogen are enhanced in humans. (From Baird et al., 1979; T.M. Plant et al., 1980.) 

(g) Human 

In non-breastfeeding humans, plasma levels 
of LH return to normal cycle levels within 
20-25 days post-partum (Bonnar et al., 1975; 
Rolland et al., 1975; Baird et al., 1979; A.S. 
McNeilly, 1979; Howie and McNeilly, 1982; 
Glasier et al., 1983), while in breastfeeding 
humans, plasma levels increase to the lower 
limit of normal by day 20 and remain sup
pressed throughout most of the period of 
lactational amenorrhoea (Reyes et al., 1972; 
Bonnar et al., 1975; Rolland et al., 1975; Keye 
and Jaffe, 1976; Delvoye et al., 1978; Baird et 
al., 1979; Duchen and McNeilly, 1980; A.S. 
McNeilly et al., 1980; Glasier et al., 1983, 
1984b; Kremer et al., 1991; Nunley et al., 1991; 
Fink et al., 1992; Tay et al., 1992, 1993). These 

reduced plasma levels of LH are associated 
with either absent or low-frequency, low
amplitude pulses of LH (Figure 11.4; Madden 
et al., 1978; Tyson et al., 1978; Glasier et al., 
1984b, Gross and Eastman, 1985; Nunley et 
al., 1991; Tay et al., 1992, 1993) and a reduced 
LH response to large-bolus injections of exo
genous GnRH 0 eppson et al., 1974; Le Maire 
et al., 1974; Andreassen and Tyson, 1976). 
Normal pulsatile release of LH can be 
induced by the injection of small boluses of 
GnRH (Glasier et al., 1986), suggesting that 
there is a reduction in the total amount of LH 
in the pituitary but that the amount is still 
sufficient to allow the normal pulsatile re
lease of LH if GnRH was secreted by the 
hypothalamus. During full breastfeeding, in 
which LH levels are suppressed, oestradiol 
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fails to induce a positive-feedback release of 
LH (Baird et al., 1979; Glass et al., 1981; 
Vermer and Rolland, 1982) and levels appear 
to be more suppressed than normal by oes
tradiol, suggesting a suckling-induced in
crease in sensitivity to the negative-feedback 
effects of oestradiol (Figure 11.5; Baird et al., 
1979). As breast feeding declines, plasma 
levels and the pulsatile secretion of LH 
increase, stimulating follicular oestrogen 
secretion and ovulation (Figure 11.4; Rolland 
et al., 1975; P.G. Lunn et al., 1980; A.S. 
McNeilly et al., 1980; Glasier et al., 1983, 
1984b). 

(g) Summary 

The suckling or milking stimulus in all 
species for which there are adequate data 
results in a suppression of the normal pulsa
tile secretion of LH, with a consequent main
tenance of plasma levels of LH which are 
lower than those in the normal oestrous or 
menstrual cycle. This reduction in LH is re
lated, at least in some species, to a decrease 
in pituitary content of LH, a reduced GnRH 
receptor content and a decrease in the ability 
of both GnRH and oestradiol to induce a 
normal release of LH. These results suggest 
that suckling or milking suppresses the hypo
thalamic output of GnRH or disrupts the nor
mal regular pattern of pulsatile release of 
GnRH from the hypothalamus. In contrast to 
LH, plasma levels of FSH usually return to 
normal early in post-partum lactating ani
mals, suggesting that suckling or milking has 
only a minimal effect on FSH secretion. 
However, this is probably not the case, since 
both the FSH and LH response to ovari
ectomy is suppressed if oestradiol replace
ment is given, and enhanced sensitivity to 
the negative-feedback effects of oestradiol 
can be demonstrated for both FSH and LH. 

11.6 INDUCTION OF OVARIAN ACTIVITY 
DURING LACTATION 

If the lack of ovarian activity during lactation 
is due to the reduction in gonadotrophin 
secretion rather than any change in the 
sensitivity of the ovary to the available gon
adotrophins, it should be possible to induce 
follicle growth and ovulation by increasing 
gonadotrophin secretion in the animal using 
appropriate GnRH stimulation or by giving 
exogenous gonadotrophins. In early lactation 
in the rat no follicles are present which are 
capable of ovulating in response to a single 
large injection of human chorionic gonado
trophin (hCG), but responsive follicles could 
be induced by pretreatment for 5 days with 
low doses of either hCG or LH (Taya and 
Greenwald, 1982; Taya and Sasamoto, 1987, 
1988a, 1990). An increase in FSH alone occur
ring after immunoneutralization of GnRH in 
lactating rats does not affect follicle growth 
(Taya and Sasamoto, 1988b). In the pig, treat
ment with FSH or pregnant mare serum gon
adotrophin (PMSG) alone or in combination 
with human chorionic gonadotrophin (hCG) 
fails to induce oestrus and ovulation early in 
lactation, but the percentage of sows show
ing oestrus and conceiving increases after the 
third week of lactation (Hausler et al., 1980; 
Britt et al., 1985). While continuous infusion 
of GnRH failed to induce oestrus (Britt et al., 
1985), the pulsatile administration of GnRH 
for 60 or more hours will induce oestrus in 
most sows from day 24 of lactation onwards 
(Cox and Britt, 1982b; Britt et al., 1985) and 
the percentage responding decreases the 
earlier the treatment is started in lactation. 

In both the sheep (P.I. Wright et aI., 1983, 
1984; G.S. Lewis and Bolt, 1987) and cow 
(Rahe et al., 1980; Riley et al., 1981; A.R. 
Peters et al., 1985; Vostermans and Walton, 
1985; Spicer et al., 1986a-d), ovulation can be 
induced by repeated injections of low doses 
of GnRH usually administered at a constant 
interval of 1-2 h, a frequency similar to that 
occurring in the normal follicular phase of the 
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cycle (Baird and McNeilly, 1981). However, 
the results of such treatments are variable, 
and while ovulation may be induced corpus 
luteum function is often inadequate (Garcia
Winder et al., 1986; Spicer et al., 1986b; Jagger 
et al., 1987; V.G. Smith et al., 1987; Braden et 
al., 1989), a situation similar to that after 
treatment of lactating cows with single intra
muscular injections of GnRH (Schams et al., 
1973; Britt et al., 1974; Webb et al., 1977; 
Kesler et al., 1978, 1981; Zaied et al., 1980; 
CN. Lee et al., 1983). In sheep, adequate 
luteal function after low-dose GnRH treat
ment occurs if the frequency of the pulsatile 
administration is progressively increased 
(3-hourly to hourly) and is further improved 
if ewes are pretreated with progesterone (P. J. 
Wright et al., 1984), a situation similar to in
duction of ovulation in acyclic non-lactating 
anoestrous ewes (McLeod et al., 1982; A.S. 
McNeilly et al., 1982c; McNatty et al., 1984). A 
similar improvement in luteal function occurs 
if milked or suckled cows are pretreated with 
progesterone before the start of GnRH treat
ment (Garcia-Winder et al., 1986, 1987; Spicer 
et al., 1986a,c; V.G. Smith et al., 1987). 

In humans, gonadotrophin stimulation im
mediately post-partum fails to stimulate oes
trogen secretion (Zarate et al., 1972; A.S. 
McNeilly et al., 1980; Howie et al., 1981), but 
thereafter either exogenous gonadotrophins 
(Nakano et al., 1975; Andreassen and Tyson, 
1976) or GnRH-induced increases in endo
genous gonadotrophins (Zanartu et al., 1974; 
Andreassen and Tyson, 1976; Glasier et al., 
1986) will stimulate follicular development, 
oestrogen secretion and ovulation, although 
as in the cow corpus luteum function may be 
inadequate (Glasier et al., 1986). 

These results show that the failure of 
ovarian follicular development during lac
tation is due principally to a lack of adequate 
gonadotrophin stimulation, mainly LH. 
Injections of a large bolus of hCG, LH or 
GnRH to induce a large release of endogen
ous LH, all of which expose the ovary to LH 
in amounts similar to the preovulatory LH 

surge, will only induce ovulation with the 
formation of an adequate corpus luteum if a 
follicle(s) is present in the ovary at a suf
ficiently advanced stage of development to 
respond adequately. Such follicles can be 
induced by treatment with pulsatile low-dose 
injections of GnRH at a frequency which 
mimics closely the normal increase in LH 
pulse frequency seen in the normal follicular 
phase of the oestrous or menstrual cycles. In 
the majority of cases this will result in ovu
lation and the formation of an adequate 
corpus luteum, and the percentage showing 
normal responses can be further improved by 
pretreatment with progesterone, although 
the mechanism remains unclear. The final 
question that remains is: how does suckling 
or milking suppress endogenous GnRH and 
hence LH secretion during lactation? 

11.7 MECHANISMS OF 
SUCKLINGIMILKING-INDUCED 
SUPPRESSION OF GnRH 

11.7.1 PROLACTIN 

Because of the close association between 
raised prolactin levels and the suppression of 
ovarian activity, it has been suggested that 
prolactin may play an important role in either 
or both the suppression of gonadotrophin 
secretion or inhibition of gonadotrophin 
action at the ovary (for discussion see A.S. 
McNeilly, 1979, 1984, 1985, 1987a,b, 1993; 
A.S. McNeilly et al., 1982a). The importance 
of prolactin in normal ovarian function varies 
between species and appears to play a key 
role in the rat, but has less or no importance 
in other species (A.S. McNeilly, 1984). Thus, 
the role of prolactin in controlling ovarian 
activity will first be discussed in the rat. 

The corpora lutea of lactation in the rat are 
dependent on prolactin, and treatment with 
CBl54 to suppress prolactin in early and mid
lactation results in a rapid decline in plasma 
levels of progesterone (Tomogane et al., 1969; 
Lu et al., 1976b; Rothchild, 1981; S. Hansen et 
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al., 1983). While treatment in early lactation 
results in oestrus around 8-10 days later, 
treatment in mid-lactation (days 9-13) results 
in a rapid return of oestrus (Tomogane et al., 
1969; Lu et al., 1976b; S. Hansen et al., 1983). 
These results suggest that prolactin does play 
an active role in suppressing oestrus, prob
ably indirectly via progesterone, but the 
different responses to CB154 appear to relate 
more directly to the extended delay of the LH 
response to CB154 in early rather than mid
lactation (Lu et al., 1976b). A more clear-cut 
effect of prolactin per se on LH release is seen 
after ovariectomy. Suppression of prolactin 
with CB154 after ovariectomy in early lac
tation resulted in an increase in plasma levels 
of LH to 50% of those seen in non-lactating 
ovariectomized females, while FSH increased 
to normal castration levels (M.s. Smith, 
1978b, 1981). Both LH and FSH increased to 
normal castration levels when prolactin was 
suppressed by CB154 after ovariectomy in 
mid-lactation (M.S. Smith, 1978b, 1981). 
Since the effects of CB154 could be overcome 
by concomitant treatment with prolactin 
(M.S. Smith, 1978b, 1981), this implies that 
prolactin per se was having a direct effect 
suppressing GnRH release after ovariectomy. 
Indeed, prolactin causes a reduction in GnRH 
receptors when administered in mid-lactation 
(M.S. Smith and Lee, 1989). Although such a 
situation may occur during lactation there 
does not appear to be a precise inverse re
lationship between prolactin and LH during 
any 24-h period in lactation in the rat, and 
maximum levels of prolactin mayor may not 
coincide with alterations in LH (van der 
Schoot et aI, 1978; Sodersten and Eneroth, 
1984). 

In a manner similar to lactation-induced 
delay in implantation in the rat, the blasto
cyst and corpus luteum resulting from ovu
lation and conception occurring at the post
partum oestrus immediately after parturition 
in the wallaby remains in a quiescent state 
maintained by the suckling joey (lactational 
diapause, Tyndale-Biscoe et al., 1986). This 

lactational diapause can be terminated by 
removal of the suckling joey (Tyndale-Biscoe, 
1984) or by hypophysectomy of the mother 
(Hearn, 1974), suggesting that secretion of a 
pituitary factor is responsible for the sup
pression of luteal function and the resultant 
embryonic diapause. Treatment of wallabies 
with CB154 which will suppress prolactin 
(Tyndale-Biscoe and Hinds, 1984; Curlewis et 
al., 1986) results in reactivation of the corpus 
luteum, while treatment with prolactin will 
prevent reactivation (Tyndale-Biscoe and 
Hawkins, 1977). These results suggest that 
prolactin released by the suckling joey is the 
key hormone in preventing reactivation of 
the corpus luteum. If this is the case, the 
amounts of prolactin required must be ex
tremely small or the corpus luteum very sen
sitive to prolactin since there appears to be 
little or no change in prolactin levels during 
the early stages of the diapause in the wal
laby (Tyndale-Biscoe and Hinds, 1984; Hinds 
and Tyndale-Biscoe, 1985; Curlewis et al., 
1986) or other marsupials. 

In the pig (Kraeling et al., 1982; Bevers et 
al., 1983; Mattioli and Seren, 1985) sheep 
(Louw et al., 1976; Kann et al., 1979; Fitz
gerald and Cunningham, 1981; P.J. Wright et 
al., 1981a) and cow (Cummins et al., 1977; 
Clemente et al., 1978; Schallenberger et al., 
1978; G.L. Williams and Ray, 1980; Mont
gomery, 1982) suppression of prolactin with 
CB154 during lactation had little or no effect 
on LH secretion or the onset of oestrus in 
lactation. In sows there is no correlation be
tween prolactin levels throughout lactation 
and plasma levels of FSH or LH (Stevenson et 
al., 1981; Foxcroft et al., 1987), and the acute 
suckling stimulus has no effect on endo
genous levels of LH or the LH response to 
GnRH (Stevenson et al., 1981). Similarly, in 
the cow, while suckling delays oestrus for 
considerably longer than milking, plasma 
prolactin levels are similar in suckled and 
milked cows (Carruthers and Hafs, 1980; J.F. 
Smith et al., 1981) and in cows suckling one or 
two calves (Wheeler et al., 1982). 
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In the ewe, high levels of prolactin may 
directly reduce ovarian oestradiol (A.S. 
McNeilly and Baird, 1983) and progesterone 
(Rhind et al., 1978) secretion and reduce the 
positive-feedback effect of oestradiol on LH 
release (Kann and Denamur, 1974; Kann and 
Martinet, 1975). While these effects may con
tribute to the reduced fertility of lactating 
ewes following the induction of oestrus 
(Restall et al., 1978; Rhind et al., 1980), it is 
more likely that this is due to an inadequacy 
of LH secretion induced by the suckling 
stimulus directly O. Pelletier and Thimonier, 
1973; Kann and Martinet, 1975; Kittock et al., 
1983). In the goat, maintenance of the 
seasonal photoperiodic increase in prolactin 
by continual exposure to artificially long day 
lengths in the autumn did not affect the nor
mal time of onset of ovarian cyclicity (Hart, 
1975b). 

In red deer, a delay in the resumption of 
oestrous cycles after seasonal anoestrus in 
poorly nourished hinds was associated with 
increased plasma levels of prolactin (Loudon 
et al., 1983). However, this increase in prolac
tin was related to a three to 10-fold increase in 
the frequency of suckling in the poorly nour
ished hinds suggesting that the prolactin 
changes were of secondary and minor im
portance. Thus, in ruminants there seems 
little evidence to support a major role of pro
lactin in suppressing gonadotrophin release 
during lactation. 

Although injections of prolactin in bonnet 
monkeys may reduce the acute LH response 
to GnRH and extend the period of lactational 
infertility (Maneckjee and Moudgal, 1975; 
Maneckjee et al., 1976), in the common 
marmoset, ovulatory cycles and conceptions 
occur soon after delivery even though 
mothers are usually suckled by twin off
spring and have high plasma levels of prolac
tin associated with lactation (A.S. McNeillyet 
al., 1981). 

In the rhesus monkey, the increased 
plasma levels of prolactin during lactation 
maintain the corpus luteum of pregnancy 

and a low output of progesterone during the 
first 2-3 months of lactation (Dierschke et al., 
1973). However, lactational infertility lasting 
9-12 months extends well beyond the time 
when corpus luteum function ceases and 
plasma levels of progesterone decline to nor
mal follicular phase levels, suggesting that 
any indirect role of prolactin on the corpus 
luteum is of little importance in maintaining 
infertility. Indeed, in rhesus monkeys, both 
basal levels of LH and FSH and the positive
feedback effects of oestradiol continue to be 
inhibited by suckling when prolactin se
cretion is suppressed by treatment with 
CB154 throughout lactation (Schallenberger 
et al., 1981). 

In women, a close association between 
increased plasma levels of prolactin (hyper
prolactinaemia) and the duration of infertility 
during lactation has supported the possibility 
that prolactin may be directly involved in 
lactational infertility in women (Delvoye et 
al., 1978; Duchen and McNeilly, 1980; 
Andersen and Schioler, 1982; Gross and 
Eastman, 1983; Hennart et al., 1985; Wood et 
al., 1985a,b; Stern et al., 1986; Fink et al., 
1992). Indeed, in some but not all studies, the 
increase in oestradiol associated with the re
sumption of ovarian follicular development is 
negatively correlated with the plasma level of 
prolactin (Delvoye et al., 1978; P.G. Lunn et 
al., 1980; Andersen and Schioler, 1982; Howie 
and McNeilly, 1982; Gross and Eastman, 
1983; Hennart et al., 1985; Wood et al., 
1985a,b). An increased release of prolactin in 
response to suckling throughout the day and 
night associated with prolonged lactational 
amenorrhoea has been reported (Diaz et al., 
1989, 1991), although this has not been con
firmed (Tay et al., 1992). However, the 
plasma level of prolactin in women is related 
to the amount of breastfeeding occurring 
throughout a 24-h period (Delvoye et al., 
1978; Konner and Worthman, 1980; Howie et 
al., 1980; Howie and McNeilly, 1982; Gross 
and Eastman, 1983; Wood et al., 1985a,b; 
Stern et al., 1986; Unvas-Moberg et al., 1990; 
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Tay et al., 1992) and there is no acute effect of 
suckling on the release of LH or FSH (A.S. 
McNeilly et al., 1980; Dawood et al., 1981; 
Glasier et al., 1984b). 

Studies in vitro using cultured granulosa 
cells from human follicles or corpora lutea 
(McNatty et al., 1974; W.L. Edwards et al., 
1982; A.5. McNeilly et al., 1983b; Hunter, 
1984; Alila et al., 1987) suggest that prolactin 
mayor may not have a direct inhibitory effect 
on steroid production (see A.S. McNeilly, 
1980; A.S. McNeilly et al., 1982b). Similarly, 
drug-induced hyperprolactinaemia during 
the follicular phase of the menstrual cycle 
may block normal follicular development 
(L'Hermite et al., 1978, 1979; Kauppila et al., 
1984, 1987b; Payne et al., 1985; Sowa et al., 
1986), while an increase in prolactin in the 
luteal phase appears to have little or no effect 
on corpus luteum function (Bennink, 1979; 
A.S. McNeilly, 1985). A direct effect of the 
drugs used to manipulate prolactin levels on 
the secretion of LH cannot be ruled out (A.S. 
McNeilly, 1987a, Payne et al., 1985), and thus 
the role of prolactin, if any, in the sup
pression of gonadotrophin secretion in 
humans during lactational amenorrhoea 
must be viewed with caution. Any effect 
would appear to be minimal (A.5. McNeilly, 
1987a,b, 1993). 

Any direct effect of prolactin in suppress
ing GnRH output from the hypothalamus 
was suggested to be via the short-loop feed
back effect of prolactin on dopamine, in 
which high levels of prolactin increased 
dopamine turnover in the hypothalamus, 
specifically in the tuberoinfundibular neur
ones, and this resulted in an increase in 
dopamine release into the hypophysial portal 
vessels and inhibition of further prolactin re
lease. This short-loop feedback affecting pro
lactin release occurs in the rat, mouse, 
hamster, sheep and monkey (Hokfelt and 
Fuxe, 1972; Herbert and Martenz, 1983; 
Steger et al., 1985; Bartke et al., 1987; Curlewis 
and McNeilly, 1991). Although an increase in 
dopamine can inhibit the secretion of LH in 

some species (see A.S. McNeilly, 1987b), this 
is not necessarily the case (Steger et al., 1985; 
Bartke et al., 1987). In lactation in the rat not 
only is hypothalamic dopamine turnover de
creased (Selmanoff and Wise, 1981; Demarest 
et al., 1983) associated with an increase in 
neuropeptide-Y (Ciofi et al., 1991) and VIP 
expression (Gozes and Shani, 1986), the 
ability of prolactin to increase dopamine turn
over, the short-loop feedback, is severely at
tenuated (Demarest et al., 1983; Moore, 1987). 
Blockade of dopamine action by a dopamine 
antagonist did not affect LH release in breast
feeding humans (Tay et al., 1993). Thus, it 
seems unlikely that an alteration in dopamine 
turnover, at least related to changes in prolac
tin, is a principal mediator of the suckling
induced inhibition of GnRH (A.S. McNeilly, 
1987b). 

11.7.2 OPIOIDS 

Suckling may increase hypothalamic opioid 
tone, and this could cause the suppression of 
GnRH output on the one hand and the 
suckling-induced increase or maintenance of 
elevated levels of prolactin. However, results 
in different species and in different experi
ments in the same species vary considerably. 
Administration of the opioid receptor blocker 
naloxone to lactating rats (Sirinathsinghji and 
Martini, 1984; Selmanoff and Gregerson, 
1986; Wu et al., 1992), sows (Armstrong et al., 
1986; Barb et al., 1986; Mattioli et al., 1986; 
Armstrong et al., 1988; Kraeling and Barb, 
1990), ewes (Gregg et al., 1986; P.G. Knight et 
al., 1986; Leakakos et al., 1987; Malven and 
Hudgens, 1987) and cows (Whisnant et al., 
1986a-c) may result in an increase in LH se
cretion and, where measured, a decrease in 
prolactin. Although in sheep this effect may 
be seen in both suckled and non-suckled 
ewes post-partum (Leakakos et al., 1987), 
suggesting that the response is more related 
to the after-effects of the high levels of pro
gesterone during pregnancy, this is clearly 
not the case in sows or cows, in which the 
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response occurs in the presence of only mini
mal levels of ovarian steroids. However, in 
pigs (Armstrong et al., 1990; Barb et al., 1991), 
dairy cows (Canfield and Butler, 1991), 
rhesus monkeys (Gordon et al., 1992) and 
humans (Kremer et al., 1991; Tay et al., 1993) 
naloxone or naltrexone treatment did not 
affect pulsatile LH release, and there was a 
minimal effect in suckled cows (Myers et al., 
1989; Rund et al., 1989). 

An increase in the release of l3-endorphin 
into the hypophysial portal vessels in re
sponse to the suckling stimulus occurs. 
Although no changes in hypothalamic 13-
endorphin levels occur during lactation in 
rats (Dondi et al., 1991), an increase in 13-
endorphin was observed in suckled cows 
(Connor et al., 1990) and intracerebro
ventricular administration of l3-endorphin 
increased prolactin secretion in the lactating 
rat (Taya and Sasamoto, 1989). Thus, it is 
possible that an alteration or increase in 
opioid tone within the hypothalamus may be 
involved in the suckling-induced mainten
ance of prolactin secretion and inhibition of 
GnRHILH release, but the evidence at pres
ent is contradictory. 

11.8 CONCLUSIONS 

The suckling or milking stimulus and the 
metabolic changes related to milk production 
during lactation result in a major change in 
the endocrinology of the mother. In the 
majority of mammalian species, suckling or 
milking induces the release of prolactin, 
which is essential for milk production, with 
the exception of the ruminants. In this 
species growth hormone is of much greater 
importance than prolactin in maintaining 
milk production and growth hormone release 
occurs principally in response to the relative 
hypoglycaemia associated with the pro
duction of milk and little is released directly 
in response to teat or nipple stimulation. The 
secretion of the other metabolic hormones 
such as insulin, glucagon and the thyroid 

hormones is also modified to accommodate 
the metabolic load of lactation, greater 
changes occurring as the amount of milk pro
duced increases, in particular in the dairy 
cow. While the changes in these metabolic 
hormones occur in response to the altered 
metabolism of the mother due to milk pro
duction, prolactin and oxytocin are released 
in response to nipple or teat stimulation. 
Oxytocin release in some species may be
come conditioned to stimuli occurring before 
direct stimulation, but such a conditioned re
lease does not occur for prolactin. 

In the majority of species, suckling directly 
inhibits the release of GnRH from the hypo
thalamus resulting, principally, in the inhi
bition of the pulsatile release of LH and the 
resultant inhibition of ovarian follicle growth 
or low steroid secretion by follicles that do 
grow under the influence of FSH. Plasma 
levels of FSH are usually normal throughout 
lactation. The ease of induction of ovulation 
during lactation suggests that there is no 
ovarian insensitivity to gonadotrophins dur
ing lactation and any role of prolactin in sup
pressing gonadotrophin secretion appears to 
be species dependent but very minimal. 
Although a suckling-induced increase in 
opioid tone within the hypothalamus may be 
involved in the maintenance of prolactin se
cretion, there is little evidence that opiates 
are involved in the suppression or disruption 
of the pulsatile pattern of release of GnRH 
during suckling. Indeed, while prolactin re
lease must be maintained to allow continual 
milk production throughout lactation in most 
species, the influence of suckling on GnRH 
and hence gonadotrophin release is very vari
able. The exact pathways involved in direct
ing the suckling stimulus to cause oxytocin 
release, prolactin release and modulation of 
GnRH release remain unresolved. It is clear 
that the suckling infant plays the only im
portant role in controlling the endocrine 
changes during lactation. By varying its 
demand for milk it alters the metabolic
endocrine response for the required milk pro-



duction in the mother, it releases prolactin to 
allow this milk production and oxytocin to 
eject the milk and finally inhibits the release 
of gonadotrophins, thus preventing the re
sumption of ovarian activity, and hence fer
tility, pregnancy and the birth of the next 
infant, until it is ready and able to survive 
without total reliance on milk. 
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12.1 INTRODUCTION 

Cohen and Massey (1984) have pointed out 
that in animal reproduction 'much more 
passes between the generations than simple 
information coded for by DNA'. In mam
mals, quite apart from factors such as 'cul
tural inheritance', the observation acquires 
tangible validity in the secretion of milk. It is 
sometimes overlooked that lactation is part of 
reproduction. Perhaps because, for over a 
century, increasing numbers of women have 
abandoned breastfeeding in favour of bottle 
feeding, lactation has come to be seen as 
an 'optional extra'. There are very serious 
grounds for questioning that perception, par
ticularly under the social and environmental 
conditions in which the vast majority of 
human babies are reared. Indeed, artificial 
feeding is most appropriately compared with 
certain other technological innovations, like 
artificial insemination - invaluable on occa
sions, but hardly to be recommended for rou
tine practice. In virtually all mammalian 
species (hystricomorphs, which are very pre
cocious at birth, are a possible exception) lac
tation performs a crucial role in safeguarding 
the reproductive investment during the early 
stages of exterogestate life. Short's claim 
(1976) that 'Lactation is the central control of 
reproduction' has both figurative and physio
logical validity. 

The point is perhaps emphasized by com
paring the act of suckling with the only other 
aspect of mammalian reproductive behaviour 
involving passage of fluid between two indi
viduals - copulation. In each case, neuro
endocrine control is paramount, the fluid is 
expelled by muscular contraction, erectile tis
sues facilitate the fluid transfer and the act 
appears to satisfy a profound psychological 
impulse in both individuals. That the com
parison is not mere analogy is emphasized by 
the commonality of several features to both 
processes, including the presence of certain 
nutritive and immunoreactive constituents in 
both fluids and the release of oxytocin from 
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the adult pituitary gland in response to tactile 
stimulation. 

In this volume, the subject of lactation is 
discussed in two chapters. Here we are 
concerned with the general significance of 
lactation and with the physiology and bio
chemistry of mammary function. Chapter 11 
dealt with the endocrine system as it relates 
to lactation and, conversely, with the effects 
of suckling activity on maternal reproductive 
status. 

Research on lactation is a growing field, 
which has been extensively reviewed in 
recent years in several publications, e.g. 
those edited by Larson and Smith (1974-78); 
Mepham (1983), Neville and Neifert (1983), 
Peaker et al. (1984) and Neville and Daniel 
(1987). The approach adopted here will 
necessarily be selective. Our aim is to identify 
the important principles of lactational func
tion, and to do so discursively rather than 
merely documentarily. 

12.2 THE EVOLUTION OF LACTATION 

12.2.1 GENERAL 

It is estimated that there are more than 4000 
different extant species of mammal, but 
regrettably, as natural environments are pro
gressively destroyed, the number is declin
ing. Mammalia are classified into three 
superorders: the Ornithodelphia, Marsup
ialia and Eutheria. There are some important 
differences, as well as many similarities, 
between the lactational processes exhibited 
by species of the three superorders. How
ever, space does not permit more than a 
generalized approach, and this inevitably 
means concentration on eutherians, which 
constitute over 95% of all mammalian 
species. Readers are referred to Griffiths 
(1983) for a review of lactation in monotremes 
(Ornithodelphia) and to Renfree (Chapter 7) 
for a review of marsupial lactation. 

The single morphological feature by pos
session of which mammals are classified as 
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distinct from other vertebrates is the mam
mary gland. Since lactation is a crucial 
element of the mammalian reproductive 
strategy it seems important to examine evi
dence relating to the evolution of the gland 
and its secretion. This necessitates some con
sideration of the physiological implications of 
palaeontological findings. 

Mammals are thought to have evolved 
from synapsid (mammal-like) reptiles during 
the Triassic period, approximately 200 
million years ago (Kemp, 1982). Palaeonto
logical evidence suggests that all early 
mammals were small (about the size of 
shrews), homoiothermic, nocturnal animals, 
which fed on insects and other invert
ebrates. The radiation of the mammals 
during the Cretaceousffertiary transition 
(70-150 million years ago) coincided with the 
extinction of dinosaurs and other larger rep
tiles, and it is probable that these divergent 
outcomes were related to the ability of 
mammals to withstand much more readily 
the pronounced climatic and vegetational 
changes occurring during this period (Pond, 
1976). Juvenile reptiles are morphologically 
similar to adults but, because the young of 
large species are so much smaller than their 
parents, their diets differ markedly. Thus, 
breeding populations could only become 
established in habitats providing food suit
able for all developmental stages. It seems 
that this constraint, exacerbated by the in
ability to cope with marked temperature 
fluctuations, proved an insuperable problem 
for dinosaur survival (Pond, 1976). 

By contrast, for mammals, the habitat need 
only satisfy the nutrient requirements of the 
adult, since the neonatal diet, in the form of 
milk, is produced at the expense of the 
maternal diet and/or tissues. Parental feeding 
of juveniles is a widespread phenomenon, 
being practised by species as diverse as birds, 
fish and insects (Chadwick, 1977), but its par
ticular nature in mammals may be seen to 
confer certain 'advantages' by comparison 
with alternative strategies (such a claim is not 

meant to imply 'causal teleology', as is dis
cussed in section 12.2.5). 

Thus, within limits, irrespective of the pre
cise nature, mass and frequency of intake of 
the maternal diet, the neonate receives rela
tively constant supplies of milk of fairly uni
form composition, because milk precursors 
may be mobilized from maternal body 
stores. This metabolic strategy has several 
consequences favourable to survival and 
reproduction. 

1. Freed of responsibility for its own sur
vival, the neonate may continue to grow 
and develop, in 'embryonic' fashion, to 
attain sexual maturity, a condition reached 
much earlier in mammals than in reptiles 
of equivalent body weight. 

2. Lactation frees the mother from the neces
sity to carry young in utero for prolonged 
periods, a factor of considerable value to 
species in which there is reliance on speed 
to escape predators or on mobility to 
search for food. 

3. Lactation effects a substantial economy in 
neonatal metabolism by allowing a delay 
in the appearance of teeth until the skull 
and jaws are almost fully developed: 
mammals exhibit diphyodonty (two sets 
of teeth) in contrast to the polyphyodonty 
which characterizes reptiles (Pond, 1976). 

4. Finally, lactation would appear to exert a 
crucial role in the establishment of social 
organization, a factor of undoubted im
portance in species survival. The sus
tained physical proximity between adult 
and young, on which nursing depends, 
provides a psychological environment 
conducive to cooperativity and learning, 
which in our own species has resulted in 
all those achievements of art and culture 
which are valued so highly. As remarked 
elsewhere, 'perhaps not without justifi
cation we might perceive the human 
breast, innocently elaborating a seemingly 
bland fluid, to be the very font of human 
civilization' (Mepham, 1987a). 



These distinctive features of the lactational 
process seem highly suited to a 'colonizing' 
strategy, i.e. the practice by which animals 
may reproduce rapidly in a highly changing 
environment. By analogy with weeds, mam
mals were able to establish themselves in 
habitats inhospitable to those species, like the 
large reptiles, with more fastidious ecological 
demands. 

12.2.2 THE EMERGENCE OF MAMMARY 
FUNCTION 

Most theories of the evolution of lactation 
have regarded it primarily in terms of mam
mary development. The theory of Darwin 
(1872), as modified by Long (1972), adopts 
the following scenario: (i) the development in 
therapsid reptiles of a vascularized incu
bation area ('brood patch') following the 
attainment of homeothermy; (ii) enhanced 
neonatal survival through utilization of the 
cutaneous secretion from the vascularized 
area; (iii) utilization of the secretion as food 
following chance ingestion by the neonate; 
(iv) improvements in suckling behaviour, 
transfer processes (e.g. teat elongation) and 
nutritional quality of the secretion. 

Several suggestions have been made for 
the primary adaptive benefit of the proto lac
teal secretion (stage ii, above). For example, 
Bresslau (1920) proposed a role in heat trans
fer; Haldane (1965) suggested maintenance of 
water balance by prevention of desiccation; 
and Graves and Duvall (1983) invoked the 
theory that the ventral exudates possessed 
pheromonal properties which facilitated 
maternal-infant aggregation. One recent 
theory is particularly attractive in that it 
draws on the molecular evolution of a pivotal 
factor in mammary biosynthetic processes, a
lactalbumin, which is a component of the 
enzyme lactose synthetase (section 12.6.3). It 
was first proposed by Brew and colleagues 
(see Brew, 1970), and more recently con
firmed by extensive analyses (e.g. Phillips et 
al., 1987), that a-lactalbumin was most prob-
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ably derived from lysozyme by a process of 
gene duplication. Hayssen and Blackburn 
(1985) interpreted such findings as indicating 
that the primary role of proto lacteal secretion 
was that of protecting the eggs or young from 
bacterial, fungal or protozoal infection. It is 
interesting that while a lysozyme with bac
tericidal activity has been detected in both 
placental and monotreme (i.e. echidna) 
milks, the milk of echidna does not contain a
lactalbumin. The lysozyme of echidna milk 
does, however, show activity in the lactose 
synthetase system (Hopper and McKenzie, 
1974). It thus appears that monotreme milk 
contains a protein which is a structural and 
functional intermediate of lysozyme and a
lactalbumin. Hayssen and Blackburn (1985) 
envisaged that duplication of the lysozyme 
genetic material may have occurred as early 
as 300 million years ago. Thereafter, as 
the duplicated material evolved, its product 
became involved in milk secretion in an inter
mediate form, possessing both nutritive 
and lysosomal activity, as in echidna milk. 
According to this theory, although the gene 
for lysozyme duplicated much earlier, the 
evolution of a-lactalbumin only occurred 
after the split between monotreme and pla
cental species. In fact, lysozyme is only one 
of several microbial inhibitors in milk, includ
ing, for example, immunoglobulins, lactofer
rin, peroxidase and xanthine oxidase, which 
suggests that the protective role of milk pre
dated its nutritional function (Blackburn et 
al., 1989). The protolacteal secretion might 
have provided important antimicrobial pro
tection at the egg surface and/or, following 
ingestion, in the pharynx and digestive tract 
of the offspring. 

This postulated link between bactericidal 
and nutritive functions of milk provides a 
rationale for the evolution of milk which 
seems appropriately parsimonious. But the 
question of the evolution of suckling is more 
problematical. The issue was clearly ident
ified by Mivart in the following terms (cited 
by Darwin, 1872). 
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Is it conceivable that the young of any 
animal was ever saved from destruction by 
accidentally sucking a drop of scarcely 
nutritious fluid from an accidentally 
hypertrophied cutaneous gland of its 
mother? And even if one was so, what 
chance was there of the perpetuation of 
such a variation? 

Haldane (1965) addressed these questions 
and concluded that suckling behaviour was 
not accidental, but an aspect of infant behav
iour developed prior to the emergence of the 
nutritive secretion. This reasoning, articu
lated with characteristic wit and erudition , 
rests on analogy with behaviour patterns of 
certa~n extant birds in hot, dry climates, e.g. 
lapwmg and sand grouse. Such birds period
ically wet their feathers by water immersion 
and then sit on their eggs, thus cooling them. 
Had this practice been adopted by therapsid 
reptiles in hot climates not only would hatch
ing rates have improved, but the wet hair 
would also have provided the newly hatched 
young with a necessary water supply, a con
sideration of even greater importance had 
these species been ureotelic. Haldane envis
aged that both habits, parental hair-wetting 
and hair-sucking by the young, became gene
tically determined so that when milk evolved 
th~ young were already equipped to exploit 
thiS novel source of water and nutrients. 

Attractive as the theory may seem, it 
assumes that mammals evolved from hair
coated reptiles in hot climates, an assumption 
challenged by Long (1972) but supported by 
Kemp (1982). Recently, reviewing a wide 
range of evidence, Blackburn et al. (1989) 
have deduced that lactation probably arose in 
endothermic, oviparous ancestors, possess
ing hair (probably a pelage) and exhibiting a 
degree of maternal care. Behavioural and 
psychosexual aspects of suckling are dis
cussed by Blass and Teicher (1980). 

12.2.3 THE EVOLUTION OF LACTATIONAL 
METABOLIC CAPACITY 

It was for long considered that the mammary 
gland evolved from eccrine sweat glands, but 
a range of evidence now suggests closer hom
ology with epitrichial (apocrine and seba
ceous) glands. However, since the two types 
of epitrichial glands have specializations 
which preclude their direct ancestry to the 
mammary gland, it has been suggested that 
the latter either arose from an evolutionary 
precursor of extant epitrichial glands or rep
resents a neomorphic 'hybrid' assemblage of 
the two gland populations (Blackburn et aI., 
1989). 

According to this scenario the mammary 
gland acquired its specific nutritive role 
through amplification of the secretory activity 
of these premammalian cutaneous glands. 
But it is questionable whether such changes 
were of a qualitative nature. Thus, certain 
extant lepidosaur reptiles possess lipid
secreting glands, which, like mammary 
glands, are sensitive to endocrine influences, 
including that of prolactin (see Pond, 1984). If 
the appearance of the mammary gland were 
to mark the emergence of mammals, one 
might have to conclude that it represented 
merely a quantitative change in a pre-existing 
morphological structure. Indeed, Van Valen 
(1960) has argued the case for inclusion of 
therapsids in the class Mammalia. 

There is, however, another aspect of lac
tation which merits attention, namely the 
implications for maternal metabolic activity. 
Kemp (1982) identified three major problems 
for land-dwelling animals, namely tempera
ture variation; loss of body water, with atten
dant difficulties in maintaining osmotic and 
ionic balance; and gravitational problems 
due to the absence of buoyancy in air. 
Successful mastery of such problems in mam
mals has largely depended on endothermy, 
an efficient, but in energy terms, extravagant, 
means of achieving homeothermy. However, 
the problems faced by juveniles are poten-



tially more severe than for adults because not 
only is energy required for growth but their 
greater 'surface area-volume' ratio also 
renders them more subject to temperature 
variation and water loss. Thus any strategy 
for mammalian neonatal nutrition would 
seem to depend on a high rate of maternal 
nutrients and, particularly, energy provision 
in milk. The scale of energy transfer involved 
is indicated by Blaxter's (1961) calculation 
that for certain small mammals (which all 
mammals were throughout the Mesozoic era; 
Lillegraven, 1980) the energy content of the 
milk secreted in a single day is equal to that of 
the whole litter at birth. It seems clear that so 
abrupt and major a metabolic change could 
only be achieved by maternal acquisition of 
the capacity to accumulate and mobilize 
energy and nutrient supplies adequate to 
sustain milk formation: and it is for this 
reason that Pond (1983, 1984) has argued that 
the significant quantum change in mam
malian evolution was metabolic rather than 
morphological. 

In most mammalian species, fat (with an 
energy value per gram twice that of both 
protein and carbohydrate) is the main form of 
milk energy. Pond's analysis of adipose 
tissue in several species has revealed a 
relatively uniform interspecies distribution of 
adipocytes of similar size, which may signify 
that the organization of adipose tissue 
evolved principally in connection with its role 
in provisioning lactation (Pond, 1984). In any 
event, in many species lactation is attended 
by a profound reorientation of maternal 
metabolism such that nutrients are preferen
tially channelled to the mammary glands. 
This recasting of metabolic priorities, which 
has been termed 'homeorhesis' (see Bauman 
and Elliot, 1983), is largely regulated by endo
crine factors. In high-yielding dairy cows, it is 
signified by a negative maternal energy 
balance for about 10 weeks post partum, with 
approximately 30% of milk energy being de
rived from mobilization of body fat over the 
first month (Bauman and Elliot, 1983). 
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This analysis suggests the following sce
nario, which is based largely on that of 
Blackburn et al. (1989). 

1. Evolution of egg incubation behaviour in 
synapsid reptiles, following development 
of hair, endothermy and cutaneous 
glands; 

2. evolution of a well-vascularized incu
bation patch on the ventral abdomen; 

3. enhancement of egg survival by the anti
microbial action of cutaneous gland se
cretions of the incubation patch; 

4. hypertrophy of these cutaneous glands, 
leading to their increased secretory 
activity, probably in response to stimu
lation by reproductive hormones; 

5. gradual changes in the composition of the 
cutaneous glands' secretion to produce a 
more nutritious product, which first sup
plemented and subsequently replaced 
yolk nutrient provision; 

6. concomitant increases in milk nutrient 
content and transfer efficiency to the 
young (e.g. suckling, milk ejection) and, 
following divergence of the ancestors of 
extant mammals, evolution of specializ
ations, such as teats. 

12.2.4 MAMMARY GLAND NUMBERS AND 
LITTER SIZE 

An obvious limitation of lactational capacity 
of evolutionary significance is mammary 
gland number. It is common knowledge that 
the number of glands, and their distribution, 
is highly species variable (section 12.3). 
Aristotle (third century Be) was probably the 
first to record the claim that a species typical 
litter size is positively correlated with gland 
number, but in modern times the assertion 
has been questioned (e.g. Anderson and 
Sinha, 1972). The issue has recently been ex
tensively examined for the class Rodentia by 
Gilbert (1986). Data from 266 species showed 
that mean litter size and gland number are 
significantly and positively correlated accord-
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ing to a 'one-half rule', i.e. on average 
rodents have litter sizes equal to half their 
gland number. An apparent anomaly 
proved, on closer inspection, to add a new 
~ension to the analysis: arboreal squirrels, 
unlike terrestrial forms, appeared to under
utilize their mammary capacity - until it was 
realiz~d that the former were capable of 
gestating and nursing two litters simul
taneously. However, a curious observation 
provides a salutary warning against too sum
mary an analytical approach. Horseshoe bats 
(Rhinolophoidea) have two pairs of teats, but 
the pair located near the back legs, which are 
very large and jut out of the fur, serve no 
secretory role but merely act as 'dummies' -
attachment points for the young that facilitate 
their transport by the mother during the first 
~ays after birth (Wickler, 1969). This strategy 
IS also employed by certain marsupial and 
rodent species to transport the litter from the 
nest in times of danger (Blass and Teicher 
1980). ' 

Given the association between gland num
ber and litter size, it is pertinent to consider 
whether the former limits the latter or vice 
versa. Clearly, in a contemporary context, the 
mother can only nurse simultaneously a litter 
size which does not exceed gland number, 
and there is evidence that, despite 'neonatal 
rotation', infant mortality increases when this 
numb~r is exceeded. Indeed, Gilbert's (1986) 
analYSIS showed that maximum litter size 
was almost identical to gland number. But 
this does not reveal the causal relationship on 
an evolutionary time-scale. However, while it 
is possible by selective breeding to substan
tially increase litter size in a few generations, 
attempts to breed for supernumery glands 
have had only limited success. Thus, it 
appears more likely that it is gland number 
which has determined litter size rather than 
the reverse. 

12.2.5 WHY DON'T MALES LACTATE? 

In concluding this brief survey of the evol
ution of lactation, it is appropriate to consider 
an apparent constraint on the adoption of 
this reproductive strategy. Pigeons and 
doves exhibit a form of parental care anal
ogous to lactation in which parents of both 
sexes regurgitate so-called 'crop milk' and 
feed it to their newly hatched squabs. The 
fa~t that both parents produce crop milk 
raises the question of why this does not 
appear to have been reported for mammals. 
It is clearly a matter of general interest: Gould 
(1987), essayist and popularizer of biology, 
has revealed that no single item has aroused 
more curiosity among his correspondents 
than 'why men have nipples'. 
. Daly (1979) has argued that, given the long 
~~erval between conception and parturition, 
It IS unsurprising that male parental invest
ment of any kind should be slight. Generally, 
low paternity confidence, i.e. the probability 
that the male sired the offspring in question, 
would seem to be decisive. There are, 
howe.ver, so~e species in which stable pair 
bon~mg, ",:th consequent high paternity 
confidence, IS the rule. Daly's analysis of data 
for two such orders of mammals, the Canidae 
and th.e Hylobatidae, revealed that male par
ental mvestment was significant but took 
forms such as provisioning the mother with 
food and protecting the territory. In the case 
of canids, lactational capacity does not 
appear to limit neonatal survival; constraints 
are more probably imposed by the family's 
capacity to derive adequate food from the 
available hunting grounds in the most 
arduous season. Daly (1979) concluded that 
male lactation, while not posing insurmoun
table physiological problems, has probably 
been precluded because sexually dimorphic 
lactational physiology had already evolved 
substantially before any involvement of male 
parental investment occurred. 



12.3 MORPHOLOGY OF THE MAMMARY 
GLAND 

12.3.1 GENERAL 

Notwithstanding the claim that lactation may 
have evolved primarily in consequence of 
changes in maternal metabolism, in present
day mammals the mammary gland assumes a 
paramount role as both the site of milk syn
thesis and secretion and the sensory organ on 
which regulation of the whole process largely 
depends. At least from the time of Galen 
(second century AD) to that of von Haller 
(eighteenth century), the glands were 
assigned the merely passive role of filters, 
separating off substances preformed in blood 
(see Mepham, 1986). By contrast, the modern 
conception is that in many respects the meta
bolic activity of lactating mammary glands 
surpasses that of most other organs of the 
body. The object of this section is to review 
briefly our current understanding of the mor
phological infrastructure which supports and 
channels this activity. Mammary develop
ment is not discussed here: readers are 
referred to reviews by Cowie et al. (1980), 
C.W. Daniel and Silberstein (1987) and Russo 
and Russo (1987). 

Milk is produced by the mammary epi
thelium, a single-cell layer arranged in nu
merous spherical alveoli, into the hollow 
lumina of which the milk is secreted (Figure 
12.1). 

Surrounding each alveolus is a loose 
network of myoepithelial cells which, by con
tracting, expel milk from the alveolar lumina. 
Groups of alveoli assume a racemose con
figuration, with milk from neighbouring 
alveoli draining into common ductules and 
ducts of progressively larger diameter. 
Groups of alveoli form lobules, which are 
separated from neighbouring lobules by 
connective tissue septa. It is thus usual to 
categorize parenchymal tissues as either 
lobuloalveolar or ductal. The ducts terminate 
in storage spaces beneath the teat or nipple, 
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VenuIe"-

Figure 12.1 Diagrammatic representation of a 
cluster of mammary alveoli showing, from left to 
right: the outer vascular layer; within the latter, 
the myoepithelial cell layer; within the latter, the 
bases of the secretory cells; and finally, a trans
verse section through an alveolus. 

from which milk is removed by the suckling 
young. The relative size of these spaces is 
highly species variable, e.g. in rats less than 
10% of the milk may be contained therein 
prior to suckling, whereas for dairy animals 
the spaces (termed 'cisterns' or 'sinuses') 
may accommodate half the milk. Non
parenchymatous mammary tissues constitute 
the stroma, i.e. skin, blood and lymph ves
sels, nerves, connective and adipose tissues. 
Descriptions of the gross anatomy of mam
mary tissue of various species are referenced 
by Cowie and Tindal (1971) and G.H. 
Schmidt (1971). 

Mammary gland number and disposition 
on the ventral body surface differ appreciably 
between species, e.g. two pectoral glands in 
humans and elephants; two inguinal glands 
in goats and guinea pigs; four inguinal glands 
in cows; and numerous glands, arranged in 
bilateral pairs along the abdominal surface, in 
rats, cats, dogs and pigs. Wherever situated, 
the glands share the blood, lymph and 
nerve supply of the contiguous skin area. 
Mammary arteries terminate in networks of 
capillaries surrounding each alveolus (Figure 
12.1), but arteriovenous anastomoses and 
arteriovenular bridges are common in mam
mary tissue, particularly in the teats. 
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Mammary innervation is principally of two 
types: (i) sensory nerves originating from tac
tile receptors in the skin, the receptors, in the 
form of unmyelinated nerve endings being 
particularly prevalent in the teats (Cross and 
Findlay, 1969), and (ii) sympathetic motor 
nerves innervating contractile tissues of the 
blood vessels (which effect vasomotor con
trol) and teat musculature. Contraction of the 
latter causes teat erection, thus facilitating its 
retention in the mouth of the suckling young. 
There is also electrophysiological and histo
chemical evidence for sparse innervation of a 
third type, namely of the large ducts: this 
might be involved both in detection of 
changes in intraductal pressure and, by reflex 
changes in smooth muscle tone, in altering 
ductal capacity (Linzell, 1974). Myoepithelial 
cells are not innervated. For more detailed 

discussion of mammary blood vessels and 
nerves the reader is referred to Linzell (1974). 

12.3.2 ULTRASTRUCTURE 

The functional unit of the mammary epi
thelium is the secretory cell. This performs 
the roles of absorbing materials, which have 
been delivered in arterial blood, from the 
interstitial fluid; synthesizing milk constitu
ents; and transferring these synthesized 
products, together with certain others which 
have undergone no metabolic change, into 
the alveolar lumina. 

The ultrastructure of the secretory cells, as 
revealed by electron microscopy, provides 
many clues as to how these processes occur 
(Figure 12.2). 

The cells are generally roughly cuboidal, 

Figure 12.2 Electron micrograph of two secretory cells in bovine mammary tissue (scale bar 1.0 fLm). A, 
alveolar lumen; AM, apical membrane; BL, basal lamina; F, fat droplets; G, Golgi apparatus; S, secretory 
vesicle containing protein granules; N, nucleus; R, rough endoplasmic reticulum; M, mitochondria. 
Insert: MO, monocyte; MY myoepithelial cells. (Courtesy of Dr F.B.P. Wooding.) 



Morphology of the mammary gland 1113 

Figure 12.3 Platinum replicas of detergent-insoluble primary mouse mammary cell cytoskeletons. In A, 
at low magnification (scale bar 5 J..lm), the nuclear lamina (Nu) and cell borders are easily visualized. In 
B, at higher magnification (scale bar 0.2 J..lm), polyribosomes (circles) are attached to the filamentous 
cytoskeleton. Micrographs are printed as negatives (Reproduced from Aggeler et al., 1988, with 
permission. ) 

but become flattened in the apicobasal axis 
when the alveoli are full of milk and, con
versely, elongated just following milk ejec
tion. The cytoarchitecture also shows a 
pronounced apicobasal polarity, i.e. the 
nucleus tends to be situated basally and 
much of the apical cytoplasm is crowded with 
Golgi and secretory vesicles, containing pro
tein granules, and with fat globules. Rough 
endoplasmic reticulum is well developed 
and numerous mitochondria are scattered 
throughout the cytoplasm. The basal mem
brane is highly convoluted, with many 
infoldings and interdigitating processes, but 
by contrast the apical membrane bears only a 
diminutive 'hedge' of microvilli, interrupted 
in some sections by fat droplets in the process 
of 'pinching off' and secretory vesicles under-

going exocytosis (section 12.7). Despite the 
wide range of compositions in milks of differ
ent species, there appears to be considerable 
uniformity in mammary tissue at the ultra
structural level (Wooding, 1977). 

The fibrillar infrastructure of all cells is 
composed of the cytoskeleton (Figure 12.3), a 
system involved in maintaining structural 
integrity, transport of materials within cells, 
cell motility and intercellular communication. 

Three cytoskeletal systems have been 
described: microfilaments of actin (6 nm 
diameter); intermediate filaments of keratin 
(7-11 nm); and microtubules of tubulin 
(22 nm). In the mammary gland the constitu
ent proteins of these systems may exist in 
either free or polymerized form, and lactation 
is associated with a marked shift in equilib-
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rium towards a greater degree of tubulin 
polymerization, as well as with net tubulin 
synthesis. The cytoskeletal system appears 
crucial for milk synthesis and secretion, and 
it is hardly surprising that it has been shown 
to be influenced by several endocrine and 
other regulatory factors which affect milk 
secretion (see Loizzi, 1987). There are even 
suggestions that the cytoskeleton may 
participate in nuclear regulation of mRNA 
processing. To quote Bissell and Hall (1987), 
'The cytoskeleton. . . . emerges as the struc
ture most likely to integrate form into 
function'. 

Cell junctions 

Description of the properties of the secretory 
epithelium is, however, by no means encom
passed by reference to intracellular features. 
Of crucial importance are the intercellular 
junctions which confer on the epithelium 
several important properties, namely mech
anical strength, apicobasal polarity, coordi
nation of physiological activity and restriction 
of solute leakage between cells (the paracellu
lar route). The study of mammary cell con
tacts has recently provided several new 
insights, which are summarized briefly 
below. 

With the introduction of electron micro
scopy, the junctional complex between 
neighbouring cells (referred to as the 
'terminal bar') was seen to comprise three 
distinct junctions (Pitelka, 1985). Invariably, 
the most apical of these is the 'tight junction' 
(zonula occludens), a region where the outer 
leaflets of two cells appear to be intermit
tently fused (Figure 12.4). 

The tight junctions form belts surrounding 
the apical poles of cells, so that each is sealed 
to its neighbours in a continuous, cellular 
mosaic. Below the tight junction is the inter
mediate junction (zonula adhaerentes) and, 
in many sections, beneath that are one or 
more desmosomes (maculae adhaerentes). In 
both intermediate junctions and desmosomes 

(Figure 12.4) a dense material is present 
under, and occupying the 20-30 nm space 
between, the two cell membranes: this 
intercellular 'glue' probably consists of 
membrane-associated glycoproteins. In addi
tion to these three types of junction, gap 
junctions (maculae communicantes), 'spots' 
in which a 2-4 nm gap separates two 
apposed membranes, are scattered in appar
ently random fashion in tissue sections. 

Research over the last 20 years has led to 
the ascription of specific functions to the 
different junctional types. Thus, tight junc
tions serve the roles of acting as a paracellular 
permeability barrier and as intramembrane 
barriers delimiting the apical and basal 
domains. Both intermediate junctions and 
desmosomes are adhesive, their locations 
serving to maintain epithelial structural 
integrity and to protect tight junctions from 
mechanical damage such as might occur 
when intra-alveolar pressure is raised. 
Desmosomes are particularly well developed 
in ductal tissue, where they connect ductal 
and epithelial tissues in like and unlike pairs, 
while hemidesmosomes appear to be sites of 
attachment of myoepithelial and epithelial 
cells to the basal lamina and fibrous stroma. 
Gap junctions act as leakproof intercellular 
communication channels, allowing the 
spread of ions, small molecules and electrical 
currents. They may thus provide an expla
nation for the synchronous secretory behav
iour of cells in a single alveolus (Pitelka and 
Hamamoto, 1983), but paracrine secretions 
(section 12.8.4) crossing the apical membrane 
may also be involved. 

The cell junctions are further characterized 
by the cytoskeletal elements of which they 
are composed. Actin filaments, continuous 
with a web beneath the apical membrane, 
attach to membranes of tight and intermedi
ate junctions; and keratin filaments are 
inserted into, and looped through, the dense 
cytoplasm of belt and spot desmosomes. 
Gap junctions are composed of 7- to 
8-nm-diameter protein particles (connexons), 



which are arranged in roughly hexagonal 
fashion in linking two apposed cell mem
branes: each connexon is penetrated by a 2-
nm-diameter central pore, which thus pro
vides a continuous hydrophobic channel be
tween the two cells (Pitelka and Hamamoto, 
1983). 

Insight into the nature of cell junctions has 
been obtained by use of the freeze-fracture 
technique, which involves freezing excised 
tissue in liquid nitrogen and then breaking it 
in two. The fracture tends to follow natural 
cleavage planes, thus exposing an inner 
protoplasmic (P) face of the leaflet and an 
outer exoplasmic (E) face. A metal replica for 
transmission electron microscopy may be 
prepared by deposition of a platinum-carbon 
film on the cleaved surface, followed by dis
solution of the tissue. Use of this technique 
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reveals the lines of fusion of two cell mem
branes as a network of ridges, about 8 nm in 
diameter, on the P face and as complemen
tary grooves on the E face (e.g. Morgan and 
Wooding, 1982). The pattern is continuous 
where the fracture plane shifts from one 
membrane to the other, indicating that the 
ridges and grooves are closely parallel and 
probably make contact in the intercellular 
spaces. It is presumed that in living tissue the 
junction is consolidated by fusion of outer 
lipid leaflets of the junctions: the ridges 
themselves are thought to be proteinaceous 
(Pitelka, 1985). 

Since tight junctions constitute the paracel
lular permeability barrier, much interest has 
centred on the ultrastructural changes they 
might undergo in conditions where leakage is 
believed to occur, e.g. prior to parturition, 

Figure 12.4 Electron micrograph of the apical regions of two secretory cells in ovine mammary tissue 
(scale bar 0.1 /-Lm). T, tight junction; D, desmosome; TO, tonofilaments. (Courtesy of Dr F.B.P. 
Wooding.) 
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Figure 12.5 Freeze-fracture replica of part of a tight junction belt between two secretory cells in fully 
lactating (1 month post partum) ovine mammary tissue (scale bar 0.1 /-Lm). (Reproduced from Morgan 
and Wooding, 1982, with permission.) 

during the oestrous cycle and in late lac
tation. Freeze-fracture studies On mammary 
tissue from sheep (Morgan and Wooding, 
1982) and mice (Pitelka and Taggart, 1983) 
have indicated that in such conditions the 
ridges become disordered and variously 
orientated, in contrast to the compact 
network, parallel to the apical border, which 
is characteristic of the normal lactating gland 
(Figure 12.5) . . 

In rabbits, a species in which there is a 
pronounced para cellular leak in declining lac
tation, the junctional complexes become 
drastically attenuated a few days after attain
ment of peak milk yield, and it seems likely 
that ridge number varies inversely with 
degree of leakage, possibly in a logarithmic 
relationship (Pitelka, 1985). 

The ridge pattern would appear to adapt 
readily to changes in cell shape in the course 
of the alveolar filling and emptying cycle. 
Thus, Pitelka and Taggart (1983), investigat-

ing the effects of mechanical tension in cells 
of a confluent epithelial monolayer plated on 
collagen gel, showed that undirectional 
stretching led to repositioning of the junc
tional ridges along lines of least resistance. 

12.3.3 MYOEPITHELIAL CELLS 

In many micrographs of mammary tissue it is 
possible to identify transverse sections of 
myoepithelial cells in close proximity to the 
basal surface of secretory cells (Figure 12.2). 
Their orientation, surrounding alveoli in a 
basketwork arrangement is, however, more 
readily appreciated in scanning electron 
micrographs (Figure 12.6). 

In the rat gland, there appear to be about 
five cells per alveolus, each with 3-5 primary 
processes extending from the nuclear region, 
which branch to give 8-10 terminal processes 
per cell. 

Ultrastructurally, myoepithelial cells are 



similar to smooth muscle cells, the cytoplasm 
being replete with filamentous tracts and 
plasmalemmal caveo1i: the tracts are com
posed of actin filaments and a loose network 
of intermediate filaments. Apart from myo
filaments, the cells possess the usual 
organelles, but in poorly developed form, 
e.g. few mitochondria, a diminutive Golgi 
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apparatus, free ribosomes and small cisternae 
of rough endoplasmic reticulum (Hollman, 
1974). 

Since myoepithelial cells contract in coordi
nated fashion in the milk ejection reflex, it is 
likely that some form of intercellular com
munication exists. There is general agree
ment that intra-alveolar cells do not form a 

Figure 12.6 Scanning electron micrograph of mammary alveoli from a lactating rat, with most connec
tive tissue removed by enzyme and acid treatment (magnification x 1000). V, small blood vessels; M, 
myoepithelial cells; S, secretory cells (Reproduced from Nagato et al., 1980, with permission.) 
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syncytium, and it is surmised that gap junc
tions provide the route by which the spread 
of regulatory ions or molecules is effected 
(Pitelka and Hamamoto, 1983). 

12.3.4 EXTRACELLULAR MATRIX 

A recent area of research, which seems likely 
to prove extremely fruitful, is that concerned 
with the role of the extracellular matrix, the 
complex of acellular material by which cells 
are connected within tissues. In epithelial tis
sues this includes the basement membrane, 
which contains the basal lamina (derived 
from parenchymal cells) and a reticular lam
ina (derived from connective tissue cells), the 
two acting as a functional unit (see Bissell and 
HaI(1987). In mammary tissue the basal lam
ina is an approximately 30-nm-thick, low
density layer, which forms a smooth blanket 
around the alveolar epithelium (including the 
myoepithelial cells) and is composed of a 
specific non-fibrillar collagen type IV, a glyco
protein (laminin) and other glycoproteins 
and glycosaminoglycans (see Pitelka and 
Hamamoto, 1983). Not only does the extra
cellular matrix influence the form of the epi
thelial cells and the development of the 
mammary epthelium as a whole, but it also 
interacts with the secretory cells during 
lactation, modulating their synthetic and 
secretory activity. Properties of the extra
cellular matrix have been investigated by 
using primary cell cultures in defined media 
on various substrata, from which it has been 
demonstrated that, for example, markedly 
different patterns of protein are secreted 
when cells are cultured on plastic, on 
attached collagen gels and on released 
collagen gels. In some cases proteins which 
are not normally present in milk are secreted, 
suggesting that alteration of the extracellular 
matrix may remove repressors or induce 
promoters. Many of these effects may be 
mediated by changes in cell morphology and 
cytoarchitecture (Bissell and Hall, 1987). 

12.4 MILK COMPOSITION 

12.4.1 GENERAL 

Analyses of the compositions of milk of 
different species reveal the striking fact that, 
apart from superficial qualitative similarities, 
there is an enormous variation in the concen
trations of specific constituents. There can be 
little doubt that evolutionary pressures have 
been paramount in shaping these compos
itional differences, but the notion that each 
milk is ideally suited to the 'needs' of the 
young (a notion which finds frequent ex
pression, even in scientific literature) comes 
uncomfortably close to the causal teleology 
(aptly nicknamed Panglossism, with refer
ence to Dr Pangloss in Voltaire's Candide), 
which has been so rightly deprecated by 
Medawar and Medawar (1984). How the in
fant develops is clearly, in some measure, a 
consequence of what sort of, and how much, 
nutrient it receives: its appetite is only one 
side of the equation. Moreover, a simplistic 
'nutritional' rationale for milk composition 
might be misleading because milk contains 
not only recognized nutrients but also chemi
cals whose presence might best be described 
as 'adventitious'. A case in point is the regret
table appearance of polychlorinated bi
phenyls (PCBs), from pesticide use, in milk 
(Rogan, 1986). How many milk constituents 
fall into this category of useless and/or harm
ful components? 

However, even allowing for the import
ance of evolutionary pressures in shaping 
milk composition, it is evident that factors 
such as physicochemical necessity and ma
ternal metabolic capacity must constitute im
portant constraints. Wilson (1975) discussed 
the latter aspect in terms of 'parent-offspring 
conflict', a theme provocatively espoused by 
Dugdale (1986), who claimed that human 
milk is unlikely to be optimal for infant devel
opment, as to secrete such a milk would jeop
ardize maternal survival. Latham (1986) 
would appear to have effectively countered 



this claim since, even ignoring a whole range 
of attributes of lactation which benefit both 
mother and baby, the difference in maternal 
energy cost between 'optimal' and 'adequate' 
energy supply to the infant seems insignifi
cant in humans. Moreover, from their exten
sive studies, Prentice and Whitehead (1987) 
concluded that 'human pregnancy and lac
tation are remarkably resilient to the effects of 
energy restriction'. Nevertheless, there must 
come a point when the costs to the mother of 
her parental investment outweigh the per
ceived benefits (however 'cost' and 'benefit' 
are defined) and this point may be reached 
earlier in species in which lactation imposes a 
proportionately greater strain on maternal 
metabolism, such as small laboratory ani
mals, than it usually does in women. 

12.4.2 GENERAL CHARACTERISTICS OF MILK 

It would be inappropriate in a chapter of this 
nature to present a detailed survey of milk 
composition. Readers are referred for such 
information to Davies et al. (1983), Jenness 
(1985) and the books edited by Fox (1982, 
1983, 1985). Rather, the object of this section 
is to survey briefly the important functional 
aspects of milk composition and the physio
logical 'strategies' which have resulted in 
the wide spectrum of milk compositions 
reported. 

It is usual to discuss milk constituents 
according to major nutrient types, such 
as carbohydrates and proteins, and this 
approach is adopted below. From a func
tional viewpoint, however, it also seems 
appropriate to employ three categories, 
namely (i) nutritional (i.e. macronutrients), 
(ii) protective (immunological and other anti
microbial properties) and (iii) regulatory (i.e. 
including hormones, growth factors, en
zymes, vitamins and trace elements). The cat
egories are not absolute since some milk 
components perform several functions. The 
properties of the different milk constituents 
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in relation to these three functions are dis
cussed in turn. 

One or two general points should be noted 
at the outset. Citations of data on milk com
position are biased to cow's and human milk. 
This is because these milks have been exam
ined more rigorously than others, because 
they are of greatest practical importance for 
most people and because they exemplify 
quite well the scale of interspecies variation. 
Most values quoted, for these and other 
milks, are for 'mature' milk, i.e. around peak 
lactation, but marked changes occur during 
the course of lactation. Two examples will 
illustrate this point: (i) in most species, pro
tein concentrations are high, due to the pres
ence of immunoglobins, in the period 
immediately following parturition, when the 
secretion is termed colostrum; (ii) in rabbits 
the lactose concentration falls 80% between 
days 20 and 30 of lactation (Cowie, 1969). 

12.4.3 NUTRITIONAL PROPERTIES OF MILK 

Lipids 

Milk lipids are a chemically heterogeneous 
group of compounds, which are most usually 
referred to as 'milk fat', although the terms 
are not strictly synonymous. They are the 
most variable milk components, in both con
centration and chemical composition, 
whether interspecies, intraspecies or within
animal differences are considered. Recorded 
values range from over 500 gil in milk of 
some seals to trace amounts only in rhinocer
os milk (see Table 12.1). 

In all species, triacylglycerols (TGs) are pre
dominant, but there is much variation depen
ding on the relative preponderance of a wide 
range of fatty acids which become esterified 
with glycerol. For example, 437 different fatty 
acids have been isolated from cow's milk 
(Patton and Jensen, 1976). These include: 
normal straight-chain fatty acids of chain 
length 2:0 to 28:0, including all odd-carbon 
numbers; saturated branch-chain acids; 
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Table 12.1 Macronutrients in mid-lactation milks of 20 species, expressed as percentages of total dry 
matter mass and energy content (Adapted from Oftedal, 1984) 

Species Dry matter Percentage of dry matter Percentage of dry matter 
as percentage mass gross energy 
of milk mass 

Fat Protein Sugar Ash Fat Protein Sugar 

Rodentia 
Brown rat 22.1 40 37 
House mouse 29.3 45 31 
Guinea pig 17.5 33 36 

Lagomorpha 
Rabbit 31.2 49 32 

Carnivora 
Domestic dog 22.7 41 33 
Brown bear 33.6 55 25 
Northern fur seal 61.0 81 16 
Harp seal 57.7 82 16 

Perissodactyla 
Horse 10.5 12 18 
Black rhinoceros 8.8 2 12 

Artiodactyla 
Cow 12.4 30 26 
Sheep 18.2 39 23 
Goat 12.0 32 22 
Pig 20.1 41 23 
Ibex 23.3 53 24 
Red deer 21.1 40 34 
Reindeer 26.3 41 34 
Water buffalo 16.8 39 24 

Primates 
Baboon 14.6 33 9 
Human 12.4 33 7 

monoenoic acids 10:1 to 26:1 (including vari
ous isomers); dienoic acids of chain length 14, 
16, 18, 20 and 24 (including various isomers); 
polyenoic acids; keto acids; and hydroxy 
acids (Jenness, 1974). In those species sub
jected to detailed study, 14 fatty acids predo
minate, but individual analyses may show 
appreciable differences depending on factors 
such as diet and stage of lactation. The distri-

17 5 56 33 10 
10 5 65 29 6 
28 5 48 34 18 

6 6 68 29 3 

17 4 62 32 6 
7 4 74 22 4 

0.2 0.8 88 11 0.1 
0.2 1 89 11 0.1 

66 4 23 22 54 
75 3 5 18 75 

37 6 48 26 26 
27 4 59 22 18 
39 7 50 22 27 
25 4 61 22 16 
19 5 70 20 11 
21 7 56 30 13 
13 5 60 32 8 
29 5 70 20 11 

55 2 52 9 38 
55 2 54 7 39 

bution of fatty acids between the three 
positions of the triacyl-sn-glycerols is not ran
dom, an observation which appears to have 
physiological significance. For example, the 
high concentration of 16:0 in the sn-2 position 
of human milk fat renders it more digestible 
by the human infant than are other natural 
fats (Filer et al., 1969). 

Milk lipid is secreted in the form of spheri-



cal globules in which TG is surrounded by a 
milk fat globule membrane (MFGM) com
posed chiefly of phospholipid and protein 
complexes, but also incorporating cholesterol 
and several enzymes. In cow's milk the glob
ules range from 0.1 to 20 /-Lm in diameter: 
there appear to be species- and breed-specific 
distributions of globule size (see Davies et al., 
1983). 

Proteins 

Milk protein concentrations range from less 
than 10 gil in primates to over 200 gil in some 
lagomorphs (see Table 12.1). The two major 
groups of protein are caseins, which are 
mostly precipitated at acid pH (pH 4.6 for 
cow's milk) and by the action of the gastric 
enzyme chymosin (rennin), and milk serum 
(whey) proteins, which usually remain in sol
ution at the pH of casein precipitation. Minor 
protein groups include enzymes and those in 
theMFGM. 

Caseins are milk- and species-specific 
phosphoproteins, usually of molecular 
weights in excess of 20 000, in which virtually 
all the phosphate is combined with seryl resi
dues as phosphomonoesters. A high concen
tration of prolyl residues distributed widely 
along the polypeptide chains gives caseins an 
open tertiary structure, susceptible to proteo
lytic digestion. Caseins are relatively hydro
phobic proteins, which under the ionic 
conditions in milk associate in colloidal 
micelles of 100-300 nm diameter, composed 
of submicelles of 15-20 nm diameter (see 
Davies et al., 1983). 

Electrophoretic techniques indicate that 
casein is a complex and variable mixture of 
proteins. Thus, in cow's milk, a s-, 13- and K
caseins have been described, but even such 
types contain different molecular forms, e.g. 
there are four genetic variants of asI and two 
of a s2: the extent of phosphorylation is also 
subject to variation. In cow's milk, asr, a s2-, 

13- and K-caseins are present in the micelle in 
roughly the ratio 3:1:3:1, but about 10% of the 
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micelle consists of calcium and inorganic 
phosphorus, together with smaller amounts 
of citrate and magnesium. About 75% of milk 
calcium is combined directly with inorganic 
phosphate in micelles, the rest being bound 
directly to the caseins and to citrate (see D.G. 
Schmidt, 1982). An important 'design fea
ture' of the casein micelle is its ability to 
maintain a high concentration of both protein 
and calcium phosphate in a dispersed form of 
low viscosity. This property, which is likely 
to be important in a fluid stored for long 
periods after secretion and expelled through 
fine-bore ducts, facilitates transfer of bone
forming minerals to the young. 'Kappa' 
caseins, which are glycoproteins, stabilize 
casein micelles, but lose this property when 
specifically cleaved by chymosin: the result
ing curd seems to be important to effective 
digestion and nutrient absorption in the neo
natal intestinal tract. 

There is much dissimilarity between cow's 
and human milk with respect to casein con
tent. Caseins constitute about 80% of cow's 
milk proteins, but only about 45% of those in 
human milk (Harzer and Haschke, 1989). 
Moreover, f3-casein is the major casein of 
human milk, but asrcasein that of cow's 
milk. There are consequently substantial 
differences in the mineral contents, amino 
acid contents and types of curd formation in 
the two milks (see Hambraeus, 1982). 

Serum proteins include both milk-specific 
(e.g. a-lactalbumin, f3-lactoglobulin) and 
non-specific proteins (e.g. immunoglobulins 
and blood serum albumin). a-Lactalbumin 
has been detected in all milks which also 
contain lactose, but not in some (e.g. of the 
Californian sea lion) reported to be devoid of 
this disaccharide (see Jenness, 1974). Such 
differences are explicable in terms of the role 
of a-lactalbumin in lactose synthesis (section 
12.6.3). f3-Lactoglobulins are the most preva
lent milk serum proteins in ruminant milks, 
but absent, or present at very low concen
trations, in other milks (e.g. human). It has 
been speculated that f3-lactoglobulin may 
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play regulatory roles in mammary phos
phorus metabolism (Farrell and Thompson, 
1971) and in vitamin A transport (Papiz et al., 
1986; Godovac-Zimmerman and Braunitzer, 
1987). 

Lactoferrin and transferrin are two milk 
proteins which bind iron. Transferrin, ident
ical to the protein in blood, has been isolated 
from cow's and rabbit milk, and lactoferrin 
(which also occurs in secretions such as saliva 
and semen) from some (including human 
and ruminant milks) but not others (see 
Jenness, 1974). Relationships between the 
molecular structure and function of lactofer
rin have been discussed by Baker et al. (1987). 
Ceruloplasmin, which binds copper, has 
been detected in human and cow's milk (see 
Jenness, 1979). 

Non-protein nitrogenous compounds 

Certain milks contain appreciable amounts of 
non-protein nitrogenous compounds, and it 
seems likely that some, at least, fulfil specific 
nutritional functions. For example, in human 
milk they constitute about 25% of the total 
nitrogen, whereas in cow's milk the figure is 
only about 6% (Hambraeus, 1982). Urea is 
generally a major component of this fraction, 
but in human milk taurine is present at high 
concentration, an observation which has 
been related to its possible roles in neonatal 
brain development (Huxtable and Lippincott, 
1983), membrane protection, cell volume 
regulation and detoxification (Chesney, 
1988). . 

Carbohydrates 

The great majority of milks analysed contain 
lactose: reports of failure to detect it in some 
milks (e.g. of seals, sea lion and walrus) are 
countered by others which cite trace amounts 
(see Jenness, 1974). In the majority of 
species, its concentration is within the range 
10-100 gil (see Table 12.1), values for human 

milk being among the highest recorded (Jen
ness, 1986). 

Lactose 

Lactose is a disaccharide, comprising glucose 
and galactose linked 131~4, which is formed 
by the enzymic galactosylation of free glu
cose. Although lactose is the classical 'milk' 
sugar, the trisaccharide sialyllactose is a 
prominent sugar in the milk of rats and mice 
(Kuhn, 1972), and a predominant one in the 
milk of monotremes (see Davies et al., 1983; 
Amano et al., 1985). In human milk and cow's 
colostrum small amounts of lactose are modi
fied by the addition of further sugars to form 
trioses, tetraoses, pentaoses, etc. The particu
lar sugar structures so formed in human milk 
correspond to those on erythrocyte surfaces 
that define particular blood groups, since the 
same sets of biosynthetic enzymes are in
volved. Human milk contains 10-25 gil of 
oligosaccharides other than lactose: cow's 
milk contains only 1-2 gil. 

Lactose is hydrolysed by lactase (13-
galactosidase) in the neonatal intestinal brush 
border, and the monosaccharides released 
are absorbed across the gut wall into the por
tal blood. Galactose is converted to glucose so 
that it can supplement glucose as a source of 
metabolizable energy. 

Milk salts 

These exist in milk as (i) diffusible salts, i.e. 
low molecular weight ions and complexes, 
and (ii) non-diffusible salts, i.e. bound to pro
tein. In cow's milk, the most prevalent cat
ions are K+, Na+, Ca2+ and Mg2+; the most 
common anions, Cl-, inorganic phosphates 
and proteins. Measured as 'ash' (see Table 
12.1), the mixture of incombustible mineral 
oxides remaining after the milk incineration, 
they are present in different milks within the 
range 2-20 gil (Jenness, 1986). The principal 
ions of the non-diffusible phase are Ca2+, 
Mg2+, inorganic phosphate and citrate, 



which are almost entirely associated with 
casein micelles. K+, Na+ and Cl- are, by 
contrast, almost exclusively diffusible. 
Appreciable species differences exist in both 
total salt concentrations and partitioning be
tween the diffusible and colloidal phases. For 
example, concentrations of the following in 
human milk are expressed as a percentage of 
their concentration in cow's milk: K, 39%; 
Na, 26%; Ca, 27%; P, 12%; Fe, 33%; Cu, 
285%. 

12.4.4 PROTECTIVE PROPERTIES OF MILK 

The attainment of independent existence by 
the neonate is by no means as consummate 
as the act of parturition might appear to sig
nify. Not only is there continuing depen
dence on milk nutrients, but there is also 
heavy reliance on parental protection from 
predators, parasites, bacteria and viruses. At 
birth, the mammalian immune system re
mains underdeveloped. Whereas in most 
species the cell-mediated (T-cell) system de
velops early in fetal life, it is largely ineffec
tive because it is unchallenged in a uterine 
environment which admits few infectious 
agents. On the other hand, the humoral im
mune system develops later, often after birth, 
so that the onus for neonatal protection in the 
period immediately post partum continues 
to rest with the mother (Solari and 
Kraehenbuhl, 1987). 

Ehrlich, in 1902, was reputedly the first to 
propose the transfer of passive immunity to 
offspring via milk (see Reiter, 1985a), but 
only very recently has it become appreciated 
how wide is the range of protective mechan
isms involved. These may be summarized as: 
(i) selective secretion of antibodies derived 
from maternal blood plasma; (ii) antibody 
production in the mammary gland in re
sponse to local antigenic stimulation, with 
subsequent secretion in milk; (iii) transfer in 
milk of immunocompetent and phagocytic 
cells; (iv) secretion of non-immunoglobulin 
protective proteins; (v) secretion of anti-
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microbial lipids; and (vi) secretion of 
nitrogen-containing and other saccharides, 
which constitute the 'bifidus factor' pro
moting resistance to neonatal intestinal 
infections. Each protective mechanism is dis
cussed briefly below. Typically, the secretion 
of colostrum, in which the activity of protec
tive mechanisms is much higher than in ma
ture milk, lasts for a relatively short time post 
partum. However, low levels of antibody 
persist throughout lactation and increase at 
involution, when they presumably provide 
resistance to mammary infections in con
ditions of milk stasis (Lascelles and Lee, 
1978). 

Passive transfer of immunity 

In some species (e.g. primates, rabbits) all 
IgG immunoglobins are transferred to the 
fetus across the placental membranes, so that 
the neonate acquires plasma concentrations 
of IgGs equal to those of its mother. In other 
species (e.g. ungulates) all maternal IgGs are 
transferred in colostrum during the first few 
hours post partum, whereas in yet others 
(e.g. rodents, cats, dogs) they are acquired 
both in utero and via colostrum (see Butler, 
1974). As a generalization, IgG is at highest 
concentration in species in which colostrum 
is the exclusive route, IgA in other species. 
Colostrum possesses several features which 
protect immunoglobins from denaturation 
and digestion in the neonatal gut, e.g. high 
buffering capacity, the presence of a trypsin 
inhibitor and, for IgG1, considerable resist
ance to proteolytic digestion. In ruminants, 
absorption of Igs into blood is limited to a 
period of 24-36 h post partum when the gut 
wall remains permeable, but there is much 
interspecies variation e.g. this period is 16-20 
days in rodents (Butler, 1974). 

Despite the short period during which Ig 
absorption occurs, the resistance it provides 
to various viral and bacterial pathogens is 
crucial. The protection afforded against the 
potent gut bacterium Escherichia coli suggests 
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that absorption across the gut wall is not 
always essential (Roy and Smith, 1987). 

Local production of antibodies 

Failure to penetrate the gut wall is, indeed, a 
characteristic of secretory IgA (sIgA), the 
principal Ig of human and rat colostrum and 
milk. IgAs may either be derived from ma
ternal plasma or produced locally by plasma 
cells adjacent to mammary epithelial cells 
(Figure 12.2). In the latter case there is evi
dence that they are produced in response to 
antigenic stimuli arising during the act of suc
kling (Lascelles and Lee, 1978). Whether of 
systemic or local origin, IgA is modified by 
addition of a secretory component, produced 
by the epithelial cells, and secreted as sIgA 
(Solari and Kraehenbuhl, 1987). 

Transfer in milk of immunocompetent and 
phagocytic cells 

The presence of cells in milk and colostrum 
has long been recognized. The colostral 
'bodies of Donne', described in the 1840s, 
and thought by some to be detached epi
thelial cells whose subsequent lysis was im
portant in milk secretion (see Mepham, 
1986), are now known to be macrophages 
replete with lipid vacuoles (Head and Beer, 
1978). About 90% of cells in human milk are 
monocytes or macrophages, which possess 
the usual property of phagocytosing micro
organisms: in colostrum and milk they also 
produce complement components (C3 and 
C4), lysozyme and lactoferrin. 

The remaining cells are mostly lympho
cytes, of which, in human colostrum, about 
half are T cells and about one-third B cells: 
the surface immunoglobulin on many of the 
latter is IgA (Head and Beer, 1978). In rats 
and mice, T cells, reactive to transplantation 
alloantigens, can adoptively immunize the 
neonate; and such observations, together 
with demonstrations of the in vitro reactivity 
of milk-borne T and B cells, provide strong 
evidence that maternal lymphocytes reactive 

to micro-organisms become incorporated into 
neonatal tissues, where they provide short
term protection. 

Secretion of non-immunoglobulin 
protective proteins 

The antimicrobial properties of lysozyme, lac
toferrin, transferrin and lactoperoxidase in 
milk have been stressed by Reiter (1985a,b). 
Lactoferrin, for example, inhibits growth of 
coliform bacteria by chelating iron, which is 
necessary for their growth. The high concen
tration of lactoferrin in human milk means 
that the infant may ingest 3 g/day in early 
lactation. 

Apart from their specific activities, several 
instances of synergy have been described. 
For example, the protoplasts produced in the 
lytic activity of lysozyme on Micrococcus luteus 
are strongly agglutinated by lactoferrin; and 
sIgA enhances the antimicrobial activity of 
lactoperoxidase against Streptococcos mutans 
(see Reiter, 1985a). 

Secretion of antimicrobial lipids 

In recent years there has been growing evi
dence that milk lipids may perform a protec
tive role. It has long been known that certain 
fatty acids possess antibacterial activity, e.g. 
12:0, 16:1 and 18:2, but benefits only seem 
realizable for the suckling young when there 
is a sufficiently high activity of milk lipase to 
supplement the low intestinal activity of this 
enzyme. Unlike cow's milk, human (and 
gorilla) milk contains a bile salt-stimulated 
lipase (Hernell and Blackberg, 1985) which, 
activated in the neonatal intestine, releases 
fatty acids and monoacylglycerols able to 
effect antimicrobial action (Kabara, 1980). 
Host resistance applies not only to bacteria, 
but also to yeasts, fungi and viruses. 

Secretion of bifidus factor 

Gyorgy (1953) was the first to describe a fac
tor in human milk (with activity exceeding 



that of cow's milk by up to 100-fold) which 
promotes the growth of Lactobacillus bifidus in 
the neonatal intestine. On hydrolysis the fac
tor yielded N-acetyl glucosamine, fucose and 
galactose. Bifidobacteria metabolize milk sac
charides to lactic and other acids, the result
ing low pH inhibiting growth of many 
enteropathic bacteria. Thus, one week post 
partum, 95% of the culturable bacteria in the 
fecal smear of breast-fed infants are L. bifidus 
flora (Vorherr, 1978). 

12.4.5 REGULATORY PROPERTIES OF MILK 

Limitations of a classification based on func
tional attributes of milk constituents are, per
haps, here most evident. Components in this 
class include somewhat heterogeneous 
groups, best characterized as having import
ant roles which are not usually defined as 
nutritional or protective, and which are 
mostly present at low concentrations. The 
majority of analyses have been performed on 
cow's and human milks. 

Hormones and growth factors 

Milks of several species contain factors which 
stimulate both growth of gastrointestinal tis
sues in vivo and replication of cells cultured in 
vitro (Koldovsky, 1989). For example, several 
hormones which have growth promoting 
action in the neonate have been detected in 
human milk, including insulin, thyroxine, 
cortisol and luteinizing hormone-releasing 
hormone (LHRH) (Morriss, 1985). It is poss
ible that some of the growth effects may be 
additional, or subsequent, to the roles of hor
mones, e.g. stimulation of neonatal gonado
trophin release in the case of LHRH. But, in 
addition, several distinct growth factors have 
been described. In human milk, the following 
have been reported: human milk growth fac
tors (HMGF) I, II and III; mammary-derived 
growth factor; transforming growth factors 
(Morriss, 1985); and IGF1 (Corps et al., 1988). 
Several lines of evidence suggest that HMGF 

Milk composition 1125 

III, a 6000 Da molecular weight peptide 
which accounts for 75-90% of growth factor 
activity in the milk, is probably a form of 
epidermal growth factor (EGF) (Shing et al., 
1985; and see Dembinski and Shiu, 1987). In 
addition to its nutritional and protective func
tion (section 12.6.3), lactoferrin may also 
have a role as a mitogenic agent for entero
cytes of the suckling young (Nichols et al., 
1987). 

Recent reports have established the pres
ence of opioids in human and cow's milk, in 
both cases derived from J3-casein. These 
oligopeptide casomorphines may influence 
gastrointestinal motility in the suckling 
young (H. Daniel et al., 1990), and since they 
are absorbed into the blood they may also 
have important effects on neonatal metab
olism and behaviour via the central nervous 
system (Teschemacher, 1987). 

Enzymes 

Approximately 60 enzymes have been 
detected in both cow's milk (Kitchen, 1985) 
and human milk (Hamosh et al., 1985; Renner 
et al., 1989). Their prevalence varies widely 
from one species to another. In many cases 
their presence may simply reflect the shed
ding of cell fragments into the milk, such as is 
amply demonstrated by the 'signets' or 'cyto
plasmic crescents' associated with milk fat 
globules (section 12.7.5). Some such frag
ments may reflect cell damage, whereas 
others may be an inevitable accompaniment 
of secretory mechanisms. However, it is 
possible that some of the enzymes are active
ly secreted and benefit the young and/or the 
mother: lactoperoxidase, lysozyme and lipase 
may be of this sort. 

Trace elements 

Twenty two minerals are believed to be es
sential in the human diet. All have been 
detected in either cow's or human milks, 
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mostly in both (Flynn and Power, 1985). 
Certain minerals, e.g. calcium, phosphorus, 
sodium and potassium, have been discussed 
above, but the majority are 'trace elements', 
which are usually present in cow's and 
human milks at concentrations less than 
1 mgll (although that of zinc often exceeds 
3 mgll). 

For most elements there is no simple re
lationship between maternal dietary intake 
and milk content. Trace elements may pass 
readily into milk, or be concentrated in, or 
largely excluded from, milk. They are rarely 
free in milk, but bound to a variety of ligands, 
a fact which has repercussions for their bio
availability in the neonate. For example, in 
cow's milk, most zinc and manganese is 
bound to casein, whereas copper is bound 
equally to casein and low molecular weight 
«1000 Da) compounds. In human milk, 
binding patterns are quite different, e.g. most 
manganese and copper is bound to whey 
proteins, while zinc is bound to milk fat and 
low molecular weight compounds (Lonner
dal, 1985). For many elements, suitably sensi
tive methods have only become available in 
the last decade. This has led, for example, to 
a reduction of an order of magnitude in the 
accepted values for chromium and manga
nese in human milk (Casey et aI., 1985). 

Vitamins 

All the vitamins have been detected in milk, 
but, as for trace elements, only recently have 
sufficiently sensitive methods been available 
to permit reliable assays. Several analyses 
have been reported for cow's (see Cremin 
and Power, 1985) and human (see Jensen and 
Neville, 1985) milks. Certain vitamins are 
bound to specific proteins in milk (e.g. B12 
and folate). Since vitamins are derived from 
the maternal diet, their milk concentrations 
vary accordingly. However, there is some 
evidence that vitamin C is synthesized in 
mammary cells in both cows and humans 
(see Cremin and Power, 1985). 

12.4.6 INTERSPECIES DIFFERENCES IN MILK 
COMPOSmON 

Several attempts have been made to rationa
lize the wide differences in milk composition 
evident in different species, e.g. Blaxter 
(1961), Davies et al. (1983), Oftedal (1984) and 
Jenness (1986). Essentially, two types of 
factor may be said to be involved: biological 
(i.e. higher level organizational), stemming 
from ecological, behavioural, developmental 
and metabolic differences; and physico
chemical, relating to constraints imposed by 
factors such as solubility, electrical neutrality 
and osmotic equilibrium. Doubtless the two 
types of factor interact in complex ways. 

Biological factors 

A fruitful approach to the analysis of mam
malian reproductive strategies as a whole is 
that introduced by McArthur and Wilson 
(1967), and developed by Pianka (1970), in 
which species are classed as exhibiting K- or 
r-selection strategies. K-selecting species 
produce few young, at an advanced develop
mental stage (precocial) - a strategy favour
ing stable environmental conditions. By 
contrast r-selection, for which there is close 
competition between species, produces large 
numbers of immature (altricial) young, so 
that the total population is kept close to the 
carrying capacity of the environment. Such 
criteria define extremes; many species exhibit 
intermediate characteristics. The classifi
cation has been shown to be applicable to 
milk composition. For example, K-species 
(e.g. primates, ungulates) secrete milk of 
lower protein content than r-species (e.g. 
rodents), a difference readily explicable by 
their different growth rates (R.D. Martin, 
1984). The observation that the low protein 
content and prevalence of whey proteins, 
which characterize human milk, are associ
ated with slow body growth and increased 
longevity led Bounous et ai. (1988) to propose 
that human milk serves to extend the time 
available for the mental processes of learning. 



In this accomplishment, by contrast with 
physical capacities, humans are supreme 
among animal species. 

A consideration of clear importance is 
energy transfer, i.e. the capacity of the 
mother to furnish energy-yielding nutrients 
and that of the offspring to utilize energy in 
relation to their genetic potential. Several 
analyses (e.g. Oftedal, 1984; R.D. Martin, 
1984) show that energy output in milk at peak 
lactation is correlated with maternal weight 
in a manner akin to Kleiber's law, i.e. 
Eo = k Wm 0.75 where Eo is energy output 
(kJ/day) and Wm is maternal mass (kg). 
Reproductive strategy was also found to be 
an important factor, since milk energy output 
in r-species was more than twice that of K
species of the same maternal body mass 
(Oftedal, 1984). A similar relationship exists 
for milk energy output and neonatal mass. 
The bioenergetics of lactation in marsupial 
and placental mammals have been discussed 
by Nicoll and Thompson (1987). 

The habitats of some species would appear 
to exert overriding influence on milk compo
sition because they encompass certain en
vironmental extremes, e.g. those of Arctic 
and aquatic mammals. These species secrete 
milk with very high fat content, e.g. for polar 
bears 331 glkg; and for grey seals 532 glkg 
(Jenness, 1974). Such high concentrations 
may be related both to the rapid deposition of 
subcutaneous fat in the suckling young, 
which provides an insulating layer reducing 
heat loss, and to the high energy value of fat, 
which serves to maintain body temperature 
in conditions of external cold. An alternative 
explanation, which probably also applies to 
some desert species, is that high fat content 
represents a means of conserving water. But 
the low water intake of desert mammals may 
be surpassed by that of phocid seals, which 
abstain from eating and drinking during the 
several weeks of lactation, so that all water 
for milk secretion and other purposes must 
come from maternal body stores, chiefly in 
the form of fat (Bonner, 1984). 
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In one sense, milk composition is an 
abstraction; what is more crucial for the neo
nate is intake per day, a quantity which 
depends on suckling frequency, duration and 
volume consumed, as well as composition. 
Extreme variations in suckling frequency 
have been reported, e.g. at about 20 min 
intervals in mice, hourly in pigs, once daily in 
rabbits, once every 2 days in tree shrews, and 
once a week in the northern fur seal (Cross, 
1977). Despite the importance of other fac
tors, there appears to be an inverse relation
ship between suckling frequency and the 
concentration of milk constituents (R.D. 
Martin, 1984). Caution is, however, required 
in interpreting data from feral animals, both 
because the extent of supplementary feeding 
is unknown and because it is difficult to 
ensure that milk collection procedures have 
not altered the nature of the sample 
analysed. 

Physiochemical factors 

Whatever the biological pressures involved 
in shaping milk composition, ultimately 
physicochemical constraints must determine 
the limits of plasticity. It is an almost in
variable observation that milk is isosmotic 
with blood plasma (Peaker, 1983) (milk of the 
elephant seal is an apparent exception; 
Peaker and Goode, 1978). This is advan
tageous in energy terms because secretion of 
either hyperosmotic or hypo-osmotic fluid 
would involve energy expenditure. Lactose is 
usually the major osmole in milk, though not 
in all species, the balance being due largely to 
the diffusible salts (Linzell and Peaker, 1971). 
However, lactose concentrations may vary 
quite widely, both during an individual 
lactation and between species (Cowie, 1969; 
Jenness, 1974; Chalk and Bailey, 1979). 
Therefore, lactose, or indeed any free sugar, 
has not been essential for the evolution of 
milk in general; and it seems possible that 
milk sugar evolved as a metabolically dispos
able alternative to salt, in species in which a 
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hot climate obliged the young to drink large 
amounts of milk for the sake of its water. 

Although lactose is often the major deter
minant of milk water, under conditions 
where lactose secretion is reduced (e.g. dur
ing starvation) the relative proportions of 
diffusible salts in milk increase. In general, 
during established lactation there is an in
verse relationship between the milk concen
tration of lactose and those of Na + and K+ 
(Peaker, 1983). In contrast, under conditions 
when the paracellular route is operating (e.g. 
as a result of alveolar distension when milk is 
not removed) the milk concentrations of Na + 
and Cl- increase and those of K+ and lactose 
decrease, as equilibration with extracellular 
fluid (ECF) occurs: thus the normal inverse 
correlation between lactose and K+ becomes 
positive (Peaker, 1983). Clearly, the relative 
concentrations of anions and cations in milk 
are governed by the requirement for electrical 
neutrality. In most eutherian species the milk 
concentrations of fat and protein depend 
largely on their rates of secretion relative to 
that of lactose and, hence, of water. Thus, 
in a study of many species, both fat and 
protein concentrations were shown to be 
negatively correlated with lactose concen
tration, whereas there was a positive corre
lation between fat and protein concentrations 
(R.D. Martin, 1984). 

Analyses of milks of 37 species (Davies et 
al., 1983) show a marked positive correlation 
between calcium and phosphorus concen
trations, suggesting the prevalence of colloi
dal calcium phosphate. Moreover, total 
calcium and phosphorus contents in 33 milks 
were positively correlated with protein con
centration, indicating an essentially constant 
stoichiometry for the calcium phosphate
casein complex (Jenness, 1979). 

It is apparent that milk composition in 
different species is subject to multifactorial 
determination, with inputs arising from the 
environment, mother and offspring interact
ing in a complex and changing manner. The 
realization of these inputs in terms of milk 

composition is likely to be unique for each 
species, and constitutes a 'code' for neonatal 
development which bears comparison with 
the genetic code inherited at birth. 

12.5 PROVISIONING THE MAMMARY 
GLANDS 

12.5.1 GENERAL 

It has been noted that the energy supply to 
the neonate in the form of milk often far 
exceeds that which is provided in utero: typi
cally, parturition signals a marked and rapid 
increase in the provision of nutrients to the 
young as the route of transfer is switched 
from the placenta to the mammary glands. 
An important element of the maternal 
capacity to meet this new demand is the 
implementation of profound and concerted 
changes in whole-body metabolism. These 
changes may be categorized as: (i) enhance
ment of the entry rate (flux) of nutrients into 
body metabolic pools; (ii) diminution of nutri
ent utilization by tissues non-essential to 
lactation; (iii) augmentation of nutrient 
partitioning to the mammary glands and 
metabolically related organs, by means of 
cardiovascular changes; and (iv) stimulation 
of mammary substrate uptake by means of 
membrane-located carrier systems. The 
homeorhetic control of this repartitioning 
process is largely effected by the endocrine 
system (see Chapter 11), but other humoral 
and neural factors are also involved. 

Most studies of the metabolic changes ac
companying lactation have been performed 
on dairy species, for obvious commercial 
reasons. But often they are also suitable 
species from the experimental viewpoint, be
cause of their large size, docile nature and 
ability to yield milk in response to abnormal 
milking stimuli (i.e. hand or machine milk
ing). The unfortunate aspect of this bias is 
that ruminant metabolic activity exhibits dis
tinctive features in consequence of the par
ticipation of rumen microbes in the digestion 
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Figure 12.7 Changes in milk yield, body weight 
and appetite of dairy cows during lactation. 

process, so that results from studies on dairy 
animals are not readily transposable to other 
species, for example non-ruminant herbi
vores, omnivores and carnivores. 

One of the most notable features of body 
metabolism in dairy ruminants is the con
dition of negative energy balance, which in 
cows may persist for several weeks post par
tum. During this period the output of energy 
in milk exceeds that in food intake, and body 
weight is lost as tissue stores are mobilized 
(Figure 12.7). 

Thus, studies on high-yielding cows 
showed that for the first 2 weeks of lactation 
70% of milk fat was derived from adipose 
tissue stores, the mean figure for the first 12 
weeks of lactation being about 40%. Such 
changes were achieved by reduced lipogene
sis and increased lipolysis in adipocytes, 
together with increased lipid uptake by mam
mary cells (Bauman and Elliott, 1983; Vernon 
and Flint, 1984). Much less is known about 
repartitioning of protein metabolism at the 
onset of lactation, but muscle protein appears 
likely to serve a storage role analogous to 
adipose tissue. Bauman and Elliott (1983) 
estimated that in high-yielding cows muscle 
proteolysis might furnish 300 g/day of amino 
acids. 

Ruminants differ most markedly from 
other species in respect of carbohydrate 
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metabolism: because of rumen microcrobial 
activity, carbohydrates are largely fermented 
to the fatty acids acetate, butyrate and pro
pionate, so that little glucose is absorbed into 
the blood from the gastrointestinal tract . 
Blood glucose concentrations in ruminants 
(largely derived from propionate by hepatic 
gluconeogenesis) are typically much lower 
than those in non-ruminants, whereas those 
of acetate are higher (e.g. see G.H. Smith et 
al., 1983). Mammary glucose uptake is essen
tial for milk secretion, so that lactation places 
additional demands on glucose supply. In 
goats, glucose flux at peak lactation is about 
double that in non-lactating animals (Anni
son and Linzell, 1964), a change which is due 
to a combination of reduced glucose uptake 
by adipocytes, reduced oxidation, increased 
gluconeogenesis and, probably, increased 
hepatic glycogenolysis and intestinal absorp
tion (see Bauman and Elliott, 1983; Vernon 
and Flint, 1984). Calcium and phosphorus 
requirements in milk are met both by 
increased intake and absorption and by skel
etal depletion (Bauman and Elliott, 1983). 

Nutrient fluxes during lactation are thus 
markedly influenced by increased appetite. 
Hunger and satiety signals are generated in 
the CNS by pathways which, at the hypo
thalamic level, are believed to involve 
peptides of the cholecystokinin and opioid 
families (Baile and Della-Fera, 1988). 
Peripherally, signals may arise from physical 
(e.g. rumen distention) or chemical (e.g. 
ruminal concentrations of acetate and propio
nate) stimuli (Baile and Forbes, 1974). In 
dairy cows, in which food intake is the 
primary limitation on milk production, con
sumption during lactation may be four times 
maintenance requirements (Baile and Della
Fera, 1988). 

Cardiovascular changes which result in an 
enhanced supply of substrates to the mam
mary glands are an important element of the 
partitioning of nutrients in lactating animals. 
Hanwell and Linzell (1972), working with 
rats, showed that not only was the onset of 
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lactation attended by a greatly increased car
diac output but there were also marked 
changes in its fractional distribution, such 
that mammary glands, liver and intestinal 
tract received larger proportions of the car
diac output, whereas skin received a smaller 
proportion. In some tissues, e.g. liver, both 
the flow rate per unit weight of tissue and the 
organ weight increased, whereas for others, 
e.g. skin, despite reductions in both weight 
and the fraction of cardiac output received, 
the increased cardiac output meant that flow 
rates per unit weight of tissue were main
tained. Such comprehensive studies have not 
been carried out on dairy ruminants, but data 
reported for goats (A.J. Davis et al., 1979) 
show a marked increase in mammary blood 
flow (MBF) in the periparturient period: MBF 
more than doubled between 7 and 9 days 
prepartum and 2 days post partum, with the 
largest component of the change occurring 
over the 2 days preceding parturition. During 
established lactation in cows and goats the 
mammary glands receive about 16% of 
the cardiac output (S.R. Davis and Collier, 
1985). 

The most extensive studies on MBF during 
established lactation were carried out on 
goats by Linzell and colleagues (see Linzell, 
1974). The apparently labile nature of MBF, 
and its sensitivity to even minor stress, have 
led to an appreciable variation in reported 
values. Moreover, the several methods of 
measurement used do not give identical re
sults (e.g. see Reynolds et al., 1968). But for 
routine and repetitive MBF measurement in 
dairy ruminants Linzell's continuous thermo
dilution method (Linzell, 1966; Fleet and 
Mepham, 1983) has proved convenient and 
reliable when used in animals with surgically 
exteriorized mammary vein loops. More 
recently, blood flow probes utilizing the 
Doppler shift principle have been used to 
monitor mammary blood flow (MBF) (Fleet et 
al., 1992). From extensive studies on goats it 
was concluded that, in full lactation, approxi
mately 500 volumes of blood perfuse the 

mammary glands for each volume of milk 
secreted, a figure which also applies to cows 
(e.g. Peeters et al., 1979). This ratio is, how
ever, only an approximate index, and esti
mates of MBF derived from milk yield (MY) 
measurements are probably only accurate to 
within ± 30%. In late lactation, the MBFIMY 
ratio increases to over 1000 and, obviously, to 
infinity in dry animals. 

The physiological factors which determine 
MBF in vivo remain a matter of uncertainty. 
There has been no shortage of reports of 
changes in MBF in response to various 
stimuli, e.g. adrenaline, vasopressin, 5-
hydroxytryptamine, some prostaglandins 
and carbon dioxide are all mammary vaso
constrictors; while acetylcholine, histamine, 
adenosine and bradykinin are vasodilators 
(Linzell, 1974). The milking procedure and 
administration of exogenous oxytocin have 
also been reported to increase MBF in dairy 
animals, e.g. by 60% in cows (S.R. Davis and 
Collier, 1985). But definition of factors of 
physiological, rather than pharmacological, 
significance has been hampered by the possi
bility of atypical responses in anaesthetized 
animals in which MBF is depressed, and by 
anomalous results in isolated perfused gland 
experiments. For example, in vivo mammary 
ischaemia and bradykinin both induce reac
tive hyperaemia, whereas in perfused glands 
MBF is reduced (Linzell, 1974). 

12.5.2 SUBSTRATE UPTAKE BY THE 
MAMMARY GLAND 

The lactating ruminant mammary gland has 
proved to be a very useful organ system in 
which to study the quantitative relationships 
between substrate uptake and product out
put. The long-standing recognition of this 
utility is illustrated by the claim (Florkin and 
Stotz, 1977) that Cary's (1920) studies on lac
tating cows provided the first quantitative 
evidence for the importance of amino acids in 
protein synthesis in any biological system. In 
essence, this facility arises from a unique 



combination of the attributes of (i) large gland 
size, (ii) favourable anatomical features (e.g. 
accessibility of the secretory product and of 
the gland's venous drainage), (iii) high se
cretory rate and (iv) absence of turnover of 
the secretory product in the duct system. 
This has meant that techniques such as deter
mination of substrate arteriovenous (A V) 
concentration differences, isolated gland per
fusion, and intra-arterial infusion can be per
formed much more easily for mammary 
glands than for other organs (e.g. see Fleet 
and Mepham, 1983; Mepham, 1987a). 

The use of A V difference determinations 
combined with MBF measurements and tech
niques such as isotope dilution (see Fleet and 
Mepham, 1983; Mepham, 1993) has led to 
definition of the magnitude of substrate up
take by ruminant mammary glands in re
lation both to the output of milk constituents 
and to the metabolic economy of the whole 
animal. For example, it was shown by 
Annison and Linzell (1964) that in goats at 
peak lactation over 85% of the glucose flux 
was absorbed by the udder and that the 
glucose uptake largely accounted for lactose 
output, for a substantial proportion of 
glycerol of milk TG and, following oxidation, 
for about 40% of the total carbon dioxide 
produced by the glands. Whereas glucose is 
also the major precursor of lactose in non
ruminants (e.g. in pigs; see Linzell et al., 
1969), the source of milk TGs exhibits much 
interspecies variability. In cows and goats, 
acetate, as well as being a major energy 
source for the mammary gland, is the princi
pal precursor of those fatty acids of chain 
length up to CI6 which are synthesized via 
the malonyl CoA pathway. By contrast, in 
certain non-ruminants glucose is the major 
source of these fatty acids, whereas non
ruminant herbivores utilize carbon from both 
acetate and glucose in mammary lipogenesis 
(section 12.4.3). A minor role is also played in 
ruminants by 3-hydroxybutyrate. However, 
the source of milk TG fatty acids of chain 
length CI8 and above, and of a proportion of 
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C16, is quite different. In both ruminants and 
non-ruminant species these fatty acids are 
derived directly from blood, either from the 
plasma free fatty acid pool or from plasma 
lipoproteins following lipolysis within the 
lumina of mammary capillaries (section 
12.4.3). 

Historically, the blood precursors of milk 
proteins have been a matter of much uncer
tainty (see Mepham, 1986), and even now 
there appear to be grounds for some modifi
cation of views held widely since the 1950s. 
Isotopic tracer and A V difference studies in 
both whole animals and isolated organs 
suggested that plasma free amino acids were 
the principal, if not sole, precursors of milk
specific proteins, although in the case of non
essential amino acids there was evidence for 
intramammary synthesis, using nitrogen of 
certain amino acids (particularly that of argi
nine and ornithine) absorbed by the glands in 
excess of their output in milk (e.g. see Barry, 
1961; Mepham, 1982). Subsequently, how
ever, a minor contribution of amino acids 
from erythrocyte glutathione was suggested 
(Baumrucker, 1985), and quite recently it has 
been proposed that plasma oligopeptides 
might also contribute to the intracellular pool 
from which milk proteins are synthesized 
(Jois et al., 1984). In so far as the latter pro
posal is based on A V determinations of 
amino acids in plasma samples before and 
after deproteinization, it depends on the 
assumption of complete deproteinization, 
which needs to be fully substantiated. A 
further dimension to the problem of identify
ing milk protein precursors is added by the 
claim that there is substantial intracellular 
degradation of protein prior to secretion 
(Mayer et al., 1980; Oddy et al., 1988). Despite 
the possible contribution of other sources, it 
remains likely that plasma free amino acids 
are usually the principal precursors of 
mammary-synthesized milk proteins: in 
some cases over 70% of an amino acid perfus
ing the gland is extracted from the blood 
plasma (see Mepham, 1982). 
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12.5.3 TRANSPORT OF SUBSTRATES INTO 
MAMMARY CELLS 

The availability of substrates for milk syn
thesis depends not only on their rates of 
supply in blood perfusing the glands but also 
on their passage across at least two barriers, 
either or both of which might limit the trans
fer process, i.e. the capillary endothelium 
and the basolateral membrane of the se
cretory cell. For some substrates, additional 
barriers might be involved, namely erythro
cyte membranes and intracellular mem
branes. Passage into interstitial fluid is 
governed both by capillary permeability and 
by the concentration gradient across the 
capillary wall, with molecules such as glucose 
largely diffusing through water-filled pores 
and lipid-soluble molecules also penetrating 
the endothelial membranes. 

Transport of glucose across basolateral 
membranes of secretory cells has been 
studied almost exclusively in laboratory 
rodents, using non-metabolized analogues, 
such as 3-0-methyl glucose and 2-deoxy
glucose, to circumvent problems associated 
with the rapid metabolism of glucose itself. 
Such studies suggest that glucose is trans
ported into mammary cells by a system of 
the type which has been best characterized 
for mammalian erythrocytes, i.e. a process 
of facilitated diffusion. In rats, the activity 
of this putative transporter appears to be 
rate limiting for mammary glucose utiliz
ation (Threadgold et al., 1982). The ability of 
the cells to absorb glucose is modulated by 
the animal's nutritional and hormonal status 
(Threadgold and Kuhn, 1984; Page and 
Kuhn, 1986), but the extent to which com
mon mechanisms are involved in both is 
unresolved. Changes in glucose-transport
ing capability during mammary ontological 
development of murine cells, cultured in 
vitro, showed an 18-fold increase in V max be
tween mid-pregnant and mid-lactational 
developmental stages, suggesting an in
crease in numbers of transporters but not 

their affinity characteristics (Prosser and 
Topper, 1986). 

Recently, Madon et al. (1990), using a wide 
range of techniques (such as photoaffinity 
labelling and polyclonal antibodies raised 
against previously characterized trans
porters), have proposed that the glucose 
transporter on the rat mammary cell plasma 
membrane is analogous to the rat brain glu
cose transporter, which has been designated 
'GLUT 1'. This 55-kDa glycoprotein has been 
extensively studied, and competing models 
have been proposed to account for its mode 
of action (Silverman, 1991). 

Threadgold and Kuhn (1979) reported that 
mammary cells cannot synthesize glucose 
because they lack glucose-6-phosphatase 
activity. Hence, glucose required for lactose 
synthesis (and other purposes) is derived 
from blood. Threadgold et al. (1982) suggested 
that cellular uptake was the rate-limiting step 
in overall glucose metabolism, and hence, 
because lactose is the major osmole of milk, of 
milk secretion as a whole. Certainly, when 
isolated perfused glands were deprived of 
glucose milk secretion was inhibited, whereas 
restoration of its supply re-established se
cretion (see Mepham, 1993). 

Attention has only quite recently been 
turned to amino acid transport systems in 
mammary cells, and current progress is fairly 
limited. The notion that glutathione might 
participate in amino acid transport via the 'Y
glutamyl cycle (Baumrucker and Pocius, 
1978) seems to have been invalidated by the 
discovery that 'Y-GTPase in mammary cells is 
oriented towards the extracellular surface, 
thus confining the role of glutathione to pro
vision of glutamic acid, cysteine and glycine 
(Baumrucker, 1985). 

The most promising approach to character
izing mammary amino acid transport systems 
appears to be that which seeks to extend the 
paradigm formulated by Christensen and 
colleagues (see, for example, Christensen, 
1984), in which amino acids are divided into 
groups sharing affinities for distinct carrier 



systems. For example, A, Land ASC systems 
have been described for neutral amino acids 
in many tissues and many species, as have 
separate anionic and cationic (e.g. Y+) amino 
acid transporters. Systems are characterized 
by properties such as: amino acid specificity; 
sodium dependence or independence; and 
concentrative or exchange capability. The 
complexity of any description of amino acid 
transport is apparent when one considers the 
shared and/or overlapping affinities of differ
ent amino acids for specific transporters, 
interaction between different substrates such 
that transport might be either stimulated or 
depressed, and the potential modulation of 
transporter activity by factors such as turn
over or endocrine influences (see Mepham, 
1988). 

Studies employing slices of bovine mam
mary tissue (Baumrucker, 1985) and diced 
murine mammary tissue (Neville et al., 1980) 
suggested the presence in either or both of A, 
L, ASC and y+ carrier systems. However, a 
disadvantage of such preparations is that the 
normal spatial relations of the vascular, inter
stitial, intracellular and luminal compart
ments are disrupted, so that errors which 
might derive from extensive cell damage are 
compounded with others due to loss of 
basoapical orientation. Use of the isolated 
perfused guinea pig mammary gland prep
aration (S.R. Davis and Mepham, 1974) is 
thought to avoid such problems, and when 
used in conjunction with the 'paired tracer' 
technique of Yudilevich et al. (1979) permits 
measurement of both entry and efflux of 
amino acids. Evidence has been presented, 
using this technique, for the presence in 
guinea pig mammary glands at peak lactation 
of A, L, ASC and y+ systems, but A system 
activity was assessed as very low (Mepham et 
al., 1984). Studies on transport in mammary 
tissue of glucose and amino acids are 
reviewed more extensively by Mepham 
(1988). 

It was noted above that fatty acids of chain 
length C16, CI8 and longer are derived from 
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serum lipoproteins. A V difference studies on 
cows and goats (see Annison, 1983) showed 
that TG from only the chylomicron and low
density (d=1.005-1.019) lipoprotein fractions 
are absorbed by mammary tissue. The uptake 
process is dependent on prior lipolysis of the 
TG, effected by lipoprotein lipase, an enzyme 
which is bound to the mammary capillary 
endothelium. The microscopical studies of 
Schoefl and French (1968), on tissue from 
laboratory rodents, showed that chylo
microns become embedded in mammary 
capillary endothelium, giving it a scalloped 
appearance. Earlier in vitro studies showed 
that lipoprotein lipase becomes strongly ab
sorbed on to chylomicrons (D.5. Robinson et 
al., 1955). 

In lactating ruminants (but not in some 
laboratory rodents, see Hawke and Taylor, 
1983) free fatty acids (FFAs) normally show 
no net A V differences across the mammary 
gland, but despite this their uptake is 
suggested by a fall in specific radioactivity 
when isotopically labelled FF As perfuse the 
gland (see Annison, 1983). The apparent 
contradiction of these results is explained by 
postulating that FFA uptake is masked by 
simultaneous release into the mammary 
venous blood of fatty acids derived from TG 
lipolysis. Probably the most convincing evi
dence for lipolysis of TG in the mammary 
gland is the virtually identical pattern of in
corporation of [3H]glycerol and I4C-labelled 
fatty acids into milk fat in experiments on 
goats in which isotopes were infused either 
as free [3H]glycerol and [14C]palmitate, or as 
[3H]glycerol tri-[14C]palmitate (C.E. West et 
al., 1972). Lipolysis is not always complete 
and monoacylglycerols as well as FF A may 
be produced. The processes by which the 
latter traverse the capillary endothelium and 
basal membrane of the secretory cell are 
matters of uncertainty. 
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12.6 METABOLIC ACTIVITY OF MAMMARY 
CELLS 

12.6.1 BIOSYNTHESIS OF MILK PROTEIN 

Reference has been made above to the major 
classes of milk proteins. Before discussing 
their biosynthesis, recently reviewed in detail 
by Mepham et al. (1992), we need to consider 
briefly the impact which has been made 
by application of modern molecular biology 
and fractionation techniques and automated 
peptide sequencing methods. 

Currently, there is emphasis on the 
application of DNA sequencing procedures 
to cDNA prepared from mRNA coding for 
the proteins and to isolated genes. With 
the aid of these techniques attention has 
also widened to include caseins and whey 
proteins of the cow (Brew et al., 1970; 
Brew, 1972; Ribadeau-Dumas et al., 1972; 
Grosclaude et al., 1973; Brignon et al., 1977), 
sheep Oolles et al., 1974; Richardson and 
Mercier, 1979), goat (MacGillivray et al., 
1979; Preaux et al., 1979), deer (McDougall 
and Stewart, 1976), horse (Visser et al., 
1982), rabbit (Hopp and Woods, 1979; Dayal 
et al., 1982), guinea pig (Hall et al., 1984a, 
1984b), rat (Brown et al., 1977; Hirose et al., 
1981; Blackburn et al., 1982; Hobbs and 
Rosen, 1982; Qasba and Safaya, 1984), 
mouse (Kinkade et al., 1976; Hennighausen 
et al., 1982a,b), human (Findlay and Brew, 
1972; Metz-Boutigue et al., 1984) and other 
species. References to j3-lactoglobulin bio
synthesis in various species may be found in 
Godovac-Zimmerman and Braunitzer (1987). 
By and large, all these milk proteins are 
relatively small and stable, and frequently 
exhibit variant forms. Unusual proteins 
which have also been found in certain milks 
include a variably phosphorylated 'whey 
acidic protein' in rats, mice and rabbits (R.M. 
Mckenzie and Larson, 1978; Hennighausen et 
al., 1982a), a temperature-sensitive protein 
named 'galactothermin' in humans (Schade 
and Reinhart, 1970) and a distinctive whey 

protein appearing later in lactation in the 
tammar (Nicholas et al., 1987). 

The casein genes 

The calcium-binding, micelle-forming prop
erties of the caseins can now be related both 
to their molecular characteristics and to their 
organization within the genome. Several 
casein genes, or fragments of them, from rat, 
cow and guinea pig genomes, have been 
inserted into phages or plasmids, obtained as 
pure clones, and finally sequenced. Their 
construction resembles that of many other 
eukaryotic genes in having large non-coding 
nucleotide sequences (introns) intervening 
between stretches of coding sequence (exons) 
(Yu-Lee and Rosen, 1983; Jones et al., 1985). 
From the analysis of these, and flanking, 
sequences it seems likely that an ancestral 
casein gene arose by the recruitment of four 
unrelated exons. These are a highly con
served non-coding 5' exon of unknown func
tion, an exon coding for the signal peptide 
that ensures secretion, a small exon coding 
for a phosphorylation site and an exon 
coding for hydrophobic amino acids. This 
evolutionary stage must have been followed 
by intragene duplication, especially to give 
multiple phosphorylation sites, and by inter
gene duplication to give the gene cluster that 
genetic analyses have recently identified 
(Matyukov and Urnyshev, 1980; Mercier and 
Gaye, 1983). Later on, separate mutations, 
deletions or insertions will have ensured that 
each gene acquired a characteristic individual 
sequence (Hobbs and Rosen, 1982; Rosen, 
1987). Such an evolutionary scheme readily 
accounts for the three related calcium
binding bovine caseins (the highly phos
phorylated (Xsr and (Xsrcaseins, and the less 
phosphorylated j3-casein) and for the hom
ologous (X-, 'Y- and j3-caseins of rats and rab
bits. It also accommodates the larger number 
of caseins identified, and located on chromo
some 9, in the mouse (Gupta et al., 1982) and 
the two caseins in humans. All these are of 



the astype. An unrelated gene is that coding 
for the K-casein of bovine and ovine milk 
which, although it may carry a single phos
phate residue, is differently constructed and 
does not bind calcium. 

Expression of casein genes 

Following the transcription of complex eu
karyotic genes into correspondingly large 
RNA within the nucleus, the intron tran
scripts become excised. The remaining tran
scripts are simultaneously spliced together to 
form a mRNA with a continuous sequence of 
nucleotide codons corresponding to the pro
tein to be translated; flanking sequences of 
the mRNA that do not become translated are 
believed to influence the stability and transla
tability of the rest. In the case of rat a- and 13-
casein genes, such splicing results in the link
ing of a single phosphorylatable sequence 
-5er-5er-Glu-, encoded by the 3' end of 
exon IV, to a glutamate residue, encoded by 
the 5' end of exon V. This creates the se
quence -5er-5er-Glu-Glu - in which both 
serines satisfy the phosphorylation signal -
5er-X-glu- (X being any amino acid). In this 
way splicing converts a weak single phos
phorylation site in a strong double one 
(Rosen, 1987). 

The availability of cell-free translation sys
tems, in which added mRNA can direct the 
synthesis of new, immunochemically detect
able protein, and the availability also of 
[32p]cDNA synthesized by reverse transcrip
tion of mRNA in vitro, has provided assays 
for mRNA species coding for individual 
casein or a-lactalbumin molecules (Rosen et 
aI., 1980). In tissue from intact rats, mice, 
rabbits and guinea pigs such mRNA is pres
ent throughout pregnancy and may even be 
detected in the virgin animal. Levels rise dur
ing pregnancy in the rat and mouse, and rise 
even more sharply with the onset of lactation 
(Nakhasi and Qasba, 1979; Hobbs et al., 1982; 
Vonderhaar and Nakhasi, 1986). In the 
guinea pig a-lactalbumin mRNA clearly 
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preceded casein mRNA in its appearance 
(Burditt et al., 1981). Evidently, mRNA con
centration is likely to be one important factor 
determining the rate of protein synthesis. 
This is supported by the finding that prolac
tin, cortisol and insulin, which jointly induce 
the greatest mammary differentiation and 
synthetic activity in vivo and in vitro, also 
maximally enhance tissue or tissue explant 
levels of casein- and a-lactalbumin mRNA. In 
the same way, progesterone, which inhibits 
the onset of milk protein synthesis in vivo and 
in vitro, also inhibits casein mRNA formation 
(Topper, 1970; Houdebine, 1976; Teyssot 
and Houdebine, 1981; Kulski et al., 1983b). 
Prolactin, which probably plays the central 
role in this lactogenic complex of hormones, 
achieves its effect through a two- or three
pronged action. Its binding to receptors at the 
cell surface both enhances the rate of casein 
gene transcription and somehow stabilizes 
the resulting mRNA, whose turnover half-life 
within the cell increases from a few hours to 
several days (Guyette et al., 1979; Teyssot and 
Houdebine, 1980; Kulski et al., 1983a). In rab
bits, prolactin has additionally been shown to 
stimulate the formation of ribosomal 285 
RNA, although it confers no extra stabiliz
ation (Teyssot and Houdebine, 1980). This 
third prong of action may account for the 
increased numbers of ribosomes at lacto
genesis. 

The transcription of eukaryotic genes is 
promoted by the initial attachment of the 
large enzyme RNA polymerase immediately 
upstream (that is, on the 5' side) of the tran
scription start codon ATG (A = adenine, 
T=thymine, G=guanine). The effectiveness 
of such a 'promoter' region in initiating tran
scription by the polymerase stems from its 
particular sequence of nucleotides. For many 
eukaryotic genes a TATA-like sequence is 
commonly found within promoter regions, 
and is believed to favour the binding of RNA 
polymerase. But other sequences may also 
influence transcription of the adjacent gene. 
Therefore, it may be presumed that the 
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strong expression of the major milk protein 
genes is likely to reflect a favourable constel
lation of nucleotides in their promoter 
regions. Comparative analysis of nucleotide 
sequences in the non-coding 5' flanking 
region of three rat and bovine casein genes 
reveals them to be highly conserved, and to 
have an unusual TITAAAT version of the 
TAT sequence (Yu-Lee et al., 1986). At the 
same time, since the transcription of casein 
and a-lactalbumin genes is much accelerated 
by prolactin (or placental lactogen in late 
pregnancy) the promoters are likely also to be 
under the influence of an activating or inhi
biting transcription factor controlled by this 
hormone. The details of prolactin action 
remain obscure, as do those of the positive 
influence on casein mRNA exerted by 
insulin. 

Actions of steroid hormones 

Cortisol and progesterone, respectively, re
inforce and inhibit the transcriptional effects 
of prolactin on casein and a-lactalbumin 
genes, and have similar effects on the induc
tion of lipogenic enzymes (Houdebine, 1976; 
Mayer, 1978; Rosen et al., 1980; Teyssot and 
Houdebine, 1981; Kulski et al., 1983a). 
Studies of the steroid hormone control of a 
variety of eukaryotic cells have recently fo
cused upon short nucleotide sequences that 
bind steroid hormone-receptor complexes 
and enhance (or retard) the activity of nearby 
promoters. No single hormone is associated 
with anyone unique sequence of nucleotides; 
rather, there appears to be a 'consensus' 
sequence that is able to bind a variety of 
steroid hormone-receptor complexes. The 
glucocorticoid-stimulated mouse mammary 
tumour virus, which has been much studied, 
has several such sequences upstream of the 
transcription start site as well as within the 
coding sequence itself. The 'enhancer' re
gions, or 'hormone response elements', 
appear to function at a distance (trans action) 
by enhancing the relevant promoter. A 

search for such sequences in the rat and bov
ine casein or a-lactalbumin genomes has re
vealed several, both in the 5' flanking region 
and within the gene coding regions. They 
exhibit marked homology with glucocorticoid 
or progesterone receptor binding sequences 
associated with metallothionein, uteroglobin 
and lysozyme genes in other mammalian or 
avian tissues (Qasba and Safaya, 1984; Yu
Lee et al., 1986). At the time of writing it 
seems possible that different steroid hor
mones may bind, through their receptors, to 
a common set of response elements, vari
ously forming productive, partially pro
ductive or even inhibitory complexes (Ahe et 
al., 1985). This situation appears to have 
arisen because steroid hormone receptors are 
all members of a multigene family, which 
also includes receptors for thyroid hormone 
and retinol (Chambon et al., 1984; Gehring, 
1987). 

The scheme is attractive because one can 
readily envisage a mechanism by which two 
separate genes might evolve different 
sensitivities towards a common controlling 
hormone, for example the different sensi
tivities of a-lactalbumin and casein to cortisol 
(Nagamatsu and Oka, 1983). It also offers a 
plausible mechanism by which thyroid hor
mone can sensitize mouse mammary tissue 
to prolactin (Bhattacharjee and Vonderhaar, 
1984). 

Translation and processing 

The time course of [3H]leucine incorporation 
into protein has been followed in the rat 
mammary gland both in vivo and in vitro 
(Heald and Saacke, 1972). In both cases the 
protein product appeared initially in the 
ergastoplasm (rough endoplasmic reticu
lum), after about 30 min in the Golgi region, 
and from 30 to 60 min as an accumulation 
in the alveolar lumen. Such a pattern is 
explained by the initial translation of mRNA 
at the rough endoplasmic reticulum, and its 
passage through the stacked cisternae of the 



Golgi apparatus, and its eventual concen
tration within the condensing vacuoles or 
elements of the trans-Golgi network. From 
these then arise the mature secretory vesicles 
which leave the cell by exocytosis at the 
apical membrane. Post-translational proteo
lysis, phosphorylation, glycosylation and 
complexing with calcium take place at 
specific points on this route (for review, see 
Mercier and Gaye, 1983). 

The actual translation of mRNA at the ribo
some has been little studied in the mammary 
gland, although the usual co-factors are 
required. The profile of aminoacyl tRNA pre
cursors has been claimed to adjust, during 
lactation, to match the amino acid profile of 
milk protein (Garel, 1974). Therefore, little is 
known about possible controls at the trans
lational step. However, in several reports the 
rates of synthesis of different milk proteins 
do not closely reflect the relative pool sizes of 
their mRNAs, so that some further element 
of control seems a distinct possibility (Burditt 
et al., 1981; Geursen and Grigor, 1987). The 
translation of mRNA isolated from rat mam
mary gland or from polysomes of ovine 
udder, in a cell-free system from wheat germ, 
followed by the immunoprecipitation of indi
vidual milk proteins, was shown to reveal in 
each case an N-terminal 'signal' peptide ex
tension. The amino acid sequences of several 
such radioactively labelled peptides have 
been determined by Edman degradation, and 
more recently from the sequence of the 
cloned cDNA (Lingappa et al., 1978; Hobbs 
and Rosen, 1982; Mercier and Gaye, 1983). 
In ovine Usr, U s2- and ~-caseins these 15-
residue sequences are highly conserved, with 
an N-terminal Met-Lys-(X)s-Cys-(X)6-ala
joining on to the rest of the molecule. Closely 
homologous to these are the signal sequences 
for rat U-, 'Y - and ~-caseins and for mouse E

casein. A positively charged residue separ
ated by a stretch of hydrophobic residues 
from a connecting alanine is typical of many 
signal peptides in eukaryotic secretory pro
teins. The ovine K-casein 21-residue peptide 
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and the 18-residue ~-lactoglobulin signal 
peptide are similar, though not homologous. 
However, the signal peptide of ovine u
lactalbumin lacks both a basic amino acid 
residue and a cysteine. Since the original dis
covery of a 'signal' peptide extension on the 
IgG light chain newly formed in a cell-free 
system (Milstein et al., 1972), it has been 
established that possession of such a signal 
ensures the transport of newly synthesized 
proteins into the lumen of the endoplasmic 
reticulum. Several components of this trans
port machinery have been identified, but its 
actual mechanism and the reason for its wide 
tolerance of amino acid sequence remain 
unclear (Alberts et al., 1983). 

The translation of milk protein does not 
necessarily ensure its eventual secretion. 
Low rates of secretion, as in late pregnancy 
or during starvation, may partly reflect 
enhanced rates of degradation within the 
cell (Bienkowski, 1983; Hasan et al., 1982). 
Caseins would appear to be good candidates 
for the class of proteins, rich in proline, gluta
mate, serine and threonine, claimed by the 
PEST hypothesis to be susceptible to rapid 
turnover (Rogers et al., 1986). 

Post-translational modifications 

The immediate post-translational events in 
the formation and secretion of milk proteins 
must be inferred from studies of quite differ
ent secretory proteins such as those of the 
exo- and endocrine pancreas, salivary gland 
and even of viral coat proteins. Nevertheless, 
the secretions of other tissues, especially exo
crine secretions, may be quite good models 
for the mammary gland. For example, phos
phorylated salivary proteins have been 
characterized which, with their high proline 
content, appear not unlike casein (Wong and 
Bennick, 1980). 

Therefore, guided by such studies, we can 
probably assume that a specific peptidase 
within the endoplasmic reticulum lumen 
cleaves the signal peptides of secreted milk 
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proteins. The remaining familiar milk pro
teins then pass through the stacked cisternae 
of the Golgi dictyosome to a still poorly de
fined trans-Golgi network of swollen tubules 
and condensing vacuoles, where the casein 
visibly assembles into micelles. The matu
ration of these vacuoles into more electron
dense secretory vesicles then precedes their 
actual secretion by exocytosis (Hollman, 
1959). Secretion itself is described in section 
12.7. In following this route out of the cell, 
some of the milk proteins acquire the phos
phate or oligosaccharide residues that they 
are found to carry in milk. However, the 
extent of such post-translational modification 
is curiously variable, giving rise to the 
phenomenon of 'microheterogeneity' in the 
population of secreted molecules (Montreuil, 
1980). 

Studies of the phosphorylation of dephos
phocasein by mammary preparations in vitro 
have shown the presence of an ATP
dependent, cyclic AMP-independent casein 
kinase embedded in the Golgi membrane and 
facing in towards the lumen. Phosphoryla
tion requires Mi+, and is enhanced by Ca2+ 
and calmodulin (Bingham and Farrell, 1974; 
D.W. West and Clegg, 1983, 1984; Brooks and 
Landt, 1984). A casein kinase of guinea pig 
mammary Golgi membranes, which has been 
purified to homogeneity, appears to be tissue 
specific and phosphorylates only serine 
residues in the sequence -Ser-X-Glu-. 
Therefore, at least one further kinase must 
exist, to account for the phosphothreonine 
residues found in asrcasein variants (PascalI 
et al., 1981; Moore et al., 1985). In intact Golgi
derived vesicles casein phosphorylation is 
decreased by attractyloside or carboxyattrac
tyloside, inhibitors of the mitochondrial ade
nine nucleotide transporter, and is enhanced 
by the nucleotide carrier alamethicin (D. W. 
West and Clegg, 1984). Direct transport of 
ATP into the lumen of Golgi membrane
derived vesicles from rat mammary gland 
has been described with possible exchange 
for 5' -AMP (Capasso et al., 1989). Similar 

preparations also exhibit Mi+ - or Ca2+
dependent ADPase activity (Farrell et al., 
1992). These findings allow one to formulate 
a possible adenine nucleotide cycle in which 
cytosolic ATP entering the Golgi phosphory
lates casein and generates ADP followed by 
AMP. The latter then passes back to the cyto
sol and mitochondria for rephosphorylation 
to ATP (Farrell et al., 1992). This cycle has 
analogies with a uridine nucleotide cycle pro
posed to support lactose synthesis (see 
below), and emphasizes the essential coop
eration of different subcellular compartments 
in the fashioning and secretion of milk 
products. 

It may be noted, in parentheses, that the 
casein kinase activity frequently reported for 
other tissues, and even for the cytosol of 
mammary tissue, is not due to a true casein 
kinase, but rather to other protein kinases for 
which casein is merely a convenient sub
strate. The activity of mammary casein kinase 
(s) produces, in the cow, an asl-casein carry
ing typically eight phospho serine residues, 
an as2-casein with up to 13 phosphoserines 
and a [3-casein with usually five phosphoser
ines. Bovine K-casein is sometimes referred 
to as non-phosphorylated, but in fact well 
exhibits the microheterogeneity referred to 
above by carrying one, two or three phos
phate residues and varying amounts of 
carbohydrate per polypeptide chain (Vree
man et al., 1986). Takeuchi et al. (1984) have 
proposed that phosphorylation and micelle 
formation of K-casein precedes glycosylation, 
consistent with evidence for mainly surface 
glycosylation of the micelle (Slattery, 1978; 
Horisberger and Vonlanthen, 1980). Phos
phorylation of the whey acidic protein 
appears not to have been studied. However, 
this is an unrelated protein of 14 kDa size and 
rich in cysteine residues which form disul
phide links within the molecule. 

The only commonly glycosylated milk pro
teins are K-casein and lactoferrin, although 
the rat is unusual in that its a-lactalbumin is 
glycosylated (Brown et al., 1977). Bovine K-



casein carries three types of oligosaccharide 
in O-glycosidic linkage with serine or 
threonine: 

NAc.Neua(2~3)Gal~(1 ~3) ___ Gal.NAc.-

Gal~(1 ~3) ___ 
NAc.Neua(2~6) ___ Gal.NAc.- II 

NAc.Neua(2~3)Gal~(1 ~3) ___ Gal.NAc.- III 
NAc.Neua(2~6)---

where I and II appear as uncompleted forms 
of the complete structure III (Van Halbeek et 
al., 1980). The K-casein of bovine colostrum 
carries more carbohydrate, in chains of 
greater complexity. The oligosaccharide 
chains of K-casein from ovine colostrum also 
have the Gal-j3(1~3)-Gal-NAc structure 
above, but carry Gal-j3(1~4)-Glc-NAc-j3(1~6) 
and Gal-j3(1 ~3)-Gal-j3(1 ~4)-Glc-NAc-j3(1 ~6) 
attached to some of the Gal-NAc residues 
(Soulier et al., 1980). The exact structure is not 
critical, but the presence of NAc-Neu resi
dues (sialic acid residues) is. Such O-glycosyl 
chains are assembled by sequential glycosyl 
transfer from UDP-N-acetylgalactosamine, 
UDP-N-acetylglucosamine, UDP-galactose 
and CMP-N-acetylneuraminic acid in the 
Golgi apparatus. Since galactose may be 
attached in both 1~3 and 1~4 linkage, and 
N-acetyl-neuraminic acid in 2~3 and 2~6 
linkage, it is evident that a family of glycosyl
transferases, each with different sugar or 
positional specificity, must be employed. 
Since only the 1314 galactosyltransferase and 
the a(2~3) and a(2~6) N-acetylneuraminyl 
(or sialyl) transferases have been studied in 
any detail in the mammary gland, their de
scription will be deferred to the section on 
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milk sugars, the synthesis of which they also 
catalyse. 

In lactoferrin, by contrast, the oligosacchar
ide side chains are attached in N-glycosidic 
linkage with asparagine residues. Human 
lactoferrin has two glycosylation sites, from 
which five different oligosaccharide chains 
have been isolated. One of these has the 
structure shown in Equation IV with two 
others being variants of this (Spik et al., 1982). 
This structure is characteristic of N-linked oli
go saccharides, in which the Man3-Glc-Nac2 
moiety is assembled in the endoplasmic re
ticulum and where the remaining N-acetyl
glucosamine, galactose, N-acetylneuraminic 
acid and fucose residues are attached in the 
Golgi apparatus (see Alberts et al., 1983). As 
with the O-glycosyl chains, the particular 
structure formed reflects the family of glyco
syltransferases, each with its particular speci
ficity, that is present in the appropriate cell 
location. 

12.6.2 ASSEMBLY OF THE CASEIN MICELLE 

The major caseins of cow milk, asl and 13, are 
strongly acidic and hence hydrophilic in their 
N-terminal regions, while being mainly neu
tral and hydrophobic in their C-terminal re
gions. The acidity arises particularly from the 
clustering of glutamate and serine phosphate 
residues. Under suitable ionic conditions 
these caseins assemble spontaneously into 
soap-like micelles (referred to henceforth as 
submicelles), the hydrophobic core of which 
is made up of the C-terminal regions of the 
polypeptide chains. The negatively charged 
outer regions ensure a strong mutual repul
sion between nearby submicelles, which 

NeuAca(2~6)Gal~(1 ~4)GlcNAc~(1 ~2)Mana(1 ~3).::J 

r 
Man~(1 ~4)GlcNAc~(1 ~4)-............. 

~ 
GlcNAc~-

Fuca(1~6) / 

NeuAca(2~6)Gal~(1 ~4)GlcNAc~(1 ~2)Mana(1 ~6) 

IV 
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therefore do not coalesce and flocculate 
unless excess of a strongly phosphate
binding cation such as Ca2+ is added. The 
less abundant usz-casein is not constructed in 
quite the same way. Serine phosphate groups 
are concentrated mainly, though not entirely, 
in the N-terminal moiety; the C-terminal re
gion, while carrying a fair number of hydro
phobic aromatic residues, also carries a 
distinct overall positive charge. Therefore, its 
arrangement within a submicelle is not yet 
fully evident. Like the Usr and ~-caseins, K
casein is highly amphopathic, but this time it 
is the N-terminal region that is very hydro
phobic. It may be cleaved off by the action of 
the stomach enzyme chymosin (rennin) at a 
particular -Phe-Met- bond, forming the 
very insoluble 'para-K-casein'. The remaining 
moiety is the highly water-soluble 'caseino
glycopeptide', so called because it carries not 
only the phosphate residues but also the 
sialic acid-containing oligosaccharide chains. 

Thus, it may be readily envisaged that K
casein packs into the submicelle with its 
N-terminal region inward and its C-terminal 
region directed outwards, the branched 
oligosaccharide chains protruding into the 
surrounding medium. However, there is 
another particular feature of K-casein, not 
shared by the Usr or ~-caseins, that may be 
critical for the sharing out of K-casein mol
ecules among the different submicelles. This 
is the presence of two cysteine residues 
(three in the sheep), each of which forms a 
disulphide link with a cysteine of another K
casein molecule, yielding a molecular popu
lation containing trimers, tetramers, pen
tamers, etc., up to greater than decamers 
(Talbot and Waugh, 1970). These disulphide 
links are probably due to the action of a sul
phydryl oxidase in the endoplasmic reticu
lum, or else to a disulphide exchange enzyme 
employing oxidized glutathione made avail
able by the sulphydryl oxidase (Kiermeier 
and Petz, 1967; Ferrier et al., 1973; Janolino 
and Swaisgood, 1975). 

The anticipated consequence of such link-

ing is that each casein submicelle will acquire 
a larger or smaller cohort of K-casein mol
ecules confined, through their linking, to one 
sector of the spherical submicelle. Some sub
micelles will acquire no K-caseins. Such 
mixed micelles, which form a family rather 
than a uniform population, may be those 15 
to 20-nm-diameter particles that can be seen 
under the electron microscope, and that 
make up the subunits of the casein micelle 
proper, which is really a 'super-micelle'. 

It is well established that the association of 
submicelles with each other requires millimo
lar concentrations of calcium and phosphate 
ions. From the histochemical localization of 
calcium this may occur mainly in the large 
vacuoles lying on the trans side of the Golgi 
stack, but might also include the peripheral 
regions of the trans cisternae (Wooding and 
Morgan, 1978). The growth of complete 
micelles is apparently self-limiting, particles 
not exceeding about 300 nm in diameter; this 
feature evidently underlies their remarkable 
stability, since particles of greater size would 
soon settle out. It is possible to devise a 
model according to which the size limitation 
arises from the construction of submicelles 
with differently sized cohorts of K-casein. The 
accessibility of K-casein in the micelle to lec
tins, to antibodies and to chymosin suggests 
its location predominantly in the outer shell 
of submicelles. Accepting the view that sub
micelles are held together by microcrystalline 
calcium phosphate bridges connecting the 
serine phosphates of the casein molecules, 
one can readily envisage a micelle assembly 
in which the central submicelles are poor 
in K-casein and the outer ones are those in 
which abundance of K-casein with its pro
truding oligosaccharide chains effectively 
prevents further submicelle accretion. 

For further details on the ideas about 
casein micelle structure, the reader is referred 
to papers by Farrell (1973), Slattery and Evard 
(1973), Slattery (1978, 1979) and D.G. 
Schmidt (1980). According to Holt and 
Dalgleish (1986) the protrusion of K-casein 



from the surface even gives the micelle a 
hairy appearance. Whatever the structure 
that the casein micelle will eventually be 
found to possess, there is clearly a strong 
design feature that enables it to hold high 
concentrations of protein, calcium and phos
phorus in a stable and mobile physical form 
in the milk. Equally clearly, this design stems 
from the detailed amino acid sequences of the 
proteins involved, and the structures of 
the genes from which they derive. 

12.6.3 STRUCTURE OF LACTOFERRIN 

The sequencing and recent X-ray crystallo
graphic analysis of lactoferrin has related 
structure with function for another milk pro
tein. The 80-kDa protein is folded into two 
lobes, reflecting a twofold internal sequence 
homology, each of which contains an iron 
binding site. The molecular structure is such 
that two tyrosine residues, one histidine and 
one aspartate are brought together from 
linearly distant parts of the polypeptide chain 
to create each, highly anionic and deeply 
buried, metal ion binding site. A carbonate 
ion is concomitantly bound to a nearby argi
nine residue, but there is no evident partici
pation of the carbohydrate moiety of the 
protein (Baker et al., 1987). 

12.6.4 BIOSYNTHESIS OF MILK SUGARS 

In addition to lactose and sialyllactose, which 
are prominent in rat and mouse milk, some 
milks contain lactose modified by the addi
tion of other sugars to form trioses, tetraoses, 
pentaoses, etc. However, in this section we 
shall confine our attention to lactose and 
sialyllactose. 

Rates of lactose formation 

There are several ways in which the rate of 
mammary lactose (or sialyllactose) synthesis 
may be measured. In large domestic animals 
it can be calculated from the daily milk yield 
and the lactose concentration of milk. With 
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the aid of a specially designed milking 
machine this has also been done for the 
guinea pig (Henderson et al., 1983). In small 
animals, however, the milk yield is more 
usually gauged from the weight gain of the 
young (Brody and Nisbet, 1938) or from the 
increase in mammary tissue weight after a 
period of non-suckling (Hanwell and Linzell, 
1972). A radiochemical method for determin
ing rates of lactose synthesis in vivo employs 
the fact that plasma glucose is the sole pre
cursor, at least in the rat, and measures the 
amount of [14C]lactose formed over 30 min 
from plasma [14C]glucose of known specific 
radioactivity (Carrick and Kuhn, 1978). These 
methods give similar results, but the shorter 
measurement time of the radiochemical 
method is more useful in following rapid 
changes in rate. Rates of lactose synthesis in 
vitro may sometimes reflect the enzymic ca
pacity of the tissue quite well, but are wholly 
unreliable in reflecting its state of activation. 

These several methods have delineated the 
quite different patterns of lactose synthesis 
during lactation in rats (Brody and Nisbet, 
1938; Wilde and Kuhn, 1979), rabbits (Cowie, 
1969), guinea pigs (Nelson et al., 1951), goats 
(Fleet et al., 1975) and cows (Rook and 
Campling, 1965). All species show a sharp 
rise in rate at, or before, parturition, but 
differ greatly in the time at which the rate 
peaks and later declines. Detailed studies of 
rats and mice have suggested that changes in 
tissue levels of lactose synthetase are respon
sible for these gross changes, and that en
zymes earlier on the biosynthetic pathway 
are not limiting (Kuhn and Lowenstein, 1967; 
Kuhn, 1968; L. McKenzie et al., 1971; Kuhn 
and White, 1977). In particular, the timing of 
lactose appearance around parturition is due 
to the withdrawal of progesterone (Kuhn, 
1977), following which prolactin or placental 
lactogen stimulate the expression of the gene 
coding for the a-lactalbumin component of 
lactose synthetase (Turkington and Hill, 
1968; Delouis, 1975, Nakhasi and Qasba, 
1979). That this scheme holds true also for the 
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human is indicated by the timing of changes 
in progesterone and lactose (Kulski et aI., 
1977) and by an extra leakage of a

lactalbumin into the bloodstream at lacto
genesis (R.H. Martin et aI., 1980, 1981). The 
galactosyltransferase component of lactose 
synthetase is also induced at this time in the 
rat, albeit less dramatically, whereas its in
duction in the mouse seems to occur some
what earlier (Palmiter, 1969; Turkington, 
1971; L. McKenzie et aI., 1971). 

In recent years these in vivo techniques 
have also revealed major short-term changes 
in rates of lactose synthesis according to 
nutritional status. In rats and mice with
drawal of food for 16 h completely shuts off 
lactose synthesis, which however restarts 
within 15 min of refeeding and climbs to 80% 
of the fed value by about 5 h (Bussmann et 
al., 1984; Kuhn and Fisher, 1989). Partial 
restoration can also be achieved by the 
administration of glucose, maltose or sucrose 
into the stomach, but not by that of starch, fat 
or protein. In goats lactose synthesis also de
clines with starvation over 2 days, and is 
soon restored on refeeding (Faulkner et aI., 
1981). 

By contrast, lactose synthesis in the human 
breast is much less closely geared to maternal 
nutrition (Prentice et aI., 1986; Neville et aI., 
1990), and this may be more typical of large 
animals with long breeding cycles and few 
young. The speedily reversible nature of the 
control of lactose synthesis in rodents that 
the above measurements imply is empha
sized by findings with acini or slices of tissue 
in vitro. Surprisingly, the rates observed in 
preparations from 16 h-starved rats are indis
tinguishable from those in preparations from 
fed rats, the in vivo restraint having been lost 
during tissue preparation (Wilde and Kuhn, 
1979; T. Page and N.J. Kuhn, unpublished 
work). Short-term control also manifests 
itself in vivo as a diurnal variation of lactose 
synthesis as well as of its sensitivity to nutri
tional change, both of which may in fact be 
consequences of diurnal variation in food 

intake (Carrick and Kuhn, 1978). In rats on a 
restricted food intake, the daily meal is 
rapidly followed by a burst of lactose syn
thesis that subsides to negligible rates during 
the rest of the day (Wilde and Kuhn, 1979). 

Thus, the appearance of a-lactalbumin is 
probably mainly responsible for the initiation 
of lactose synthesis around parturition, and 
the tissue level of galactosyltransferase prob
ably sets an upper limit to rates during estab
lished lactation. Actual rates during this 
period, however, are nutritionally controlled 
through short-term factors that may include 
insulin but really remain to be properly ident
ified or established. Recent work has streng
thened the long-suspected inhibition of milk 
formation by the accumulation of milk within 
the gland. More frequent milking of goats 
enhances production rates in a manner 
suggestive of the removal of some inhibitor 
(Henderson et al., 1983). Isolated fractions of 
goat milk serum, of 10-30 kDa, inhibited both 
lactose and casein synthesis by rabbit mam
mary tissue in vitro or in vivo (Wilde et aI., 
1987). 

The lactose synthetase enzyme complex 

The study of the purified enzyme complex 
'lactose synthetase' is central to the study of 
just how lactose is formed and how this is 
controlled in the short-term. Early work with 
particulate fractions of mammary tissue from 
lactating guinea pigs, and then with partly 
purified enzyme from bovine milk, estab
lished the reaction: 

UDP-galactose + glucose _ 

lactose + UDP 

(Watkins and Hassid, 1962; Babad and 
Hassid, 1966). Later studies showed that the 
enzyme was specific for I3-D-glucose, or for a 
very few analogues such as 5-thioglucose or 
6-deoxyglucose (Kuhn et al., 1980). UDP
galactose can only very poorly be replaced by 
UDP-4' -deoxyglucose or UDP-arabinose 
(Berliner and Robinson, 1982), and its utiliz-



ation is competitively inhibited by UDP or 
UDP-glucose. The effective irreversibility of 
the reaction can be ascribed to a large free 
energy change - unfortunately not yet deter
mined - which at least in principle would 
allow the accumulation of high concen
trations of lactose at its site of synthesis in the 
cell.In the course of purifying lactose synthe
tase from bovine milk, where it occurs in 
small but useful amounts, Ebner and his col
leagues discovered two separate component 
proteins (Brodbeck and Ebner, 1966). One of 
these is the enzyme galactosyltransferase (EC 
2.4.1.22), which by itself transfers galactose 
residues from UDP-galactose to non
reducing terminal N-acetylglucosamine resi
dues of glycoproteins (Brew et al., 1968). The 
product is a 131~4-galactoside that itself is 
often further modified by sialylation or fuco
sylation to form the finished glycoprotein. In 
cell-free preparations it is often convenient to 
use free N-acetylglucosamine as a galactosyl 
acceptor, but this is not strictly physiological. 
Galactosyltransferase occurs in many tissues, 
albeit at much lower concentrations than in 
the lactating mammary gland. The other pro
tein turned out, unexpectedly, to be the long
known whey protein a-lactalbumin (Brod
beck et al., 1967). The two proteins combine 
reversibly, in 1:1 stoichiometry, to create a 
'lactose synthetase' that readily transfers 
galactose onto glucose. The enzymic activity 
remains the property of the transferase, 
which at the same time loses much of its 
ability to react with free N-acetylglucos
amine. Combination with a-lactalbumin 
does not, however, impair galactosyl transfer 
onto glycoprotein acceptors, or indeed onto 
such analogues of N-acetylglucosamine as 
N-hexanoyl- and N-octanoylglucosamine. In 
the cell, therefore, it acts upon both glucose 
and glycoprotein substrates. In terms of 
reaction kinetics, the association with 
a-lactalbumin serves to lower the apparent 
Michaelis constant Km-glucose from about 1 M 
to 5 mM (Fitzgerald et al., 1970; Klee and 
Klee, 1970), which begins to approach the 
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physiological range (Page and Kuhn, 1987). 
This striking effect of a-lactalbumin has led to 
its designation as a 'specifier' or 'modifier' 
protein. In fact, it is better regarded as an 
allosteric ligand that, perhaps because of its 
unusually large size, exerts an unusually 
large effect. 

a-Lactalbumin does not, in itself, partici
pate in the mechanism of galactosyl trans
fer. The galactosyltransferases of different 
species readily interact with the a
lactalbumins of other species, even when 
these are phylogenetically distant enough not 
to cross-react with each other's antibodies 
(Ebner and Brodbeck, 1968). Great interest 
has been aroused by the finding of strong 
homology of a-lactalbumin with mammalian 
and avian egg-white lysozyme, with respect 
to both amino acid sequence and chain
folding structure (Brew, 1970; S.G. Smith et 
al., 1987). The two proteins are believed to 
derive from a common ancestral precursor. 
Nevertheless, lysozyme cannot generally 
replace a-lactalbumin in lactose synthetase, 
nor does a-lactalbumin possess lysozyme 
activity. 

For more detailed reviews on the enzy
mology and other aspects of lactose synthe
tase, readers are referred to Brew (1970), 
Ebner and Schanbacher (1974) and Brew and 
Hill (1975). Inositol is significantly, albeit 
slowly, galactosylated by lactose synthetase, 
giving the substance known as galactinol 
(White et al., 1982). Both inositol and galacti
nol occur in small amounts in milk, but it is 
unclear whether they serve any function 
(Naccarato et al., 1975). However, they are 
more significant constituents of semen, and it 
is of some interest that rat epididymis con
tains an a-Iactalbumin-like protein that 
stimulates galactosyltransferase to use 
inositol as well as glucose (Qasba et al., 1983). 

Cation binding by lactose synthetase 

Many glycosyltransferases are stimulated by 
millimolar concentrations of bivalent metal 
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cations such as Ca2+, C02+, Mi+ and Ni2+, 
and especially by Mn2+ (see Navaratnam et 
al., 1986). In the case of lactose synthetase, 
which has been investigated in greatest 
detail, an unexpectedly complex interaction 
with cations implicates both the galacto
syltransferase and the a-lactalbumin com
ponents. a-Lactalbumin binds both Ca2+ 
and Zn2+, one each at separate sites on the 
molecule (Murakami et al., 1982; Murakami 
and Berliner, 1983). X-ray crystallography 
has defined the Ca2+ site as an 'elbow' of the 
polypeptide chain such that multiple coordi
nation of oxygen atoms to Ca2+ lend it an 
association constant Kass = 10-6-10-8 M, 
depending upon the ionic strength of the 
medium (Mitani et al., 1986; Stuart et al., 
1986). Binding of Zn2+, also extremely tight, 
displaces the Ca2+. It has been reported that 
the Ca2+ form of a-lactalbumin elicits a 
greater lactose synthetase activity than does 
the Ca2+ -free form (Musci and Berliner, 
1985). However, lactose synthetase within 
permeabilized membrane vesicles, formed 
by the pinching off of Golgi membrane 
during the homogenization of mammary 
gland, does not show such a Ca2+ effect. At 
present, the physiological roles of Ca2+ and 
Zn2+ binding remain obscure. Although a
lactalbumin binds Ca2+ with the same avid
ity as does calmodulin or troponin C, its 
binding site is distinct and apparently not 
homologous. 

By contrast with a-lactalbumin, the bind
ing of metal ions by galactosyltransferase is 
clearly associated with activation. Kinetic 
studies of the purified enzyme have resolved 
two distinct types of Mn2+ binding site 
(Powell and Brew, 1976; O'Keefe et al., 1980; 
Navaratnam et al., 1988). Site 1 is half
saturated by about 10-30 f.LM Mn2+ in soluble 
forms of the enzyme, and is essential for 
activity. It may act as an electron sink in the 
drawing of electrons away from the bond to 
be broken, and towards the pyrophosphate 
grouping of UDP-galactose. Occupation of 
site 2 by Mn2+ gives a several fold further 

enhancement of activity (V max) as well as 
affording thermal stability to the enzyme. 
However, in vitro this requires millimolar 
concentrations of Mn2+, which are probably 
not physiological. 

The question arises as to what are the 
natural activators of these two sites. Zn2+ 
and C02+ ions can activate site 1, but do so 
less well than Mn2+. Within intact vesicles 
arising from the Golgi membrane, per
meabilized with the ionophore A23187, site 1 
of lactose synthetase requires only 0.1-
0.2 f.LM free Mn2+ for half-maximal acti
vation. Yet in ruptured vesicles, or on solu
bilization, the enzyme requires 50-100 times 
as much. The interpretation of this remains 
uncertain (Kuhn et al., 1991). At site 2 a quite 
different spectrum of cations can activate. 
Mn2+ can be replaced by Ca2+, Mi+, S~+ 
or Ba2+, and in fact Ca2+ has been envisaged 
as the natural occupant in view of its abun
dance in milk (Powell and Brew, 1976). 
However Ca2+ is not necessarily concen
trated in the Golgi lumen, although Golgi
enriched vesicle fractions do accumulate it in 
an ATP-dependent marker (Neville and 
Watters, 1983). 

The picture regarding site 2 is complicated 
by the finding that organic cations such as 
spermidine, lysyllysine or members of the 
series +NHr(CH2)n-NH3 + can also activate. 
Similar activation can be achieved with basic 
(cationic) proteins such as histone, clupeine, 
ribonuclease, melittin, etc. Mammary tissue 
and milk can be shown to contain basic pro
teins that activate at a concentration of only 
about 10 f.Lglml, although these have not yet 
been characterized. Clupeine has been ob
served to enhance binding of glucose at the 
active site (Navaratnam et al., 1986; Leong et 
al., 1990). 

Although these cation effects point to the 
presence of some regulatory system, it is too 
early to say how far they may mediate the 
short-term nutritional control of lactose syn
thesis described above. However, the acti
vation of sialyltransferase, in the synthesis of 



sialyllactose, by basic proteins implies that 
this form of control is not unique to lactose 
synthetase (Leong et al., 1987, 1990). 

Subcellular location of lactose synthetase 

The Golgi location of lactose synthetase was 
first established by electron microscopy of 
mammary membrane fractions highly en
riched in the enzyme (Keenan et al., 1970). 
Subsequently, galactosyltransferase has been 
shown by immunofluorescence techniques to 
lie in the trans-most two or three cisternae of 
the Golgi stack, in HeLa cells and in hepa
toma cells (Roth and Berger, 1982; Slot and 
Geuze, 1983). The enzyme is anchored, at 
least partly in dimeric form, in the Golgi 
membrane, with the active site directed 
towards the lumen (Brew, 1970; Kuhn and 
White, 1975a). Detergent is required to solu
bilize it, at which point it becomes extremely 
labile unless stabilized with detergent, phos
pholipid, Mn2+, site 2 activators or serum 
albumin. 

The properties of the enzyme have recently 
been reviewed (Ram and Munjal, 1986). The 
significance of this Golgi cisternal compart
mentation lies in the fact that secretory (gly
co)proteins, and (glyco)proteins destined for 
the cell membrane, pass through the Golgi 
lumen and acquire many of their glycosyl 
residues there. Indeed, self-glycosylation 
results in galactosyltransferase also being 
a glycoprotein (Trayer and Hill, 1971). 
a-Lactalbumin, which in the rat is also gly
cosylated (Brown et al., 1977), is presumed 
also to pass through the lumina of successive 
Golgi cisternae, interacting reversibly with 
the galactosyltransferase and thus creating 
the lactose synthetase complex. 

The important question now concerns the 
nature and concentrations of organic cations 
and bivalent metal ions in this Golgi compart
ment. Present evidence suggests that at low 
concentrations Mn2+ does not readily cross 
the Golgi membrane. Histochemical studies 
tend to locate high concentrations of free 
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Ca2+ in the vacuoles distal to the trans
cisternae, although possibly including the 
outer rims of the latter (Wooding and 
Morgan, 1978). The high Ca2+ and Mn2+ 
affinities of a-lactalbumin and galactosyl
transferase, on the other hand, seem to imply 
luminal concentrations of such ions in the 
range 10-6_10-7 M. 

Substrate access to the Golgi lumen 

Enzyme compartmentation raises questions 
of substrate access. The access of cystolic glu
cose and UDP-galactose to the Golgi lumen 
has been studied in pinched-off membrane 
vesicles that retain internal a-lactalbumin. 
Both substrates readily penetrate the mem
brane to reach the lactose synthetase, but the 
product lactose does not diffuse out again. It 
can be released, however, when the vesicles 
are osmotically ruptured following exposure 
to high concentrations of penetrating solutes. 
With this as a monitoring device, one can 
show that the membrane specifically associ
ated with lactose synthesis admits not only 
glucose but a wide range of sugars or sugar 
alcohols. Low temperatures are required to 
study this rapid penetration of polyols, 
which include D- and L-sugars and inositol, 
but not polyols of molecular weight greater 
than 200-300 Da (White et al., 1980, 1981). 
Such low structural specificity, lack of satura
bility, and also absence of competitive inhi
bition, are consistent with the properties of a 
water-filled pore of about 1 nm diameter 
(White et al., 1984). The passage of inositol is 
of interest, in view of its galactosylation and 
secretion into milk. 

The probable equilibration of cytosolic and 
Golgi lumen glucose pools, together with the 
Golgi origin of the aqueous phase of milk, 
has given rise to the possibility that milk 
glucose concentrations may afford a direct 
guide to intracellular glucose concentrations 
(Kuhn and White, 1975b). This is of interest 
in so far as the latter might be a regulatory 
feature of lactose synthesis. A number of 
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studies following up this suggestion have 
supported the equivalence between milk glu
cose and intracellular glucose (see Faulkner 
and Peaker, 1987). However, whereas rates 
of lactose synthesis appear to correlate well 
with milk glucose concentrations in some 
cases, e.g. goats (Faulkner and Peaker, 1987) 
and humans (Neville et al., 1986, 1990), 
they do not correlate in other cases, e.g. rat 
(Page and Kuhn, 1987; Grigor et al., 1989). 
Nevertheless, there remains the interesting 
possibility that, with care in the interpret
ation, the minor components of milk may 
form a useful and readily accessible index of 
intracellular substances in the mammary 
gland. 

The few studies carried out on the mechan
ism of UDP-gaiactose penetration of the 
Golgi membrane from mammary tissue have 
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shown a specificity that includes UDP
galactose and UMP, but excludes UDP
glucose, UDP-glucuronate and UDP. The 
significance of this, which clearly implies a 
carrier-mediated transport, lies in the 
presence of a nucleoside diphosphatase (thia
mine pyrophosphatase) in the Golgi appar
atus. Through the action of this enzyme the 
UDP originating from the lactose synthetase 
reaction becomes hydrolysed to UMP, which 
is then transported back into the cytosol. 
There it is converted via UDP, UTP and UDP
glucose back to UDP-galactose which re
enters the Golgi lumen. Figure 12.8 depicts 
the way in which this organized system of 
coupled enzymes and transporters is envis
aged within the Golgi cisterna, linked with 
the supporting reactions of the cytosol. 

There is, in effect, a cycle of uridine nucleo-
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Figure 12.8 Current view of a trans-Golgi cisterna, showing coupled enzyme systems and membrane 
transporters, linking Golgi luminal and cytosolic processes. GT, galactosyltransferase; ST, sialyltransfer
ase; NDPase, nucleoside diphosphatase; a-LA, a-lactalbumin; A +, cationic activator. The uridine 
nucleotide cycle is shown with bold arrows. 



tide molecules carrying galactose residues 
into the Golgi lumen on their backs (Kuhn 
and White, 1977). 

The role of nucleoside diphosphatase, long 
regarded as a histochemical marker for Golgi 
apparatus in secretory tissues, is quite inter
esting. Its location, together with the mem
brane impermeability towards UDP, ensures 
the destruction of luminal UDP, which would 
otherwise powerfully inhibit lactose synthe
tase as a competitive analogue of UDP
galactose, while preserving cytosolic UDP. 
Hydrolysis of UDP costs the cell an extra 
'high-energy' bond per lactose synthesized. 
Subsequent experiments with liver Golgi 
membranes have confirmed this scheme 
(Brandan and Fleischer, 1982; Barthelson and 
Roth, 1985) and have extended it to the trans
port of other sugar nucleotides as well as 
the sulphate donor 3' -phosphoadenosyl-5'
phosphosulphate (Perez and Hirschberg, 
1986; Hirschberg and Snider, 1987). Byana
logy, it appears that a single carrier in the 
membrane may, as a symporter, mediate 
both the entry of UDP-galactose and the exit 
of UMP. This might justify regarding the 
nucleoside diphosphatase as a sort of pump 
that supplies a gradient of UMP, which 
drives the uptake of UDP-galactose. Possibly 
this is the chief justification for the hydrolysis 
of UDP, rather than the relief from inhibition 
of lactose synthetase. 

The origins of other milk sugars 

The oligosaccharides that appear in the milk 
of humans, rats and mice, and in the colos
trum of cows and sheep, form a fascinating 
family. Even more so are those characterized 
in such abundance in the milk of marsupials 
such as the tammar wallaby (Macropus euge
nii) and grey kangaroo (Macropus giganteus), 
in which galactosyl-I3(1~3) galactosyl-I3(1~4) 
glucose is prominent (Messer et al., 1980), 
and in the milk of monotremes such as 
echidna (Tachyglossus aculeatus) or platypus 
(Ornithorhynchus anatinus), in which sialyl-
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and fucosyllactoses are particularly found 
(Messer, 1974; Kamerling et al., 1982; Messer 
et al., 1983), as well as a wide variety of 
oligosaccharides (Amano et al., 1985). How
ever, only a little enzymology has been done. 
These trisaccharides, and the higher oligosac
charides that also occur, are probably all 
formed by extension of lactose. 

An (X(2~6)sialyltransferase has been puri
fied from bovine colostrum in both 56-kDa 
and 43-kDa sizes (Paulson et al., 1977). The 
latter may be a degraded form of the former. 
However, the best sialyl acceptors for this 
enzyme are l3-galactosides of N-acetyl
glucosamine or its derivatives, so that its 
function probably lies rather in the synthesis 
of glycoproteins. 

Rat mammary tissue contains particulate 
sialyltransferase activity, which exhibits a Km 
towards lactose of about 1 mM and 
yields mainly (X(2~3)sialyllactose with a little 
(X(2~6)sialyllactose (Carlson et al., 1973; 
Leong, 1988; Leong et al., 1990). A detailed 
study has been made of the way in which this 
enzyme, acting within tightly sealed vesicles 
of Golgi membrane origin, can be fed with 
lactose by lactose synthetase (Leong et al., 
1990). The two enzymes constitute a coupled 
enzyme system within the same Golgi com
partment, in which free lactose liberated by 
the one becomes the substrate for the other. 
This is depicted in Figure 12.8. 

The Km value given above is of interest, as 
it may indicate the likely concentration of 
lactose within the normal Golgi cisternal 
lumen. Were it correct, it would imply that 
the concentration of lactose to milk values 
occurs only subsequent to the Golgi stack, 
possibly in the condensing or secretory ves
icles. 
An interesting feature of the detergent
solubilized sialyltransferase is its marked 
activation by the basic proteins histone and 
clupeine (Leong, 1988; Leong et al., 1990). 
This is reminiscent of the behaviour of galac
tosyltransferase, and may point to a common 
regulating mechanism. 
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12.6.5 BIOSYNTHESIS OF MILK FAT 

No biochemical aspect of mammary function 
has attracted so much attention over the last 
30 years as the problem of milk fat synthesis. 
The complexities arise from the variety of the 
constituent fatty acids, their different origins 
within the body and our ignorance of the 
intracellular signalling mechanisms that 
mediate hormonal control of their synthesis 
and esterification. Yet much of the metabolic 
activity of the gland is directed towards 
making this energy-rich milk solid, so that 
the process has a disproportionate influence 
upon mammary activity as a whole. Reviews 
on this subject include those by S. Smith and 
Abraham (1975), Patton and Jensen (1976), 
Mayer (1978), Dils (1983), Munday and 
Hardie (1987) and Clegg (1988). 

There is an enormous variety of fatty acid 
types encountered in milk fat, and the 
finding that, although the milk of a given 
species may have a 'characteristic' fatty acid 
profile, nevertheless it can be markedly 
influenced by the amount and the nature of 
fat in the diet. We owe this detailed knowl
edge to the exploitation of the high resolving 
power of gas-liquid chromatography, which 
has been extended even to the separation of 
intact triacylglycerols according to their car
bon number, and hence their fatty acid comp
lement. As far as the origins of milk fat are 
concerned, an important achievement of 
early workers in the field was to establish that 
the complex lipids of plasma are not taken up 
directly into the mammary gland. Rather, 
they are hydrolysed extracellularly, and the 
subsequently absorbed fatty acids and 
glycerol are then assembled anew into com
plex lipids within the cell (Kinsella, 1968; 
Easter et al., 1971). It is now also clear that the 
short- and medium-chain fatty acids, and 
some of the C16:0 fatty acids, are synthesized 
de novo within the secretory epithelial cells of 
the mammary gland. The remaining fatty 
acids are drawn from the triacylglycerol of 
plasma lipoproteins, and it is through their 

provision that the influence of dietary lipids 
is exerted. So far as is known, all these fatty 
acids enter a common pool of fatty acyl coen
zyme A (CoA) within the cell, and the esteri
fying enzymes draw upon this pool with an 
element of specificity for their chain length or 
degree of unsaturation. 

Esterification of fatty acids 

Esterification is the only significant fate of 
long- and medium-chain fatty acids in the 
mammary gland, as oxidation appears to be a 
very minor process. The great majority of the 
fatty acids are assembled by enzymes of the 
rough endoplasmic reticulum to form the 
triacylglycerol of the milk fat globule (Stein 
and Stein, 1967). However, a not insignificant 
proportion go to replenish the phospholipids 
- particularly phosphatidylcholine, phospha
tidylethanolamine and sphingomyelin in the 
cow - that are lost from the apical membrane 
when this gives rise to the milk fat globule 
membrane in the course of secretion (Patton 
and Jensen, 1976). It is the task of the enzy
mologist not only to document the metabolic 
pathways by which these complex lipids are 
formed, but also to account for the preferen
tial attachment of particular fatty acids at par
ticular positions of the glycerol moiety. The 
insoluble or the detergent-like nature of all 
these enzyme substrates has greatly ham
pered the application of traditional enzyme 
kinetics. Indeed, there is good evidence that 
long-chain fatty acids and their coenzyme A 
derivatives are largely attached to particular 
binding proteins (Keuper et al., 1985; 
Morgensen et al., 1987), so that the concen
trations of their 'free' forms are probably 
around micromolar values. 

sn-GlyceroI3-phosphate is the primary acyl 
acceptor for fatty acids, being formed partly 
by the NADH-dependent reduction of dihyd
roxyacetone phosphate that arises from gly
colysis, and partly from the ATP-dependent 
phosphorylation of free glycerol that arises 
from the hydrolysis of the plasma triacylgly-



cerol supplying the fatty acids (see S. Cooper 
and Grigor, 1980; Oils, 1983). It is tempting to 
draw parallels with intestinal mucosa, where 
the dietary triacylglycerol is similarly disas
sembled, absorbed and reassembled. But, 
unlike in that situation, 2-monoacylglycerol is 
unlikely to be an important acyl acceptor in 
the mammary gland. 

The phosphatidate formed by two success
ive acyl group transfers can then react with 
cytidine diphosphate choline (or cytidine 
diphosphate ethanolamine) to form phospha
tidylcholine (or phosphatidylethanolamine). 
These are transported to the membranes of 
the cell by a mechanism that is not well 
understood. Alternatively, the phosphatidate 
undergoes enzymic hydrolysis to sn-l,2-
diacylglycerol, the further esterification of 
which yields the triacylglycerol of milk. The 
non-random positioning of different fatty 
acids is intriguing (Breach et al., 1973). Short
and medium-chain ones are found exclus
ively on the 3-hydroxyl, which typically also 
carries unusually long or unsaturated fatty 
acids. 

In the milk fat of ruminants, other than 
sheep and goats, and of man and whales, 
palmitate occurs particularly at the 2-
hydroxyl. This circumstance does not arise in 
carcass fat (except pig lard), in which the 2-
position usually acquires unsaturated fatty 
acids. Although the fatty acid specificities of 
the three enzymes that acylate these hy
droxyl groups have not been exhaustively 
examined, there are signs that the comp
lement of fatty acids is mainly determined by 
the specificities of the two enzymes acylating 
positions 1 and 2 of glycerol phosphate 
(Breach and Oils, 1975; Kinsella, 1976; 
Marshall and Knudsen, 1977, 1979; S. Cooper 
and Grigor, 1980). The concentration of 
shorter chain or of unusual fatty acids at pos
ition 3 appears to owe more to fatty acid 
exclusion from positions 1 and 2 than to their 
positive selection by the diacylglycerol
specific acyltransferase (Marshall and 
Knudsen, 1979). 
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A feature of triacylglycerol synthesis that 
remains poorly researched in mammalian 
tissues is the manner in which the product is 
directed to that compartment of the cell 
where it is either stored (e.g. the cytosol in 
adipose tissue) or from where it is secreted 
(the Golgi apparatus in liver and intestine; 
the cytosol in mammary tissue). A good auto
radiography study of newly formed [14C]tri
acylglycerol, in cells of lactating-mouse mam
mary gland, clearly specified the rough endo
plasmic reticulum as the site of synthesis 
(Stein and Stein, 1967). In another electron 
microscopic study, not actually in mammary 
gland, the fat droplet was ingeniously envis
aged as growing within the lumen of the 
endoplasmic reticulum, gradually forcing 
apart the opposite membranes, which 
eventually come to form barely detectable 
strands overlying the surface of the fat drop
let that now lies, essentially, within the cyto
sol (for references see Zaczek and Keenan, 
1990). 

Plasma origin of fatty acids 

Milk fatty acids originating from the plasma 
are drawn from the chylomicrons and very 
low-density lipoproteins (VLOLs) that per
fuse the mammary gland (Barry et al., 1963; 
Schoefl and French, 1968; Bishop et al., 1969; 
C.E. West et al., 1972), and whose triacylgly
cerol is hydrolysed to monoacylglycerol and 
free fatty acid by lipoprotein lipase (Scow et 
al., 1972). Lactating mammary tissue is 
immensely well endowed with this unusual 
enzyme, whose prolactin-dependent induc
tion at lactogenesis is a major factor in the 
redirection of fatty acids (nutrient partition
ing) away from adipose tissue and to the 
mammary gland (McBride and Korn, 1963; 
O.S. Robinson, 1963; Zinder et al., 1974; 
Mendelson et al., 1977). Extrapolating from 
studies on adipose tissue, we may presume 
that mammary lipoprotein lipase is syn
thesized within the epithelial cells and then 
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transported to an extracellular site on the 
luminal walls of the blood capillaries, where 
it binds and 'digests' passing chylomicrons 
and VLDL (see electron micrographs by 
Schoefl and French, 1968). After further 
hydrolysis of the immediate product mono
acylglycerol, at an extracellular site not fully 
identified, all the fatty acids are absorbed into 
the cells, activated to their CoA thioesters, 
and re-esterified into milk fat. There is some 
evidence that monoacylglycerol may partly 
be absorbed and directly esterified in the 
mammary gland of pigs (Bickerstaffe and 
Annison, 1971a), but this seems not to be the 
usual pathway (Hansen et al., 1986). 

In general it seems that the fatty acids 
taken up from the plasma are utilized 
unchanged for milk fat synthesis. However, 
in the mammary glands of the cow, goat and 
sow a stearoyl CoA desaturase has been 
identified; the enzyme is located in the micro
some fraction of tissue homogenates, and 
employs NADH (and presumably oxygen) to 
convert stearoyl CoA into oleoyl CoA. This 
ensures that the milk fat is not overendowed 
with saturated fatty acid arising by the bio
hydrogenation of unsaturated dietary fatty 
adds in the rumen (Bickerstaffe and 
Annison, 1971b; Kinsella, 1972; Davies et al., 
1983). 

Biosynthetic origin of fatty acids within the 
mammary gland 

The de novo synthesis of fatty acids is essen
tially a reductive condensation of acetyl and 
malonyl residues provided as their 'activated' 
thioesters. So great is the contribution of this 
process to mammary metabolism that it 
causes the respiratory quotient (ratio of car
bon dioxide formed per oxygen molecule 
consumed) of the tissue to rise as high as 1.6. 
An early study with rat mammary slices 
nicely documented the shift of respiratory 
quotient, from below 1.0 to about 1.6, that 
accompanies the transition from pregnancy 
to full lactation (Folley and French, 1949). The 

formation of short- or medium-chain fatty 
acids is one of several unique metabolic 
features displayed by the mammary tissue of 
many species. Biosynthetic studies have well 
documented the retention of this feature 
by slices or explants of rat, rabbit, mouse 
and goat mammary gland incubated with 
[14C]glucose or with [14C]acetate in vitro 
(Wang et al., 1971; Strong and Dils, 1972; S. 
Smith and Abraham, 1975; Grunnet and 
Knudsen, 1979). Therefore, it came as a sur
prise when the fatty acid synthetase, which 
was eventually purified, proved to generate 
mainly long-chain fatty acids and even to be 
indistinguishable from the synthetase of 
liver. In fact, the chain length of the product 
is markedly influenced by the ratio of the 
acetyl CoA and malonyl CoA substrates pre
sented to the enzyme, a high ratio favouring 
the starting of new chains at the expense of 
finishing the old. Growing acyl chains, co
valently attached to the 4-phosphopant
etheine prosthetic group of the synthetase, 
are finally released by hydrolysis of the 
thioester by a thioesterase component 
(thioesterase I) of the enzyme complex. 

A novel finding in rat and rabbit mammary 
gland, as opposed to non-mammary tissues, 
was a second, soluble, thioesterase of mark
edly shorter chain-length specificity. The 
action of this thioesterase II forestalls that of 
thioesterase I, so that a shorter-chain fatty 
acid is the product in the intact cell (Knud
sen, 1979; Dils, 1983). The thioesterase II of 
rat mammary gland has been well character
ized with respect to its amino acid sequence 
(Naggart et al., 1987) and its induction during 
pregnancy (5. Smith and Ryan, 1979). It is 
interesting to note that the two non-protein 
milk substances that are unique to milk, 
namely medium-chain fatty acids and lac
tose, both require unique proteins for their 
synthesis, namely thioesterase II and (l

lactalbumin. 
However, the termination of fatty acid 

chains is also favoured by the presence of 
suitable fatty acid acceptors, although the 



identity of those that operate within the 
mammary cell is not entirely clear. 
Nevertheless, these fatty acids, together with 
those arising from the plasma, are activated 
to their coenzyme A thioesters by an ATP
dependent fatty acyl CoA synthetase. In 
ruminant udder, where a weak medium
chain thioesterase II also appears to exist, the 
dominant process is a direct acyl transfer 
from the synthetase to coenzyme A, with 
conservation of the high-energy thioester 
bond (Grunnet and Knudsen, 1983; 
Mikkelsen et ai., 1985). This, too, is enhanced 
by the presence of suitable acyl CoA accep
tors, possibly accounted for by a specific acyl 
CoA-binding protein such as has been 
purified from liver (Morgensen et ai., 1987) 

Precursors for fatty acid synthesis 

Complexity also surrounds the source of ace
tyl CoA and malonyl CoA precursors for fatty 
acid synthesis, and the origin of NADPH 
used as reducing agent. In most non
ruminants the acetyl CoA arises in the cytosol 
of the mammary epithelial cell from the 
action of ATP-citrate lyase upon citrate; this 
in tum originates from the mitochondria fol
lowing its formation from pyruvate, which 
itself arises from carbohydrate, alanine or lac
tate. In ruminants or non-ruminant herbi
vores, however, the deficiency of ATP-citrate 
lyase spares the use of carbohydrate, and 
acetyl CoA arises instead from free acetate 
taken up from the plasma (S. Smith and 
Abraham, 1975). When the properties of 
mammary fatty acid synthetases are studied, 
it is found that butyryl CoA is as acceptable 
as acetyl CoA in initiating growth of the fatty 
acyl chain (Nandedkar and Kumar, 1969; Lin 
and Kumar, 1971). It is therefore of interest 
that ruminant mammary tissue is able to 
utilize acetoacetate and 3-hydroxybutyrate, 
which reach the plasma from the rumen, and 
to reduce these to butyryl CoA (Palmquist, 
1969). These two ketone bodies can therefore 
serve as precursors of both the butyryl resi-
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dues and the terminal four carbon atoms of 
long-chain residues of milk fat. In these ways 
it is seen that fatty acids can be fashioned out 
of a wide variety of precursors drawn from 
the plasma, and it is evident that the relative 
importance of each varies according to 
species and to nutritional state. 

Reducing equivalents, in the form of 
NADPH, are generally believed to originate 
largely from the pentose phosphate cycle. 
Indeed, it was partly through the investi
gation of NADPH generation in the mam
mary gland of the lactating rat that the cycle 
and its role in lipogenesis generally was 
recognized (Abraham et ai., 1954; Glock and 
McLean, 1954). Mammary tissue is especially 
rich in the coenzyme NADP(H) and in the 
oxidative and non-oxidative enzymes of the 
cycle (McLean, 1958a,b; Gumaa et ai., 1971). 
In mammary preparations in vitro, the addi
tion of glucose greatly enhances the incorpor
ation of [14C]acetate into fatty acid (Hirsch et 
ai., 1954). This is believed to reflect the provi
sion of NADPH by the first two enzymes of 
the cycle, glucose-6-phosphate dehydrogen
ase and 6-phosphogluconate dehydrogenase. 
Consistent with their proposed role is their 
marked induction during the onset and 
course of lactation (McLean, 1958a). 
However, some NADPH almost certainly 
arises from the oxidation of malate in the rat. 
Interestingly, the formation of NADPH in 
sheep udder does not inevitably require the 
presence of glucose and the operation of the 
pentose phosphate cycle. Greenbaum and his 
colleagues have shown that acetate itself can 
be the source of reducing power, and have 
proposed a plausible metabolic pathway by 
which NADPH is ultimately generated 
through the action of a cytosolic isocitrate 
dehydrogenase, which is quite active in this 
tissue (Gumaa et al., 1973). The challenge of 
estimating just what proportion of NADPH 
arises by way of the pentose phosphate cycle 
has been met, both in vivo and in vitro, by 
experiments in which the fates of differently 
14C-Iabelled glucose are monitored; the in-
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terpretation is complex (Wood et al., 1965; 
Katz and Wals, 1972; Chaiyabutr et al., 1980). 

This is not the place to describe the fasci
nating structure of the very high molecular 
weight fatty acid synthetase that enables it to 
be loaded with acetyl (or butyryl) and malo
nyl residues, to condense them reductively 
into saturated fatty acids, and finally to trans
fer the latter onto water or coenzyme A. 
Suffice it to remark that this 'polyfunctional 
protein' appears to have evolved from separ
ate component enzymes by a process of 
fusion at the gene level (Hardie et al., 1986). 
Important though these reactions may be in 
chemical terms, it is the preceding enzyme 
acetyl CoA carboxylase that catalyses the 
major rate-limiting and hormonally regulated 
step of lipogenesis. This enzyme is subject to 
both long-term inductive control (as, indeed, 
is also the fatty acid synthetase), and to short
term allosteric and phosphorylative control 
by agents and mechanisms as yet incom
pletely understood. 

Several species exhibit a rise in acetyl CoA 
carboxylase activity during late pregnancy 
and early lactation, and immunotitration of 
the enzyme in rat mammary tissue has 
shown this to closely match the increase in 
actual amount of enzyme protein (Mackall 
and Lane, 1976). Studies with explants of rat, 
mouse and rabbit mammary tissue in vitro 
have shown that such induction can be 
mimicked by the addition of prolactin, insu
lin and (except in rabbit) cortisol. In particu
lar, prolactin not only enhances the synthesis 
of new enzyme, but also retards its destruc
tion (Mayer, 1978). Such studies on explant 
culture, together with studies on intact 
animals, give a picture of a constellation of 
lipogenic enzymes (pyruvate dehydrogen
ase, ATP-citrate lyase, acetyl CoA carboxy
lase, fatty acid synthetase, malic enzyme) 
being induced at the end of pregnancy by the 
withdrawal of progesterone and the presence 
of suitable levels of 'lactogenic' hormones 
prolactin, cortisol and insulin. However, 
whereas this appears to be sufficient for the 

induction of fatty acid synthetase, the induc
tion of ATP-citrate lyase and acetyl CoA car
boxylase, and of the lipogenic pathway as a 
whole, requires that the mother be suckled 
by the newborn. Therefore, there appears to 
be some overriding factor still to be identified 
(Martyn and Hansen, 1980, 1981). 

Nutritionally induced changes in fatty acid 
synthesis 

Rates of mammary fatty acid synthesis can be 
followed in the intact, anaesthetized, labora
tory animal by the incorporation of 3H20, 
which measures the synthesis from acetyl 
CoA arising from any source, and of [14C]_ 
glucose, which measures synthesis from 
glucose-derived acetyl CoA. In the fed ani
mal, glucose provides about 60% of the car
bon atoms (A.M. Robinson et al., 1978; 
Williamson et al., 1983; Bussmann et al., 1984; 
Kuhn and Fisher, 1989). [14C]acetate has been 
a useful precursor for some studies in vitro, 
but is not suitable for assessing either absol
ute or physiological rates. The in vivo tech
niques have revealed an extraordinarily close 
link with the maternal nutritional status. The 
rates decline within hours of food withdrawal 
in the rat (within 1 h in the mouse), and cease 
altogether by about 15 h. On refeeding, lipo
genesis restarts within a few minutes, 
reaches 'fed' values by about 2 h, and over
shoots by 5 h. These changes, too, are con
siderably faster in the mouse. Streptozotocin, 
an inhibitor of insulin secretion, blocks the 
return of lipogenic activity. Such large and 
rapid fluctuations, in a process that probably 
consumes about half the available body glu
cose, are clearly essential to ensure the sur
vival of the mother in times of food shortage. 
In a similar manner, natural diurnal fluctu
ations in food intake (about a threefold de
cline between early morning and midday in 
rats) are accompanied by similar fluctuations 
in mammary lipogenesis (also about three
fold, but with some delay). This must under
lie much of the marked diurnal variation in 



maternal metabolic rate, judged by heat out
put, that so closely follows the changing food 
intake (Brody et al., 1938; Munday and 
Williamson, 1983). A rise in the fat content of 
the diet also leads to a decline in mammary 
lipogenesis without, however, alteration of 
the chain-length profile of the newly syn
thesized fatty acids (Grigor and Warren, 
1980; Agius and Williamson, 1980). 

The very striking nature of these physio
logical responses raises the question of their 
mode of control (Williamson, 1990). Plasma 
insulin is evidently closely involved, and 
some authors believe that a suitably sensitive 
response of the mammary gland to the two
or threefold changes in plasma insulin that 
have been documented might account for the 
control (A.M. Robinson et al., 1978; Girard et 
al., 1987). However, the possibility remains 
that some other hormone plays a role, 
although this is not glucagon, for which there 
are no receptors, and probably not adrena
line. The suggestion has been made that a gut 
hormone may influence mammary sensitivity 
to insulin (Williamson et al., 1983). Presum
ably, such a hormone would be released by 
the presence of digestible carbohydrate in the 
intestine, since this appears to be the critical 
nutritional feature (Bussmann et al., 1984; 
Mercer and Williamson, 1987). 

Within the cell, in response to the nutri
tional signal, short-term control of lipo
genesis is probably exerted more or less 
simultaneously at multiple points, namely 
glucose transport, phosphofructokinase, pyr
uvate dehydrogenase and especially acetyl 
CoA carboxylase. These all represent critical 
control points on what is really one long 
pathway for the conversion of glucose into 
fatty acid. It appears to be a general principle 
of pathway control that several different 
points are under coordinate control. 

Recently, much attention has been given to 
the way in which the activity of acetyl CoA 
carboxylase is regulated. It undergoes acti
vation in the presence of citrate, associated 
with polymerization into long threads 
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(Ahmad et al., 1978), and inactivation by 
long-chain acyl CoA, associated with depol
ymerization. Inasmuch as citrate is a precur
sor of acetyl CoA in the cytosol, these effects 
may represent feedforward activation and 
feedback inhibition. However, caution is 
due, as it is not yet evident that changes in 
the concentrations of these allosteric effectors 
are in fact employed by the cell to bring about 
alterations in enzyme activity. Therefore, the 
present focus of attention is upon the inacti
vation of the enzyme by ATP-dependent 
phosphorylation, and its reactivation by 
phosphatase-catalysed dephosphorylation. 
In rats starved for 24 h, rapidly isolated acetyl 
CoA carboxylase has been found to carry 
more phosphate, and to exhibit a lower V max 

and decreased affinity for citrate. These 
changes were reversed after 2IJ2 h of refeed
ing. Both cyclic AMP-dependent and 5'
AMP-dependent protein kinases are known 
to be able to phosphorylate the acetyl CoA 
carboxylase of mammary gland with ac
companying inactivation. The latter is itself 
controlled by phosphorylation and dephos
phorylation (Munday and Hardie, 1987; 
Ottey et al., 1989) and is identical with ~
hydroxy-~-methylglutaryl CoA reductase 
kinase (Carling et al., 1989). Yet, striking 
though these changes are, it is not clear that 
they account for the reduced rate of lipogene
sis over short periods of food withdrawal or 
in the streptozotocin-treated rat (Munday 
and Hardie, 1986). It may be that this is 
achieved rather through rapidly acting allo
steric agents (Haystead and Hardie, 1986). 
There are many puzzles still remaining in the 
area of regulation of fatty acid synthesis, and 
the next few years will almost certainly bring 
forth surprises. 

12.6.6 CONTROL OF METABOLIC FLOW 

Metabolic balance studies, especially those 
employing radiochemical tracers, have given 
a fairly clear picture of how nutrients enter
ing the gland are shared between different 
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pathways, even if this information as yet per
tains to only a few species. About 90% of all 
long-chain fatty acids become esterified to 
triacylglycerol and the remainder to phos
pholipid (Stein and Stein, 1967). Amino acids 
are used primarily for the synthesis of milk 
protein, but certain types are converted into 
others in order to make up for a shortfall. A 
very interesting case is that of ornithine and 
arginine, which are used partly to generate 
extra proline required for synthesis of the 
caseins. The incidental consequence is that 
the mammary gland is the only organ other 
than the liver to produce substantial amounts 
of urea (Mepham and Linzell, 1967). Argin
ase appears in the rat mammary gland rela
tively late in lactation, when we may 
presume that supplies of proline become 
limiting (Folley and Greenbaum, 1947; Yip 
and Knox, 1972). 

With glucose, and in ruminants acetate 
also, multiple fates are most evident and the 
question of metabolic steering arises. The flux 
of glucose carbon along the glycolytic path
way provides glycerol phosphate for milk fat 
formation, and pyruvate for both oxidation to 
yield ATP and acetyl CoA for lipogenesis. 
Glucose is also used for the synthesis of lac
tose, and in the pentose phosphate cycle to 
generate NADPH for lipogenesis. The other 
product of this cycle, glyceraldehyde phos
phate, re-enters the glycolytic pathway in the 
case of the rat. In the ruminant, however, in 
which appreciable levels of the gluconeo
genic enzyme fructose bisphosphatase occur, 
it is probably recycled to hexose phosphate in 
order to conserve carbohydrate (Crabtree et 
al., 1981). In those species where sialyllactose 
is a significant milk sugar, glucose also pro
vides the N-acetylglucosamine from which 
the sialyl moiety is synthesized. The different 
fates of glucose, together with pertinent 
original references, have been summarized 
(Kuhn, 1978). Similar metabolic decisions are 
taken in the case of acetate, which is also 
employed both as a lipogenic precursor and 
as a source of ATP. In ruminants, acetate 

largely supplants glucose as a source of fatty 
acids and ATP, leaving it to supply only lac
tose, glycerol phosphate and the pentose 
phosphate cycle. Glycolysis is therefore a 
relatively insignificant pathway. By contrast, 
in the rat, the importance of glucose as a fatty 
acid and ATP precursor, together with the 
lower concentration of lactose in the milk, 
combine to make glycolysis a highly signifi
cant route of metabolism, followed in import
ance by the pentose phosphate cycle. 

Flux control by supply and demand 

The proportions of glucose or acetate that are 
selected for oxidation to give ATP are rela
tively easily explained. Studies of energy 
metabolism in tissues generally make it quite 
clear that ATP is rarely limiting and that 
energy is supplied according to demand. In 
the lactating mammary gland, therefore, the 
major ATP-consuming processes of protein 
and fat synthesis (lactose synthesis is less 
important) stimulate the ATP-generating 
reactions of oxidative phosphorylation 
through their provision of ADP. The con
stancy of ATP/ADP ratios in mammary tissue 
before and after lactogenesis is an indication 
of the tight coupling and ample capacity of 
such respiratory control. Elaborate mechan
isms exist to ensure adenine nucleotide 
homeostasis (Atkinson, 1977). A further 
demand on energy must arise from ion 
pumping across the plasma membrane, and 
perhaps also across the apical and secretory 
vesicle membranes, but these have not yet 
been assessed. Nevertheless, the pro
nounced increase in mammary oxygen con
sumption that is associated with the onset of 
lactation gives some idea of the extra energy 
demands made by the synthetic processes of 
the gland (Folley and French, 1949; A.J. Davis 
et al., 1979). 

A further good example of supply and 
demand is that of NADPH provision by the 
pentose phosphate cycle for the purpose of 
fatty acid synthesis. It has long been accepted 



for lipogenic tissues generally that the cycle is 
essentially driven by the demands of lipo
genesis and not, as previously held, the other 
way round. Glucose-6-phosphate dehydro
genase, the first and rate-limiting enzyme of 
the cycle, is inhibited by the high prevail
ing NADPHINADP ratio of the cytosol. 
Utilization of NADPH by the reductive steps 
of fatty acid synthesis acts to relieve this 
inhibition and facilitate further operation of 
the cycle. The two processes form a tightly 
coupled system. The actual mechanism by 
which this inhibition by NADPH is achieved 
is complex, however, and has stimulated 
recent debate. 

Internal metabolic homeostasis 

At any given level of metabolic activity, a web 
of cooperative and allosteric interactions 
operates to coordinate different parts of the 
metabolic machinery in such a manner as to 
establish a homeostatic system of great effi
cacy. Thus, the inhibition of acetyl CoA car
boxylase by long-chain acyl CoA ensures that 
lipogenesis does not exceed the capacity for 
esterification. The elevated levels of malonyl 
CoA that characterize active lipogenesis in
hibit acyl CoA-carnitine acyltransferase, the 
rate-limiting enzyme on the pathway of fatty 
acid oxidation. Conversion of mitochondrial 
acetyl CoA into citrate relieves an inhibition 
of pyruvate dehydrogenase, whereas the 
withdrawal of cytosolic citrate for use as a 
lipogenic precursor relieves an inhibition of 
the key glycolytic enzyme phosphofructo
kinase. The activation of this enzyme, to 
replenish the precursors of citrate, in turn 
depletes levels of glucose 6-phosphate and 
thereby relieves an inhibition of hexokinase. 
With the exception of pyruvate dehydrogen
ase control by acetyl CoA, all these feedback 
inhibitions are mediated by the rapidly 
reversible binding of a metabolite to an allo
steric site on the target enzyme. 

It is presumed that excessive accumulation 
or depletion of metabolic intermediates is 
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avoided by virtue of the binding strength, 
and the effect of binding upon enzyme 
activity, that each allosteric site has evolved. 
Understanding of this sort of homeostatic 
system, based upon a view of rapid equili
bration of free with enzyme-bound metab
olites, is fairly well advanced at a qualitative 
level. The quantitative reconstruction of such 
systems, however, is still at an early stage. 
(Crabtree and Newsholme, 1987; Kacser and 
Porteous, 1987; Fell, 1992). It is not clear how 
far this viewpoint is compatible with the 
rather different one of metabolites being 
channelled, in some cases, directly from one 
enzyme to an adjacent one (Srivastava and 
Bernhard, 1986). In either case, however, 
there is second-by-second control. 

Long-term inductive control 

At the other time extreme, those changes in 
mammary activity that operate over several 
hours or even days are probably largely due 
to changes in amounts of enzymes. 
Numerous studies have shown that the total 
assayable amounts of such critical enzymes 
as lipoprotein lipase, phosphofructokinase, 
pyruvate dehydrogenase, acetyl CoA car
boxylase, glucose-6-phosphate dehydrogen
ase and lactose synthetase increase during 
lactation with a pattern closely matching the 
increase in milk solid production (R.L. 
Baldwin and Yang, 1974; Kuhn, 1983). In a 
few cases, changes in enzyme activity have 
been related to changes in immunologically 
titratable protein or in actual rates of syn
thesis of enzyme protein (Mackall and Lane, 
1976; Lobato et al., 1986). Some enzymes that 
are expected to make less contribution to 
metabolic control, although equal contri
bution to catalytic activity, also show striking 
variations. Into this category fall 6-
phosphogluconate dehydrogenase, malic 
enzyme and nucleoside diphosphokinase. 
Other enzymes change less markedly, for 
example fatty acid synthetase, phosphoglu
comutase or ATP-citrate lyase. 
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A comparative study of milk composition 
in different species reveals what must be 
widely varying rates of biosynthetic path
ways. For example, the lactose-fat ratio can 
vary enormously between species (Jenness, 
1974; Bussmann et aI., 1984). Almost certainly 
these gross differences reflect different rela
tive amounts of pathway enzymes, but cur
iously no one appears to have undertaken the 
cross-species survey that would be required 
to establish this. 

Reversible short-term control 

Profound changes in rates of milk solid syn
thesis can be observed within a few minutes 
of administering insulin, or of refeeding 
starved rats or mice. In well-fed lactating 
mice the removal of food for as little as 1 h 
reduces lipogenesis to less than half of that in 
continuously fed mice. It is not known how 
the rapid changes mediating this nutritional 
sensitivity are effected. 

For many years it seemed likely that 
changed amounts of the second messenger 
cyclic AMP would account for these effects. 
Several authors were able to report changes 
in its tissue content with different stages of 
lactation, or else changes in rates of metab
olism following exposure of tissue prep
arations to cyclic AMP or to its dibutyryl 
derivative. A role for cyclic AMP seemed all 
the more likely as the control of acetyl CoA 
carboxylase through reversible phosphoryl
ation was uncovered (McNeillie et aI., 1981). 
In particular, this enzyme could be phos
phorylated by added cyclic AMP-dependent 
protein kinase, with accompanying loss of 
activity. The control of lipogenesis by such a 
mechanism is well established in adipose 
tissue. However, tissue responses to added 
cyclic AMP have not been very striking, and 
much of the cyclic AMP of whole tissue may 
in fact be extracellular and due to milk. These 
problems have been reviewed by Clegg 
(1988). Further, although changes in the 
phosphorylation state of acetyl CoA carboxy-

lase undoubtedly do occur, and make an 
important contribution to lipogenic control, 
other protein kinases can phosphorylate it in 
the absence of cyclic AMP (Munday and 
Hardie, 1984, 1986; Ottey et al., 1989; Carling 
et aI., 1989). 

The difficulty in accepting cyclic AMP as a 
second messenger that mediates acute nutri
tional effects has been pinpointed by recent 
experiments with acini of rat mammary tis
sue. Agents known to activate adenylate cyc
lase produced little elevation of cellular cyclic 
AMP concentration unless an inhibitor of its 
breakdown was also added (Clegg and 
Mullaney, 1985). Further, even when levels 
of cyclic AMP were experimentally raised, 
there was no inhibition of lipogenesis and no 
phosphorylation of acetyl CoA carboxylase 
(Clegg et al., 1987). Activation of cyclic AMP
dependent kinase was not matched by 
change in activity of acetyl CoA carboxylase 
(Clegg, 1988; Clegg and Ottey, 1990). 

Insulin is the only hormone that has re
peatedly been shown to exert large and rapid 
effects upon mammary function in vivo. 
Within minutes it enhances glucose uptake 
and lipogenesis, and activates the mitochon
drial enzyme pyruvate dehydrogenase and 
the cytosolic acetyl CoA carboxylase. The 
compartmentation of pyruvate dehydrogen
ase makes it unlikely to be activated directly 
by cyclic AMP. It is unfortunate that, in 
attempts to study the action of insulin in 
vitro, it has been found necessary to use con
centrations that exceed physiological values 
by 1000- to 10 OOO-foid to achieve even quite 
minor stimulations. It must then be a matter 
of some doubt whether this is useful. For the 
most part, tissue preparations of mammary 
tissue taken out of the body have been re
markably unresponsive to insulin in the short 
term. 

Increasingly, these disappointments in 
attempts to unravel the nature of the acute 
control of mammary metabolism suggest one 
of two possibilities. One is that mammary 
tissue is an especially delicately poised sys-



tem, the disturbance of which in vitro renders 
it insensitive to insulin or cyclic AMP. In 
favour of this is the fact that rates of carbo
hydrate utilization in vitro no longer dis
tinguish between the fed or starved status of 
the donor animal, whereas in vivo such rates 
differ by up to lO-fold. The other possibility is 
that control of metabolism is really due to a 
web of different intracellular signals, of 
which cyclic AMP is only one, and perhaps in 
the mammary gland is not an important one. 
Recent research in the area of intracellular 
signals mediating hormone action increas
ingly seems to support this idea, and 
nowhere more so than in the actions of insu
lin, which may not only utilize novel signal 
substances but in some actions no simple 
second messenger at all (Haystead and 
Har~ie, 1986; Saltiel and Cuatrecasas, 1986). 

It IS notable that the role of cyclic AMP in 
the hormonal control of carbohydrate and 
fatty acid metabolism is best established in 
liver and adipose tissue, where the anabolic 
action of insulin is balanced by the catabolic 
actions of other hormones such as glucagon, 
adrenaline and cortisol. In lactating mam
mary gland, however, there is no good evi
dence that any such hormone balance exists 
and it may be that the anabolic action of 
insulin is counterbalanced only by a negative 
feedback from accumulating milk. It there
fore seems important that attention should be 
~ven to other ways of mediating hormonal 
mfluence. Prolactin has recently been 
reported to raise concentrations of inositol 
1,4,5-trisphosphate in mouse mammary 
explants (Etindi and Rillema, 1988). This sub
~tance is now. widely accepted as the major 
mtracellular SIgnal for the release of internal 
stores of Ca2+, an ion that has in turn long 
been associated with the activation of se
cretory tissues. Thus the problem of the acute 
control of mammary metabolism may become 
solved as the scope of investigation widens 
beyond that of cyclic AMP. 
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12.7 SECRETORY PROCESSES 

12.7.1 GENERAL 

~hen, in t~e nineteenth century, mammary 
tissue was fIrst ascribed an active role in ela
borating milk, microscopists vied with each 
other in proposing mechanisms for the se
cretory activity of the epithelial cells. 
Virchow's notion that milk resulted from 
complete cellular degeneration (holocrine se
cretion) was supplanted by Heidenhain's 
view t~at only the cell apex was lost (apocrine 
secretIon). The later claim that there is no 
cytoplasmic loss (merocrine secretion) found 
fumer support in electron microscopical 
studies in the 1960s (see Mepham, 1986). 
Latterly, however, the question has become 
more complex because no single process 
appears capable of accounting for secretion of 
all the different milk constituents. 

Major advances in understanding secretion 
(here defined as the passage of milk constitu
ents from the mammary epithelium to the 
alveolar lumina) were achieved in the 1960s 
a point well made by comparing Linzell' ~ 
(1959) review and that he wrote with Peaker 
(Linzell and Peaker, 1971). The progress 
made is largely attributable to the use of a 
wide range of investigative techniques, such 
a autoradiography, histochemistry, isotopic 
tracers and electrical potential difference (PO) 
measurements, as well as to refinements in 
electron microscopy (EM). 

It is useful in describing milk secretion to 
identify five routes by which different milk 
constituents enter the alveolar lumina, i.e. 
four transcellular modes, namely the Golgi 
route, fat secretion, monovalent ion secretion 
and serum protein secretion; and the paracel
lular pathway. For several reasons, both bio
chemical and physicochemical, there are 
likely to be interactions between the separate 
modes, but the classification provides a con
venient framework for discussion. 
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12.7.2 THE GOLGI ROUTE 

Post-translational modification of mammary
synthesized milk proteins occurs in vesicular 
elements of the Golgi apparatus. Subse
quently, the proteins, frequently in micellar 
form, are packaged into secretory vesicles, 
formed at the trans face of the Golgi appar
atus, which then move towards the apical 
pole of the cell by a process thought to in
volve cytoskeletal elements (see Loizzi, 1987). 
The synthesis of lactose in Golgi vesicles is 
considered to be responsible for the swelling 
of secretory vesicles through osmotic entry of 
water, but formation of larger vesicles seems 
also to be partly due to the fusion of smaller 
'precursor vesicles' (Mather and Keenan, 
1983). 

Release of the vesicular contents into the 
alveolar lumina is achieved by exocytosis. 
The vesicles have a distinctive coat on their 
cytoplasmic face which, from electron micro
graphy, appears to react with appropriate 
receptors on the cytoplasmic face of the apical 
membrane to produce an area of fusion - a 
'pre-exocytotic attachment plaque' (Figure 
12.9). 

Presumably, this area of fusion becomes 
eliminated in the process of exocytosis but, 
probably because the process is very rapid, it 
has not been possible to discern intermediate 
stages by EM. 

Nevertheless, the secretory vesicle coat 
material does become incorporated, if only 
transiently, into the apical plasmalemma 
(Franke et al., 1976). Calcium, phosphorus 
and citrate are transported into Golgi vesicles 
from the cytoplasm and become associated 
with the contained casein micelles. It thus 
appears that lactose, milk-specific proteins, 
calcium, phosphorus and citrate are all se
creted by a common path - the 'Golgi 
complex-secretory vesicle' route. This postu
late finds support in the observation that in 
frequently milked goats receiving intra
venous infusions of radioactively labelled 
milk precursors maximum specific radio-

activities for all the above milk constituents 
occurred 2-3 hours later (Linzell et al., 1976). 
Since lactose is the major osmole in milk, the 
route is also likely to be an important avenue 
for water transfer, but there is uncertainty as 
to whether osmotic equilibrium is complete 
prior to exocytosis. Peaker's earlier calcu
lations (1977, 1978) suggested that lactose 
concentrations in Golgi vesicles were 3-4 
times those in milk; later (1983), taking 
account of possible inaccuracies due to dis
ruption of the mammary epithelium, he con
sidered it safer to conclude that 'the contents 
of the Golgi vesicles could be at somewhat 
higher concentration than milk'; in either 
case, osmotic equilibrium would be com
pleted by water diffusion across the apical 
membrane. 

12.7.3 MONOVALENT ION SECRETION 

In experiments in which isotopically labelled 
sodium, potassium and chlorine were 
infused intravascularly in frequently milked 
goats (Linzell et al., 1976), maximum specific 
radioactivities in milk were achieved within 
1 h, suggesting that the transfer process in
volved differs from the Golgi route described 
above. 

The most widely accepted theory for 
monovalent ion secretion is that proposed by 
Linzell and Peaker (1971). It is based largely 
on PO determinations, tracer studies and 
measurements of concentrations of ions in 
ECF, intracellular fluid (ICF) and milk. In the 
transcellular process (Le. involving passage 
across both basolateral and apical membranes 
of the cell), K+ and Na+ are distributed be
tween ICF and milk in accordance with the 
PO across the apical membrane. The concen
trations of Na + and K+ are lower in milk than 
in the ICF but the ratio between them, 1:3 for 
most species, is similar in both fluids. Since 
Golgi-derived secretory vesicles appear to be
come incorporated into the apical membrane, 
it is postulated that K+ and Na + are trans
ferred into their lumina by the same process. 
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Figure 12.9 Electron micrographs of the apical region of secretory cells in lactating mammary tissue of a 
rat showing processes involved in the secretion of casein micelles. (a) The major types of vesicle are 
identified; GV, Golgi apparatus-associated vesicles with a smooth surface; CV, coated vesicles contain
ing casein; arrow, smaller vesicles also coated on the cytoplasmic face. A = alveolar lumen (magnifi
cation x97 750). (b-d) Pre-exocytotic attachment plaques forming between secretory vesicles and apical 
plasma membrane (short arrows): coated material is still present on some vesicles (long arrow in b) 
(magnifications: b x85 000; c x89 250; d x93 500). (e) Integration of coat material of secretory vesicle 
membrane into apical plasma membrane (arrows); microvilli (MV) appear in cross-section (magnification 
x95 000). (Reproduced from Franke et a/., 1976, with permission.) 
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The ICF concentrations of these ions are de
termined by a Na + -K+ -activated ATPase, 
which histochemical studies indicate is con
fined to the basolateral surfaces of the cell 
(see Peaker, 1978). 

The secretion of Cl- does not, however, fit 
so readily into this scheme. Since both the 
electrical and chemical gradients would drive 
Cl- from the cell into milk, it has been pro
posed that its low concentration in milk may 
be explained by reabsorption across the 
apical membrane, although other expla
nations might apply (peaker, 1983). Thus, 
according to this hypothesis, milk concen
trations of K+ and Na + are maintained at low 
levels by the apical PD. Peaker's (1983) 
studies suggest that the PD is water-flow 
induced, in consequence of osmotic equili
bration following lactose synthesis within the 
Golgi vesicles. Confirmatory evidence is pro
vided by the decreased apical PD, with 
associated increases in milk K+ and Na + con
centrations, which resulted when isolated 
perfused goat mammary glands were de
prived of a glucose supply (peaker, 1977). 

However, not all results obtained are con
sistent with the above scheme. For example, 
the studies of Berga and Neville (1985) on 
mouse mammary tissue suggest that the K+ / 
Na + ratios in intracellular fluid and milk are 
not the same. These authors postulated the 
existence of an active transfer system for Na + 
and/or K+ at the apical membrane. 

12.7.4 PARACELLULAR ROUTE 

Whatever the precise nature of the trans
cellular route, a complicating factor in any 
definition of monovalent ion transfer to milk 
is the extent to which passage may occur 
between cells (the paracellular route). Most 
commonly, paracellular transfer is associated 
with the prepartum and involuting gland, 
but it may also occur in conditions in which 
the mammary epithelium is stretched (e.g. 
when the alveoli are distended with milk) or 
when the effectiveness of tight junctions is 

otherwise impaired (e.g. in mastitis). In such 
circumstances milk concentrations of Na + 
and Cl- rise and those of K+ and lactose fall, 
i.e. the gradients established by transcellular 
processes are partially offset by diffusion be
tween the ECF and milk via leaky tight junc
tions (section 12.8.4). Depending on the 
degree of leakage, large molecules may also 
be involved, e.g. in late pregnancy (X

lactalbumin may be detected in blood. 

12.7.5 SECRETION OF MILK FAT 

Autoradiographic studies showed that, 
within minutes of their intravenous injection, 
radioactively labelled fatty acids became 
associated with fat droplets in the mammary 
secretory cells (Stein and Stein, 1967). EM 
evidence suggests that TG molecules can be 
rapidly transferred, in the form of 'lipovesi
cles', to existing globules as they migrate 
from their sites of synthesis in endoplasmic 
reticulum towards the apical membrane (see 
Mather, 1987). In contrast, the appearance of 
isotopically labelled fat in secreted milk was 
only reached a maximum 5-7 h after the 
intravenous injection of fat precursors into 
goats (Linzell et al., 1976). This is a much 
longer delay than for monovalent ions, lac
tose and proteins, and is indicative of a dis
tinct secretory process. 

It is presumed that, as for Golgi-derived 
secretory vesicles, cytoskeletal elements are 
important in intracellular migration of fat 
droplets, but it is transfer across the apical 
membrane which has attracted most atten
tion, and indeed debate. According to the 
theory first proposed by Bargmann and 
Knoop (1959), as fat droplets reach the 
cytosolic face of the apical membrane they 
become enveloped by the latter, which 
eventually completely surrounds the 
'pinched-off' fat globules present in the 
alveolar lumina (Figure 12.10). 

Wooding (1977), on the other hand, 
claimed that fat droplet secretion depends on 
secretory vesicles, which by encircling the fat 



droplets prior to their own fusion with the 
apical membrane effect fat secretion by a pro
cess which is, at least partly, exocytotic. 
Wooding denied the efficacy of 'pinching off' 
as an active secretory process, although 
admitting that milk fat globule membrane 
(MFGM) may acquire contributions from 
both secretory vesicles and apical sources. 

Whether or not both apical and secretory 
vesicle membranes are involved, the nature 
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of the attractive forces between them and the 
lipid droplets, which accomplish secretion of 
the latter from the cell, is a matter of con
siderable interest. As the cytosolic droplets 
come into contact with these membranes, a 
uniform dense layer of proteinaceous ma
terial (10-50 nm thick) is formed between the 
two surfaces so that in the MFGM of the 
secreted globule it is possible to identify four 
layers, namely, from the core outwards: (i) an 
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Figure 12.10 Electron micrograph showing secretion of fat droplets by two secretory cells in ovine 
mammary tissue (scale bar 1.0 11m). F, fat droplets; MF, milk fat globule membrane; V, secretory vesicle 
containing protein granules; N, nucleus; G, Golgi apparatus; R, rough endoplasmic reticulum, M, 
mitochondria; MY, myoepithelial cells. (Courtesy of Dr F.B.P. Wooding.) 
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amorphous layer of material derived from 
lipovesicles «1 run); (ii) the protein coat (10-
50 nm); (iii) the lipid bilayer (10 nm); and (iv) 
the glycocalyx «1 run), a complex of glycos
aminoglycans and oligosaccharide chains 
(Mather, 1987). The proteins of the second 
layer include butyrophilin and xanthine oxi
dase. The former is a mammary cell-specific 
glycoprotein which appears specifically 
located in the apical plasmalemma, the latter 
an enzyme distributed widely throughout the 
cell. The origin of elements of MFGM is thus 
diverse, and attempts at closer definition are 
complicated still further by EM evidence that 
intramembranous particles are cleared from 
the lipid bilayer during the process of se
cretion (Mather and Keenan, 1983). 

Usually, globules of fat in alveolar lumina 
are simply surrounded by MFGM, although 
membrane material may subsequently be 
shed by a process of vesiculation (Wooding, 
1977). In some cases, however (e.g. about 5% 
of fat globules in goat's milk), the globules 
have attached crescents of cytoplasm, often 
containing secretory vesicles and endoplas
mic reticulum. It is surmised that these so
called 'signets' result from premature se
cretion caused by the mechanical stresses to 
which some cells may be exposed during 
milk ejection (Linzell and Peaker, 1971). 

12.7.6 SECRETION OF IMMUNOGLOBINS 

Ig molecules may either be derived from ma
ternal plasma (e.g. IgG) or synthesized 
locally in the mammary gland by plasma cells 
in the lamina propria. In both cases secretion 
appears largely to involve transcellular pass
age following endocytosis. IgG1, though 
present in bovine plasma at roughly equival
ent concentrations to IgG2, is highly concen
trated in colostrum and milk. It is believed 
that IgGl molecules bind, via their Fc 
domains, to specific receptors on the baso
lateral membranes of secretory cells and, fol
lowing endocytosis, traverse the cytoplasm 
within vesicles (Lascelles, 1977). 

The membrane receptors for polymeric Ig 
(e.g. IgA and IgM) transfer have been studied 
quite extensively. Following synthesis in the 
secretory cell, the receptor (a glycoprotein) is 
sorted to the basolateral membrane, where 
it binds to its polymeric Ig ligand. The 
receptor-ligand complex is then endocytosed 
and the endoplasmic vesicle shuttled to the 
apical membrane. Secretion of the complex, 
e.g. sIgA, involves exocytosis, but also cleav
age of the receptor 'membrane anchoring 
domain' (Solari and Kraehenbuhl, 1987). 

12.7.7 MEMBRANE FLOW 

It is apparent that several of the secretory 
processes discussed involve either loss of 
membrane material from the cell (as in fat 
secretion) or transfer of membrane material 
from one cell organelle to another. Such ob
servations imply that there is a continuous 
flow of membrane through the cells with 
selective additions and deletions of specific 
molecules occurring as membrane traverses 
the route: endoplasmic reticulum ~ cis Golgi 
vesicles ~ trans Golgi vesicles ~ secretory 
vesicles ~ apical membrane ~ MFGM. 
Moreover, it is likely that not only does mem
brane material flow, but that it is also re
cycled, since calculations for bovine 
mammary tissue indicate that the net gain of 
apical membrane from secretory vesicle 
fusion greatly exceeds the loss in MFGM. 
Reviews of research in this field are provided 
by Mather and Keenan (1983) and Mather 
(1987). 

12.8 CONTROL OF MILK SECRETION 

12.8.1 GENERAL 

The factors modulating the rates of secretion 
of the various components of milk are clearly 
of paramount importance in terms of its 
adequacy in meeting neonatal nutritional 
requirements. For most, if not all, biological 
activity, two types of factor may be ident-



ified, often euphoniously categorized as 
'nature' and 'nurture'. In the present context 
these might be expressed as 'genetic poten
tial' and 'maternal nutrition', or more gener
ally as 'endogenous' and 'exogenous' factors. 
Milk secretion is governed by the interaction 
of factors of these two types. 

Earlier sections of this chapter have dis
cussed numerous control points in the causal 
chain from food intake to milk output, in
cluding the metabolic priorities of the whole 
body, the substrate supply to the glands, 
carrier-mediated substrate access to the cell 
interiors and the subsequent synthetic pro
cesses involved in elaborating milk constitu
ents. Chapter 11 deals with the predominant 
role of the endocrine system in controlling 
these processes. The object of this section is 
to summarize non-endocrine control factors 
operating at the level of the mammary epi
thelium which have not so far received 
attention. 

One or two points are of wide applicability. 
Within a given species, genetic and environ
mental factors, together with limitations 
imposed by physicochemical determinants, 
act as significant constraints to fluctuations in 
milk composition. By and large, if milk se
cretion is proceeding, its composition will be 
fairly characteristic of the species concerned, 
at that particular lactational stage. This 
implies that the ultimate control of milk se
cretion may be subject to a single, or few, 
pivotal factor/so 

A second, rather self-evident, point is that 
secretory rate depends on the product of an 
intensity factor (the activity of the cells) and 
an extensity factor (their total number). The 
former is often gauged by the parenchymal 
RNAIDNA ratio, the latter by the total paren
chymal DNA (i.e. DNAt ) (see Knight, 1984). 
Since secretory activity is reflected in the de
gree of differentiation of the cells, increases 
in the intensity and extensity factors correlate 
with cellular hypertrophy and hyperplasia re
spectively. Thus, increased milk output 
might be attributable to hypertrophy, hyper-
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plasia or both processes together; decreased 
milk output to reduced cellular activity and! 
or reduced cell numbers, with necrotic cells 
not being replaced. 

12.8.2 AUTOCRINE REGULATION 

A unifying theme in these considerations is 
the concept of autocrine regulation. It has 
long been known that frequent milking of 
dairy animals leads to increased yields. 
For example, thrice-daily milking of cows 
(Archer, 1983) and goats (Henderson et al., 
1985) increased yields about 20% and 30%, 
respectively, above those obtained on the 
normal twice-daily routine. That this is not 
due to enhanced secretion of galactopoietic 
hormones is indicated by the fact that fre
quent unilateral milking (one gland only) of 
goats (Henderson et al., 1983) and cows (Hil
lerton et al., 1990) produces an increased 
yield only in that gland. While excessive 
physical distension of alveoli can reduce milk 
secretion, relief of that condition in fre
quently milked glands was not the expla
nation of the increased yields because it was 
achieved even when the milk removed was 
immediately replaced by an equal volume of 
isosmotic sucrose solution (Henderson and 
Peaker, 1984). Such observations led to the 
formulation of the hypothesis that enhanced 
yields in these experiments were due to more 
frequent removal of a locally active inhibitor 
present in the milk (Wilde and Peaker, 1990). 
Its inhibitory action has been demonstrated 
with mammary explants from mid-pregnant 
rabbits (Wilde et al., 1987). In this bioassay 
system, progressive purification of the active 
agent was signalled by increasingly sensitive 
inhibition of lactose and casein synthesis. 
The inhibitor has been characterized as a 
heat-labile constituent of the serum protein 
fraction of milk, with a molecular weight of 
10 000-30 000 daltons. It appears to act by 
negative feedback across the apical mem
branes of the mammary epithelium, and the 
dose dependence of the response indicates 
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that inhibition is determined by the concen
tration of the substance in the alveolar lumina 
(Knight et al., 1988). 

Whilst definitive identification of the puta
tive autocrine regulator is lacking, there 
seems little doubt as to its importance in exer
cising fine control over the energetically 
expensive demands of milk secretion, such 
that supply is closely tailored to 'need'. This 
is perhaps best illustrated in species where a 
fixed 'teat order' prevails, e.g. pigs. A con
sideration which merits more attention than 
it has so far received is the necessity for an 
increase in inhibitory action with time if the 
galactopoietic effect of frequent milking is to 
be explained in terms of this autocrine regu
lator: the mere presence of the inhibitor in 
milk at constant concentration would not 
produce the observed results. Two types of 
factor can be identified (not mutually exclus
ive) which might transform a constant into an 
incremental inhibition: (i) a progressive in
crease in the intraluminal activity of the agent 
and (ii) a progressive increase in the sensi
tivity of the mammary epithelium to the 
agent. Conditions leading to (i) might include 
progressive increases in the rate of inhibitor 
secretion or activation following secretion 
(e.g. by proteolytic processing) and decreases 
in the extent of deactivation; conditions pro
moting (ii) might depend on changes in sur
face receptors or on conformational changes 
as cells are stretched due to alveolar filling. 

12.8.3 MAMMARY CELL PROLIFERATION 

A feature of the autocrine mechanism de
scribed is its acute nature. Frequent milking 
leads to a galactopoietic response within 
hours and on its discontinuation control 
yields are rapidly restored. When, however, 
frequent milking is continued for longer 
periods several response phases are identifi
able (Wilde et al., 1987). Within 10 days of the 
onset of frequent milking in goats the activity 
of two key lipogenic enzymes, acetyl CoA 
carboxylase and fatty acid synthetase, and 

of galactosyltransferase had significantly 
increased. But after 13 weeks of unilateral 
frequent milking, the activities of these en
zymes did not differ between the thrice- and 
twice-milked glands despite the maintained 
elevation of milk yields in the former. 
Remarkably, RNA and DNA contents of the 
glands did not differ, implying that increased 
yields in the thrice-milked glands were 
achieved by greater efficiency of secretion 
from a stable cellular capacity. 

In other experiments, 37 weeks after the 
onset of unilateral frequent milking, when 
yields in thrice-milked glands were 47% 
higher than controls, both parenchymal 
DNAt and RNAIDNA ratios were signifi
cantly increased by frequent milking, 
whereas the activities of several enzymes 
were unchanged (Wilde et al., 1987). These 
results suggest that frequent milking induces 
a series of distinct response phases: initially, 
acute autocrine mechanisms predominate, 
being succeeded by a hypertrophic phase and 
finally by a hyperplasic phase. Studies with 
[3H]thymidine indicated that the latter was 
associated with increased cellular prolifer
ation, but decreased cellular involution may 
also have been involved. 

12.8.4 LOCAL FACTORS AT LACTOGENESIS 

Evidence for a relationship between milk 
removal, cellular differentiation and se
cretory activity has also been reported for 
dairy ruminants during the periparturient 
period. For example, ultrastructural studies 
of mammary tissue from cows unilaterally 
milked prepartum showed markedly greater 
secretory cell Golgi development in milked 
than in non-milked glands (Akers and Heald, 
1978), suggesting that the prepartum se
cretion is inhibitory to cellular differentiation. 
On the other hand, Linzell and Peaker's 
(1974) study of compositional changes in 
secreted ions of prepartum milked goats led 
them to propose that the secretions contained 
a factor which delayed the onset of lacto-



genesis by maintaining a paracellular leakage 
through the mammary epithelium. Removal 
of this factor thus led to 'tightening' of cell 
junctions and establishment of normal milk 
secretion. The studies on goats of Maule 
Walker and Peaker (1980) suggested that this 
local lactogenic inhibitor might be prosta
glandin F2Ct (PGF2Ct), which is synthesized by 
the secretory cells. Just before parturition, the 
normal output of PGF2Ct into mammary 
venous blood declines rapidly, whereas its 
concentration in mammary secretions in
creases. This implies a redirection of the ex
cretory route for PGF2Ct from one involving 
the basal membrane of the cell to that involv
ing the apical membrane. Moreover, at this 
time the cells develop the capacity to metab
olize PGF2Ct to 13,14 dihydro-15, keto-PGF2Ct 

(DHKPGF2Ct), releasing them from the inhibi
tory action of PGF2Ct itself. Removal of excess 
PGF2Ct in the milk by the neonate sustains this 
disinhibitory process (Maule Walker, 1984). 

There thus appear to be at least two distinct 
autocrine factors which affect milk secretion 
at different lactational stages. Others have 
been proposed; for example, Gonzalez and 
Verly (1976) isolated a 2000 to 3000-Da com
pound from mammary tissue, which specifi
cally and reversibly inhibited mammary DNA 
synthesis. Latterly there has been growing 
evidence for the involvement of peptide 
growth factors in control of mammary func
tion, and it has been speculated that some 
may operate by an autocrine and/or paracrine 
process (see Dembinski and Shiu, 1987). 
There seems little doubt that unravelling the 
interaction between these putative local regu
lators and the wide array of systemic hor
mones which modulate mammary function 
will present formidable problems. 

12.8.5 CELL NUMBERS 

An important element of the gland's se
cretory activity may thus depend on its ability 
to increase or maintain secretory cell num
bers during lactation. It has long been recog-
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nized that in rats and mice mammary cell 
proliferation continues post partum, con
tributing to the increasing milk yield in early 
lactation. But the realization that mammoge
nesis and lactation are not mutually exclusive 
processes in ruminants is relatively recent 
(Knight, 1984): in at least one dairy species, 
the goat, a significant increase in mammary 
DNAt occurs in the first 3 weeks post partum 
(Anderson et al., 1981). The natural changes 
in mammary development during lactation 
can be exaggerated by frequent milking (as 
described above) or by hemimastectomy, 
when compensatory hypertrophy of the re
maining gland occurs (e.g. in goats; Knight, 
1987). Few studies have been performed to 
evaluate the relative importance for secretion 
rate of changes in RNAIDNA ratio and DNAt 

in the declining phase of lactation, but in rats 
reduction in RNAIDNA ratio seems more im
portant (Knight et al., 1984), whereas in goats 
falling yield is attributable to reduced DNAt 

(Knight et al., 1988). 

12.8.6 INTERCELLULAR COORDINATION OF 
SECRETION 

Since secretory rate is the resultant of the 
combined activities of individual cells, it is 
important to take account of controls which 
might operate at the supracellular level. The 
best-established factors are, of course, oxy
tocin and other humoral agents which stimu
late myoepithelial cell contraction (Chapter 
11), but the possibility of other mechanisms 
merits consideration. 

Leaving aside pathological states, it is 
apparent that there is considerable cytologi
cal heterogeneity within even fully lactating 
glands. Thus, highly differentiated and 
largely undifferentiated cells can coexist in 
the same gland (Saake and Heald, 1974). On 
the other hand, within individual alveoli a 
high degree of secretory synchrony is usually 
apparent, both using histological techniques 
and in autoradiographic studies of the transit 
times of labelled milk precursors through 
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cells (Heald and Saake, 1972). There are, 
however, differences in transit times between 
equally differentiated alveoli both in vivo and 
in vitro. It is possible that local differences in 
intraalveolar pressure are responsible, via the 
postulated autocrine factor, but it is also con
ceivable that small molecules or ions (e.g. 
Ca2+, Baumrucker, 1978) elicit pulsatile 
discharge of milk components (i.e. 'stimulus
secretion coupling'). If such secretory cycles 
were sufficiently rapid and temporally over
lapping in different regions of the gland the 
outcome would produce the observed, fairly 
stable, secretory rate. The coordination evi
dent between cells in a single alveolus is 
probably effected by agents permeating gap 
junctions (section 12.3.2). 

12.9 TRENDS AND SIGNIFICANCE OF 
RESEARCH ON LACTATION 

We conclude this chapter with a short survey 
of current trends in research on lactation, 
together with an assessment of the import
ance of present and future developments. 

Lactation, directly or indirectly, plays a 
fundamental but largely unrecognized role in 
human welfare. In nutritional terms, breast 
milk provides totally for the requirements of 
younger infants, while animal milk does so 
significantly for many millions of adults. 
Lactation in non-dairy animals may also be 
vital in the rearing of livestock used for meat, 
and for countless other purposes, such as 
transport and draught power. In economic 
terms, milk is a major commodity, a fact 
which stems from the highly diverse nature 
of dairy products, e.g. butter, cheese, yog
hurt, kumiss. For the vast majority of 
women, worldwide, lactation is the principal 
regulator of fertility, whereas breast cancer is 
one of the commonest causes of morbidity 
and mortality in the West. It is thus not 
surprising that most research on lactation is 
perceived as having foreseeable practical 
applications. But in addition, mammary 
tissue has proved to be very suitable material 

for those pursuing questions of much wider 
applicability; for example, fundamental 
studies on biochemical control processes are 
facilitated by the high metabolic activity of 
lactating tissue and its exquisite sensitivity to 
many hormones. 

Historically, the medical context took pre
cedence over that of dairying. If we regard 
von Haller's Elementa Physiologiae Corporis 
Humani (1778) as marking the beginning of 
modem physiology, for almost a hundred 
years virtually all scientific treatises which 
dealt with lactation were concerned primarily 
with its manifestation in women, e.g. the 
works of Young (1761) and A.P. Cooper 
(1840). Scientific interest in milk production 
in animals only developed with the industria
lization of dairying in the latter half of the 
nineteenth century, leading to the publi
cation of such important books as those by 
Furstenburg (1868) and Fleischmann (1896), 
and from then until only very recently the 
dairying context was dominant in lactational 
physiology. Recently, in the West, this situ
ation has changed: as a result of milk pro
duction outstripping demand there has been 
a marked, if short-sighted, reduction in 
investment in dairy research. 

Research of significance to human lactation 
has three principal goals: (i) definition of the 
physiological roles and control of breastfeed
ing to allow for prevention and/or correction 
of dysfunctions; (ii) definition of the compo
sition of breast milk to permit formulation of 
acceptable substitutes; (iii) elucidation of fac
tors instrumental in the diagnosis, causation, 
amelioration and cure of breast cancer. There 
is a sense in which the first two objectives are 
in conflict; and it is somewhat paradoxical 
that the commercial motivation to manufac
ture artificial milk (based on cow's milk) has 
only served to establish how different the 
compositions of human and cow's milk are, 
and how superior breast milk is to any con
trived substitute. At a trivial level, attempts 
to mimic breast milk are reminiscent of 
Aesop's fable of the tortoise and the hare: 



Trends and significance of research on lactation 1167 

every 'improved' formula is rendered obsol
ete by deeper understanding of the nature of 
milk. The more serious aspect is the grave 
consequences of misapplication of this 
Western technology in developing countries, 
and, indeed, in the poorer sections of devel
oped countries (e.g. Mepham, 1989a). 
Human lactation is discussed in recent books 
by Jelliffe and Jelliffe (1978), Neville and 
Neifert (1983), Jensen and Neville (1985), 
Schaub (1985), Hamosh and Goldman (1986) 
and Goldman et al., (1987) and in two WHO 
reports (1981,1985). 

Much research on mammary tissue is 
focused on the third objective above, i.e. 
tackling the problem of breast cancer, which 
in Britain and the USA is a common cause of 
morbidity and mortality in women. Most 
approaches build on the apparent hormone 
dependence of the disease (Angeli et al., 
1986), although fundamental cytological 
studies are also of undoubted importance. A 
link with breastfeeding is indicated by the 
claim that the incidence of premenopausal 
breast cancer is inversely related to earlier 
breastfeeding duration (McTiernan and 
Thomas, 1986). 

Studies on the physiology and biochemis
try of lactation form but a small segment of 
the field of dairy research, which encom
passes chemical, microbial and engineering 
technology as well as agronomic, manage
ment and economic aspects of dairy hus
bandry. In the past, the benefits of 
physiological research seem to have related 
most directly to feeding systems for dairy 
animals and indirectly to procedures adopted 
in breeding, housing, milking and veterinary 
treatment. Attempts to manipulate milk 
yields by endocrine intervention, through 
mammogenic and galactopoietic responses, 
have been made for at least 50 years, but it is 
only recently that the prospect has appeared 
commercially viable. Large-scale production 
of bovine growth hormone (or somatotro
phin, bST) by genetic engineering tech
niques, which it is proposed to administer 

regularly to cows by subcutaneous injection, 
has been claimed as 'the herald of a new 
technological era' (D.R. Baldwin, 1987). 
Critics focus on the undesirable social conse
quences of introducing a treatment which 
markedly increases milk yield in countries 
already producing a surplus (Mix, 1987) and 
on potential problems for animal welfare 
(Kronfeld, 1987). Whatever the merit of milk 
yield-enhancing technology in developed 
countries, there can be little doubt that 
appropriate research directed to increasing 
milk yields in poorer countries holds the pro
mise of substantial development in both 
nutritional and economic terms (Mepham, 
1987b). The problems encountered and 
strategies for their solution are discussed in 
the conference proceedings edited by A.J. 
Smith (1985). For other reviews on the physi
ology of lactation in dairy animals see the 
books edited by Larson (1985), Gravert (1987) 
and Garnsworthy (1988). 

Genetic engineering also presents the pro
spect of exerting control over milk yield and 
composition in ways not even imagined only 
a few years ago. For example, growth hor
mone genes have been injected in porcine 
ova just following fertilization to produce 
transgenic animals. Were this technique to be 
applied successfully to dairy animals, it is 
possible to envisage a rapid and permanent 
improvement in productivity in developing 
countries (Hodges, 1986). However, such 
optimism could prove unfounded if improve
ments are not also made in animal nutrition, 
which is usually the major constraint to in
creasing milk yields in developing countries 
(Mepham, 1991). 

Appropriate manipulation of other genes 
could, in theory, be used to effect compos
itional modification. For example, production 
of a low-fat milk would be found more 
acceptable by many in Western countries in 
which there is concern over the alleged 
association between ischaemic heart disease 
and saturated fat intake (Committee on 
Medical Aspects of Food Policy, 1984), and a 
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lactose-free milk would be a boon to many 
millions for whom consumption of raw milk 
is limited by the condition of lactose malab
sorption (Paige and Davis, 1985). A striking 
demonstration of the capabilities of genetic 
engineering is the production by lactating 
transgenic sheep of pharmaceuticals for use 
in human medicine (Clark et al., 1989). The 
potential for control by immunological means 
is suggested by results indicating the import
ance of autocrine control of milk secretion: 
isolation of the factor involved, and the rais
ing of an antibody to it, might enable the 
suppression or stimulation of yields, respect
ively, according to requirements. Some of the 
wider issues presented by biotechnological 
advances in dairying are discussed by 
Mepham (1989b,c, 1991, 1992). 

Another important development of recent 
years is the study of the energetics of lac
tation in the context of parental investment. 
Until they are weaned, young mammals 
receive all, or almost all, their energy require
ments for maintenance and growth from ma
ternal milk. Consequently, litter growth 
represents a meaningful index of maternal 
investment. The significance of the post-natal 
growth phase in mammals lies in the fact that 
a large proportion of the energy requirements 
for reproduction in females is associated with 
lactation (e.g. 75-80% in ungulates). Species 
survival is thus ultimately dependent on 
effective partitioning of energy between 
mother and infants, and elucidation of the 
means by which this is achieved in different 
species promises to provide valuable new in
sights into the evolutionary adaptation of 
reproductive processes to environmental 
conditions. The reader is referred to the 
volume edited by Loudon and Racey (1987) 
for discussion of these important questions. 
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