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Preface 

This monograph has been written in the hope that it will prove of 
value to medical students and clinicians, to Honours undergradu
ates in appropriate branches of the natural sciences, and to repro
ductive biologists in general. It would be pleasing if the text also 
caught the attention of veterinary undergraduates, since there is 
much information bearing on reproduction in domestic animals. 
First and foremost, however, the intended audience is a medical 
one, for scientific studies of human reproduction have been cata
lyzed by the intense interest in procedures of fertilization in vitro. 
Some would judge that this very activity has narrowed our view of 
physiological events occurring within the Fallopian tubes. The pre
sent work may therefore serve as a useful counterbalance to the 
overwhelming series of publications on procedures of in vitro fer
tilization, and offer opportunities to those in the clinical field for 
extending their knowledge of the scientific background to much of 
the current work. 

The writing did not commence with such a purpose. Since his 
first years as a research student, the author has been especially in
terested in the process of fertilization and the beginning of em
bryonic development. These interests expanded with a series of 
surgical and pharmacological interventions used to modify the 
function of the Fallopian tubes in experimental animals. By the 
early 1970s, such studies were attracting the attention of medical 
audiences and by the mid 1970s, invitations to lecture at home and 
abroad were a pleasingly frequent occurrence. On the basis of this 
activity, the author published a detailed review in the European 
Journal of Obstetrics, Gynaecology and Reproductive Biology 
(1977) entitled Function and malfunction oj the Fallopian tubes in 
relation to gametes, embryos and hormones. This was well receiv
ed, although it remains uncertain whether the text or the coloured 
photographs proved the greater attraction! An up-dated version of 
the review was written in 1980 (but not published until 1982), 
under the title of Anatomy and physiology oj the Fallopian tube. 
In part, therefore, the origins of the present volume must lie in 
these earlier attempts. The writings of others have clearly inspired 
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the author, and a much-prized possession is a copy of The Mam
malian Oviduct edited by Hafez and Blandau (1969). Other 
sources of inspiration are mentioned in Chapter I. 

A monograph is, of course, one man's view in which he can in
dulge at least some of his own prejudices. Readers will all too 
readily appreciate the limitations to this situation, but one of the 
advantages is that - even in 1987 - an author can still express 
his own thoughts in his own words rather than accepting the 
uniform vocabulary imposed by most scientific editors. Within 
this welcome freedom, the chapters have been written to stand in
dividually, although with a reasonable amount of cross-reference. 
This approach has involved some overlap of specific points or 
themes, but nowhere is this extensive. As to a policy on references, 
the intention has been to be selective rather than exhaustive; it is 
nonetheless hoped that the citations to·key works and reviews will 
provide access to the wider body of literature. 

If the present work leads to an appreciation of the subtle and 
dynamic interactions occurring locally between the embryo, the 
Fallopian tube and the neighbouring ovary, and perhaps prompts 
further experiments, then its purpose will have been well served. 
The fact of a physiological conversation between the newly-fertiliz
ed egg, the enveloping duct system, and the adjacent gonad should 
not cause surprise in well-read audiences of the 1980s. However, 
the nuances of that conversation will undoubtedly keep us enter
tained for many years to come, and indeed the precocity of the 
zygote may well take some unawares. 

Edinburgh, June 1987 R. H. F. HUNTER 
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Discovery of the Fallopian Tubes and 
Subsequent Historical Landmarks 
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Introduction 

In the context of the reproductive system, the names of Fallopius and de Graaf 
are widely known to students working in this now distinctive field of physiology. 
However, it is historians rather than physiologists who are perhaps best placed to 
appreciate the remarkable good fortune of Fallopius (Gabriele Fallopio 
1523 -1562) in the sphere of medical discovery. Almost a contemporary of An
dreas Vesalius at Padua, he was at first a pupil of this distinguished anatomist and 
yet it was to be the name of Fallopius - and not that of his master - which 
would lend itself to quite specialised portions of the female genital tract. How did 
this situation arise? The history of earlier endeavours appears in part to be one 
of misinterpretation coupled with a too-willing acceptance of the dogma handed 
down the ages. Instead of reviewing this saga in detail, a task which itself could 
lead to the writing of a weighty volume, only a few highlights and personalities 
are touched upon in the following pages. The objective has been to pave the way 
for the more substantial contents of subsequent chapters. 

Ancient Interpretations 

The story commences in antiquity, possibly with brief mention of the tubes in 
Hindu medical writings some 1000 - 800 B. C. However, it was the foundations 
laid by investigations in ancient Greece and Egypt that were to remain prominent 
in the scholarly world for many hundreds of years. Because the rOle of the ovaries 
in the reproductive process was far from being unravelled, attention was focussed 
largely on the anatomy of the uterus, the organ known to contain the developing 
foetus. Aristotle (384 - 322 B. C.) proposed that the embryo was generated by 



means of an intermingling of the male semen with the uterine blood or menstrual 
fluids, the latter being viewed as female semen. Although he noted structures ap
parently linking the ovaries to the uterus, Aristotle did not draw specific attention 
to the Fallopian tubes, except by remarking upon their convolutions. Herophilus, 
a widely-renowned 3rd century B. C. anatomist of Alexandria, also described the 
paired ducts in his major treatise on midwifery, but presumed that the ducts 
transmitted semen - female semen - from the ovaries to the urinary bladder. 
Soranus of Ephesus (circa A. D. 100), a Greek physician who practised medicine 
in Rome and was a reputedly prolific writer, perpetuated this interpretation in his 
classic work on gynaecology, with the added misunderstanding that "the female 
seed seems not to be drawn upon in generation, since it is excreted externally" 
(Temkin 1956). 

Despite the gradual decline of the scientific centre in Egypt, Galen (A. D. 
130-200), a Greek physician and biologist who similarly progressed to Rome, 
crossed the Mediterranean to study at Alexandria from A. D. 152 - 157. As might 
be supposed, he was there much influenced by the traditions of the great medical 
school and the writings of Herophilus. Even so, he was not constrained by prevail
ing views and correctly described the paired ducts as leading to the uterus and not 
to the bladder. In fact, based on observations in domestic animals with a bicor
nuate uterus, he described the ducts as terminating in the tips of the uterine horns. 
His mistake was to consider these ducts as the female counterpart of the male 
seminal ducts, carrying "female semen" filtered by the ovaries from the blood
stream down into the uterus. 

What may have been thought during the Dark Ages (and strictly-speaking also 
the Middle Ages) is scarcely relevant here, save to remark that scientific interpreta
tions of the reproductive organs did not take any steps forward. The doctrines of 
Galen remained prominent for almost fourteen centuries after his death - a 
mark of his stature in medical history and the extensive influence of his writing. 
The wonderful drawings of Leonardo da Vinci (1452-1519) took shape towards 
the end of this period but, despite depicting the uterus and adjoining structures, 
they neither dwelt on the nature of the duct system nor were they published 
systematically for the benefit of the scientific world until the late nineteenth cen
tury. 

Sixteenth and Seventeenth Century Views 

In 1543, Andreas Vesalius published his masterpiece entitled De Humani Cor
poris Fabrica (the seven volumes usually being known as the Fabrica), with its ex
tensive account of the anatomy of the generative organs. Whilst there is little 
doubt that he carefully noted the disposition of the Fallopian tubes and indeed 
depicted them in Book V of the Fabrica (Fig. 1.1), Vesalius failed to clarify their 
specific function. Instead, he considered their relationship with the ovaries was 
analogous to that of the male ducts with the testes, and therefore that they were 
"semen-conveying" vessels; in effect, he was echoing the views of Galen, and il
lustrated the ducts as coiled round the "female testes". Of course, the uterus was 
still regarded as the origin of the embryo: no notion was yet abroad for the ex-
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Fig. I.1. No essay dealing with the female reproductive system can overlook this wonderful il
lustration from Vesalius (1543), which appeals on aesthetic, anatomical and historical grounds. 
(Courtesy of Glasgow University Library) 
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istence of male and female gametes - let alone for the ovary as a source of the 
oocyte - so it is difficult to be unduly critical of Vesalius. Whether Fallopius ge
nuinely brought a more talented mind to bear on the problems of generation 
would seem questionable, but his observation that the duct was a trumpet-shaped 
tube, open to the abdomen and leading into the lumen of the uterus was un
doubtedly a step forward. In his Observationes anatomicae (1561), Fallopius 
wrote the definitive description and thereby lent his name: 

This seminal duct (meatus seminarius) originates from the cornua uteri; it is thin, very narrow, 
of white colour and looks like a nerve. After a short distance it begins to broaden and to coil 
like a tendril (capreolus), winding in folds almost up to the end. There, having become very 
broad, it shows an extremitas of nature of skin and colour of flesh, the utmost end being very 
ragged and crushed, like the fringe of worn out clothes. Further, it has a great hole which is 
held closed by the fimbriae which lap over each other. However, if they spread out and dilate, 
they create a kind of opening which looks like the flaring bell of a brazen tube. Because the 
course of the seminal duct, from its origin up to its end, resembles the shape of this classical 
instrument - anyhow, whether the curves are existing or not - I named it tuba uteri. These 
uterine tubes are alike not only in men, but also in the cadavers of sheeps and cows, and all 
the other animals which I dissected. (Herrlinger and Feiner 1964). 

Notable observations and hypotheses in the succeeding century can be sum
marised briefly; more detailed comment is to be found in the excellent review by 
Bodemer (1969). Also in Padua, a pupil of Fallopius called Fabricius (1537 -1619) 
interpreted the tube or duct as an organ of secretion, having rendered a reasonably 
accurate account of its function in the formation of chicken eggs. Although Harvey 
(1578-1657), a sometime student of Fabricius, failed to make a major statement 
on the Fallopian tubes, he did conclude that the existence of "female semen" was 
a myth; this stemmed from his examination of the uterus in various mammals after 
mating, and especially his studies of deer, in which no trace of conception was 
found for a protracted interval. Nonetheless, Harvey (1651), was inspired to pro
pose that "All living things come from eggs" (Fig. 1.2). 

Van Horne (1668) thought that the Fallopian tubes might function to transmit 
vesicles (Le. follicles, but he called them eggs) to the uterus, and de Graaf (1672), 
initially working with avian ovaries (Fig. 1.3), identified the tertiary follicles that 
were later to take his name in mammalian ovaries. He maintained that the eggs 
originated here, but the transport function of the Fallopian tubes was not yet 
generally appreciated: Harvey's notion of conception - of an ovum formed in 
utero - still prevailed. By 1672, however, de Graaf had traced the would-be 
passage of eggs through the tubes to the uterus, believing that the follicles were 
eggs al}d noting their disappearance after copulation in the rabbit (an induced 
ovulator) followed by the appearance of blastocysts in the uterus a few days later. 
But, as he himself realized, the problem of the diameter of follicles vis a vis that 
of the Fallopian tubes could not be reconciled with passage of eggs, unless it was 
in fact the contents of the follicles that entered the tubes. 

Eighteenth and Nineteenth Century Advances 

With improving models of microscope becoming available, de Graaf's observa
tions were eventually endorsed by William Cruickshank (1797), who isolated and 
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Gtihelnws Harveus 
d.e 

Generatione ..Animalium. 
Fig. 1.2. The frontispiece of William Harvey's (1651) book, showing Zeus liberating living be
ings from an egg. The caption indicates that 'All living things come from eggs'. (Courtesy of 
Edinburgh University Library) 
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identified rabbit eggs from the tube; the mucin layer that develops around the eggs 
of this species undoubtedly aided his task. By 1827, von Baer had discovered the 
origin of the mammalian egg, and had attempted to remove the confusion existing 
between eggs and follicles. This was achieved by dissecting open Graafian follicles 
and examining the liberated contents within their cumulus masses. Only after the 
realization that the sperm enters the egg at fertilization (Barry 1843; Bischoff 
1854), and then the examination of these events in a systematic manner (Van 
Beneden 1875), did correspondingly more detailed information become available 
concerning the Fallopian tubes - this was not least because histological sections 
of the tubes were used in many of the classical studies of fertilization and early 
embryonic development (e.g. Sobotta 1895; Lams 1913). 

Physiological observations had tentatively taken to the stage, with Blundell 
(1819) referring to the muscular movements of the tube and uterus. Bischoff 
(1842) suggested that contractions of the tube and its mesenteries, together with 
ciliary activity, were necessary for the eggs to pass to the uterus, and Thiry (1862) 
proposed that ciliary activity was responsible for the movement of eggs from the 
ovaries actually into the tubes. Experiments bearing on the rate of passage of eggs 
along the tubes were performed by Pinner (1880), who noted that particulate mat
ter - such as an India ink suspension introduced to the tubes at the ovarian end 
- could be transported to the vagina within hours. 

TWentieth Century Studies: Experimental Trends 

Table 1.1 presents some landmarks in the study of Fallopian tube function from 
1925 onwards, and illustrates in the left-hand column the range of the experimen
tal approaches. 

Not listed, however, are the many distinguished works on the Fallopian tubes 
and embryos emanating largely from the Johns Hopkins Medical School and the 
Carnegie Institution of Washington in the first 30 years of this century, such as 
those of Andersen (1927 a, b, 1928), Corner (1921, 1923), Heuser (1927), Heuser 
and Streeter (1929), Seckinger (1923), Seckinger and Snyder (1926), Snyder (1923, 
1924), and Wislocki and Guttmacher (1924). Although much of this research ac
tivity concerned human material, studies on genital tracts of the domestic pig also 
featured prominently. Many of the publications were largely of an anatomical 
nature, but physiological aspects of tubal function were reported in 1923 after us
ing the kymographic technique to record the contractile activity of strips of tube 
and/or uterus obtained at different stages of the oestrous cycle or pregnancy 
(Seckinger 1923). 

The subsequent landmarks summarized in Table 1.1 include direct observa
tions of tubal contractility in vivo, measurement of rates of egg transport under 
different endocrine conditions and, more recently, the application of biochemical 
and pharmacological techniques to the study of tubal function. The advent of 

.. 
Fig. 13. The ovary and duct system of a chicken as portrayed by de Graaf (1672). The ovarian 
follicles are much larger than the corresponding mammalian structures, for they become 
distended with yolk. (Courtesy of Edinburgh University Library) 
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Table 1.1. Some landmarks in the study of Fallopian tube function from 1925 onwards. 
(Adapted from Hunter 1977) 

Nature of study 

Muscular contractions of tube 
observed via abdominal window 
technique 

Egg transport observed by 
a) dissection technique, 
b) vital staining of cumulus 

mass, or 
c) use of artificial eggs 

Biochemical composition of 
tubal fluids collected by can
nulation 

Pharmacology and neuro
pharmacology of tubal isthmus 

Electron microscopy of cilia 
and secretory cells 

Scanning electron microscopy 
of tubal epithelium 

Involvement of prostaglandins 
in tubal function 

Extensive clinical and surgical 
work 

Luminal fluid analysis in situ 

Microsurgical studies 

Biochemical potential of tube 
perfused in vitro 

Early pregnancy factors 

Species 

Rabbit 

Rabbit 
Rabbit 

Sheep 

Rabbit 
Sheep 
Monkey 

Rabbit 
Sheep 
Human 

Mouse 
Monkey 

Rabbit 
Cow, pig, goat 
Human 

Rabbit, sheep 
Rabbit 
Human 

Human 

Mouse 
Human 
Rabbit 
Human 
Human 

Rabbit 

Mouse 
Sheep, cow 
Mouse 
Human 

Reference 

Westman (1926) 

Greenwald (1961) 
Harper 1961) 

Wintenberger-Torres (1961) 

Hamner and Williams (1965) 
Perkins et al. (1965) 
Mastroianni et al. (1961) 

Brundin (1964) 
Holst et al. (1970) 
Sjoberg (1967) 

Nilsson and Reinius (1969) 
Brenner (1969a, b) 

Rumery and Eddy (1974) 
Stalheim et al. (1975) 
Patek (1974) 

Horton et al. (1965) 
Spilman and Harper (1973) 
Coutinho and Maia (1971) 

Estes and Heitmeyer (1934) 
Rubin (1947) 
Palmer (1960) 

Roblero et al. (1976) 
Borland et al. (1980) 
Pauerstein (1978) 
Winston (1980) 
Gomel (1980) 

Leese (1983) 
Leese and Gray (1985) 

Morton et al. (1976) 
Nancarrow et al. (1981) 
O'Neill (1985) 
O'Neill et al. (1985) 

scanning electron microscopy has stimulated further interest in functional anato
my, and has aided interpretation of the interrelationship between gametes, zygotes 
and the tubal epithelium. Throughout these various phases of interest, there have 
been extensive clinical and surgical studies of human Fallopian tubes, embracing 
such topics as Rubin's (1920) transuterine insufflation test for tubal patency, the 
development of a technique for transplanting ovarian tissue into the uterus (Estes 
1924), and numerous attempts at tubal resection and anastomosis (Green-Army-
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tage 1959; Palmer 1960). Microsurgery has been in vogue in some quarters for the 
last 10 years or so, but there remain voices critical of these developments (Chap. 
VIII). In any event, advances in the techniques for in vitro fertilization of the 
human egg and transplantation of the embryo have helped to by-pass the problem 
of obstructed Fallopian tubes (Chap. IX), and removed the need for abdominal 
surgery. 

Much of the experimental work in laboratory and domestic animals was 
reviewed in The Mammalian Oviduct edited by Hafez and Blandau (1969) and in 
The Oviduct and its Functions edited by Johnson and Foley (1974); an 
authoritative survey of human studies has also been published (Woodruff and 
Pauerstein 1969). Other treatments dealing with the function of the Fallopian 
tubes include those of Thibault (1972), Pauerstein (1975), and a valuable coverage 
in the Handbook of Physiology (Oreep 1973). The WHO symposium volume en
titled Ovum Transport and Fertility Regulation (Harper et al. 1976) also 
assembles a wealth of relevant information on laboratory animals and primates. 
The reviews of Hunter (1977, 1982) have already been mentioned in the Preface. 
More specialised treatments are referred to in the individual chapters that follow. 
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Development of the Fallopian Thbes and 
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Introduction 

In many mammalian species, the regions of the Fallopian tube designated fim
briated infundibulum, ampulla and isthmus (Fig. 11.1) present characteristic 
histological features that underlie differing physiological functions, but in the 
transitional regions of the ampullary-isthmic and utero-tubal junctions, the situa
tion may be more complex. For example, in species such as pigs and rabbits, the 
ampullary-isthmic junction is easily recognized, but a specific junctional region 
is seldom seen clearly in primates (Fig. 11.2), although in women it may be distin
guished by palpation (Pauerstein and Eddy 1979). A further example is that the 
caudal extremity of the tube in primates is represented by a substantial intramural 
portion, whereas in a number of laboratory species, the tube enters the uterus 
through its mesenteric wall (Fig. 11.2), and its opening is protected by a sphincter, 
villi or mucosal folds. Variation in the anatomy and physiology of the utero-tubal 
junction has been reviewed by Hafez (1973 a) and Nilsson and Reinius (1969), and 
treated more extensively in a number of classical papers (Kelly 1927; Andersen 
1928; Lee 1928). Another morphological distinction is the presence of an ovarian 
bursa in species such as rats and mice, in which the infundibulum is developed 
as a sac that more or less completely encloses the gonad (Alden 1942; Wimsatt 
and Waldo 1945). In other species such as cows, sheep, pigs and rabbits, the prox
imal end of the tube opens to the peritoneal cavity. Detailed reviews of the mor
phology of the Fallopian tube are available (see Hafez and Blandau 1969; Hafez 
1973 b). 

The dimensions of the tube vary enormously between species: rather than 
presenting a list, examples will be taken from primates and domestic farm 
animals. In women, the extra-uterine portion of the tube measures approximately 
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Fig. ll.l. Diagrammatic representation of the Fallopian tube to indicate the regions designated 
infundibulum, ampulla and isthmus, and the relative positions of the ampullary-isthmic and 
utero-tubal junctions 

Fig. 11.2. The differing morphology of the Fallopian tubes in two rodents, an ungulate and man. 
(Adapted in part from Nilsson and Reinius 1969) 

11 cm with the range commonly extending from 8 - 15 cm (Pauerstein and Eddy 
1979); the intra-mural portion is 1.5 - 2.0 cm in length, or somewhat less if distin
guished histologically (Lisa, Gioia and Rubin 1954). In horses, the tubes may 
commonly be 20-30 cm in length whilst in pigs, figures of 26-28 cm have been 
recorded, with the isthmus comprising approximately one third of the overall 
length of the tube (Hunter 1984). The Fallopian tubes of cows and sheep generally 
measure 20-25 cm and 14-16 cm, respectively, but there is considerable varia
tioh between animals for all these figures; this is influenced, not least, by the age 
of the animal and the stage of the ovarian cycle (Anopolsky 1928). The dimen
sions of the tract may continue to increase long after the age of puberty, although 
they are usually concealed by the convolutions of the duct in situ within its sup
porting mesentery, the mesosalpinx. 
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In terms of the microscopic structure of the Fallopian tube, it is the possibility 
of interactions between the gametes or embryos and tubal epithelium that 
presents the most exciting prospects, so rather more attention will be devoted to 
these aspects in the pages that follow; in particular, the distribution of cilia and 
secretory cells will be highlighted. However, brief reference first needs to be made 
to the embryonic origin of the tubes, their vascular and lymphatic systems, and 
then to the musculature and its innervation. These have been most recently 
reviewed by Rousseau, Levasseur and Thibault (1987). 

Embryonic Derivation of the Fallopian TUbe 

The primitive embryonic structures from which the Fallopian tubes develop are 
illustrated in Fig. 11.3. As is widely known, a female genital tract arises from the 
Mullerian duct system due principally to elaboration of the paramesonephric 
ducts. A male tract, by contrast, arises from the Wolffian duct system, with devel
opment of the mesonephric ducts. In early prenatal life, there is the potential to 
develop either a male or a female reproductive tract, since the very young embryo 
possesses both sets of primitive genital tracts. 

In normal circumstances, only one set of ducts develops and the other 
becomes vestigial, although this may not be so in the case of chromosome 
anomalies or endocrine disturbance (Fig. 11.4). The presence or absence of a Y
chromosome in mammals dictates which of the duct systems will develop. Genetic 
maleness promotes stabilization and development of the Wolffian ducts due to 
the influence of androgens from the embryonic testes. In this situation, regression 
of the Mullerian ducts is due to the influence of a Sertoli-cell protein secretion, 
the anti-Mullerian hormone (Josso et al. 1979; Vigier et al. 1984). In the absence 
of embryonic testes and male sex hormone, the Mullerian ducts are permitted to 
develop and the Wolffian ducts become vestigial. It is therefore primarily the 
absence of androgens and anti-Mullerian hormone that underlies development of 
the female ducts. These morphogenetic changes proceed according to an accurate
ly-defined schedule of embryonic development (Burns 1961). 

It is perhaps worth stressing at this point that, despite much detailed informa
tion, the precise manner whereby the presence of a Y-chromosome induces forma
tion of a testis is still not clearly understood. The role of a putative H-Y antigen 
has been much debated (Wachtel 1983; McLaren et al. 1984), but has not found 
universal acceptance. Moreover, our own observations on XX intersex animals in 
which there is unilateral development of an ovotestis or a testis-like structure 
preclude systemic effects of anomalous titres of an H-Y antigen or, indeed, any 
simple involvement of a translocated portion of the Y-chromosome (Hunter, 
Cook and Baker 1985). 

Elaboration of a functional Fallopian tube from the proximal portion of the 
Mullerian duct is, of course, a complex dynamic process. Details of the formation 
of individual tissues and cell types can be sought in the reviews of Price, Zaaijer 
and Ortiz (1969), Woodruff and Pauerstein (1969) and Hafez (1973b). 
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Fig. II.3. The gonads and genital ducts of the early human embryo. Note the initial presence 
of both Wolffian and Miillerian duct systems; and then elaboration of the Fallopian tubes from 
the proximal portion of the Miillerian ducts. (Adapted from Hunter 1930) 



Fig. II.4. Anomalous development of the duct systems in XX intersex pigs. The gonad has dif
ferentiated as an ovotestis, with a relatively small portion of ovarian tissue, and the Fallopian 
tube is poorly developed, especially in the ampullary region. The Wolffian duct, by contrast, 
has proliferated into a prominent epididymis-like structure. (Adapted from Hunter et al. 1982, 
1985) 



Vascular Anatomy of the Thbe 

In a majority of species, the vascular support of the Fallopian tubes is derived 
from both the uterine and ovarian arteries, which together furnish distinct arcades 
of vessels along the length of the tube (Fig. 11.5). The relative contribution of the 
individual arterial supplies depends on the physiological situation, especially the 
stage of the oestrous or menstrual cycle, or the different stages of pregnancy. As 
judged from our own observations on the reproductive tracts of pigs, sheep and 
cows made during mid-ventral laparotomy, the capillary bed and larger blood 
vessels of the fimbria and ampulla become highly engorged close to the time of 
ovulation (Fig. 11.6). This condition wanes only as the corpora lutea become 
established. The striking cyclical increase in the prominence of the vasculature ap
pears to be promoted largely by ovarian oestrogens, and to be associated in part 
with an enhanced secretory or transudative function of the tube (see Chap. III). 
Specific correlations between the rate of blood flow to the tube and the accumula
tion of fluid in its lumen have yet to be presented. 

A brief summary of variation between species in the arterial supply has been 
given by Edwards (1980), and details of the blood vessels in farm animals have 
been beautifully illustrated using latex-cast preparations of the tract and 
mesenteries for sheep, pigs and horses (Del Campo and Ginther 1973). In the 
guinea-pig, the ovarian artery supplies the Fallopian tube and upper portions of 
the uterus. By contrast, the ovarian artery is relatively small in rhesus monkeys, 
most of the blood supply to the reproductive tract and gonad stemming from the 
uterine artery, except apparently in late pregnancy (Wehrenberg et al. 1977). In 
women, the ovarian and uterine arteries may yield either two or three arterial 
branches to the tube (Woodruff and Pauerstein 1969; Pauerstein and Eddy 1979). 
Specific details of the vascular anatomy are given in these last reports, together 
with a diagrammatic representation of the arterial supply. As would be expected, 
the intra-mural portion of the tube is dependent upon branches from the uterine 
artery. 

Fig. //.5. The vasculature of the human Fallopian tube to illustrate the contribution of ovarian 
and uterine arteries, and the disposition of arterioles from the bordering arcade. [Reconstructed 
from several sources, but principally from Koritke, Gillet and Pietri (1967) and Pauerstein 
(1974)] 
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Fig. Il.6. The ovaries and Fallopian tube of a domestic pig exposed at mid-ventral laparotomy 
to reveal pre-ovulatory Graafian follicles, some 9-10 mm in diameter, and the highly engorged 
folds of the fimbriated infundibulum. Note also the prominent vasculature of the convoluted 
ampulla in the lower part of the plate. (Adapted from Hunter 1977) 



Rather more detail on the vessels associated with the human tube has been 
given by Gillet et al. (1967) and by Esperan<;:a Pina (1981), who note six or seven 
arterioles supplying the ampulla. The arterioles from the tubal arcade run 
through the serous and subserous coats, the diameter and degree of coiling (i. e. 
spiralization) of arterioles within the mucosa increasing progressively to reach a 
maximum during menstruation. The calibre of the capillaries and venules 
undergoes similar changes, but diminishes during menstruation. In pregnancy, the 
arterioles become more tightly coiled, whilst the overall size of arterioles, capil
laries and venules increases. This microvasculature is extensively portrayed in the 
studies of Gillet and Pietri (1967) and Gillet and Koritke (1970). 

In general, the course of the venous return closely follows that of the arterial 
vessels, with interconnecting capillary networks being noted at various levels in 
the tubal tissues - beneath the serosa, in the muscle layers, and in the mucosa. 
In women, these three venous plexuses become confluent in the subserous connec
tive tissue, where the extrinsic drainage of the tube originates (see Lippes 1975). 
The serosal capillary network is dense in the isthmus and becomes sparse in the 
ampulla (Woodruff and Pauerstein 1969; Pauerstein and Eddy 1979), but this 
situation would doubtless also be influenced by ovarian endocrine status. 

The relationship between arteries and veins in the proximity of the tube and 
gonad needs to be considered in the context of local counter-current transfer 
systems. Such a means of transferring hormones from the utero-ovarian vein to 
the ovarian artery is well known (McCracken, Baird and Goding 1971; Del Cam
po and Ginther 1973; Goding 1974; Einer-Jensen 1976), and especially concerns 
prostaglandin F2a (PGF2a) produced in the uterine wall. But a similar means of 
shunting information from the vasculature of the Fallopian tube to that of the 
ovary is also worth examining. In terms of prompting ovarian responses to the 
presence of an embryo in the lumen of the tube, and especially in the light of ac
cumulating evidence for early pregnancy factors (see Chap. VI), a transfer from 
venous blood draining the tube to the ovarian artery might act in concert with 
a lymphatic route. 

The Lymphatic System 

Quite apart from its obvious rOle in transporting fluid, the lymphatic system has 
attracted interest because of its potential as a means of transmitting endocrine in
formation between neighbouring tissues or organs. Detailed studies of the lym
phatic vessels in domestic animals were presented some 60 years ago (Andersen 
1927), but the more recent interest (e. g. Staples, Fleet and Heap 1982) has been 
associated in part with examining ad-ovarian passage of uterine luteolytic factors 
such as PGF2a , for which the vascular counter-current transfer is quantitative
ly inefficient (as low as 1-2070; McCracken 1971; McCracken et al. 1971; 
McCracken 1984). 

Concerning the Fallopian tubes, a network of lymphatic vessels drains the 
mucosa, muscularis and serosa (Fig. II.7), and then combines to course in the 
mesosalpinx and mesometrium to the para-aortic or lumbar nodes; thus the lym
phatic vessels of the tube follow the ovarian and uterine lymphatic drainage. 
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Andersen (1927) was perhaps the first to suggest a cyclical variation in the activity 
of the lymphatic system, with the vessels adjoining the Fallopian tube appearing 
largest in the follicular phase, whilst those of the utero-tubal junction and prox
imal part of the uterine horn were most developed during the luteal phase (see 
also Morris and Sass 1966). But apart from any cyclical distinctions, Fig. II.7, 
representing the lymphatic system of the pig Fallopian tube, shows a more exten
sive network of vessels bordering the isthmus than ampulla. Since by far the 
greater part of the tubal residence of the embryo is within the isthmus, this lym
phatic architecture could well be involved in a messenger system for transmission 
of embryonic information to the ovary (see above). Even so, the study of Staples 
et al. (1982) in sheep failed to produce evidence for a retrograde lymph flow be
tween the uterus and ovaries, and the detailed report of Morris and Sass (1966) 
noted that lymphatics draining the sheep ovary were joined by lymphatics from 
the proximal half of the Fallopian tube. These observations do not, however, 
preclude counter-current transfer m~chanisms for embryonic programming of 
ovarian events, possibly involving the ovarian artery. 

A concise discussion of the lymphatic vessels associated with the human Fallo
pian tube is presented by Woodruff and Pauerstein (1969), and there is brief com
ment also in the books of Pauerstein (1974) and Edwards (1980). In the more 
detailed monograph of Reiffenstuhl (1964), there is specific reference to two or 
three lymphatic vessels emerging from the tubal wall, combining, and then cours
ing along the upper edge of the broad ligament to reach the lymphatic vessel net
work below the ovarian hilus. On the basis of his own dissections, Reiffenstuhl 
notes a very delicate subserous net, visible along the entire length of the tube, as 
well as the vessels emerging from the myosalpinx. The subserous vessels of the 
isthmus are connected with those of the uterine fundus and, within the 
subovarian plexus, the tubal lymph vessels anastomose with those of the ovary. 

Musculature and Innervation 

The general macroscopic nature of the musculature of the tube is depicted in 
transverse section in Fig. II.7, taken from Andersen's (1927) study of the domestic 
pig. Internal to the well-vascularized serosa are an outer layer of longitudinal 
muscle and an inner layer of circular muscle; for important functional reasons, 
the isthmus invariably has the more powerful potential, usually associated with 
the well-developed layer of circular muscle. Thus, the myosalpinx increases in 
thickness from the infundibulum to the utero-tubal junction. Arrangement of the 
muscular layers varies according to species, for the guinea-pig has an outer cir
cular and an inner longitudinal layer, whilst a circular layer of muscle is disposed 
between outer and inner longitudinal layers of the human tube (Nilsson and 
Reinius 1969), at least in the distal portion forming the intra-mural segment; how
ever, the inner longitudinal muscle disappears as a defined layer a few centimetres 
along the isthmus. These structural variations suggest functional differences be
tween species in the nature of tubal contractions. In women, moreover, the 
musculature of the inner layer of the uterine wall at the utero-tubal junction is 
formed from four bundles with interlacing spiral fibres (Fig. II.8), enabling part 
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Fig. lL 7. The gross morphology of the Fallopian tube of the domestic pig, with transverse sec
tions through the ampulla (2), the isthmus (3) and the utero-tubal junction (4). The distribution 
of the muscular layers and lymph vessels of the mucosa is especially well illustrated (Andersen 
1927) 
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Fig. lI.8. The intra-mural region of the human Fallopian tube to illustrate the complex arrange
ment of the smooth muscle layers that permits the formation of a physiological sphincter. 
(Adapted from Vasen 1959) 

of the intra-mural portion of the tube to be strongly constricted (Vasen 1959; 
Rocker 1964). This specialization may be involved in regulating sperm transport 
and storage in this region of the tract (see Chaps. IV and V), and also in preven
ting reflux passage of menstrual or post-partum fluids. 

Histochemical studies of the neuro-anatomy of the tube show innervation by 
a network of sympathetic fibres stemming primarily from the ovarian and/or 
hypogastric plexus. Although adrenergic fibres can be identified in longitudinal 
muscle, a significant feature of this nerve supply is that the circular muscle layers 
of the isthmus are very richly innervated, with high densities of adrenergic nerve 
terminals demonstrable in this muscular tissue by appropriate fluorescence tech
niques (Brundin 1965; Owman and Sjoberg 1966; Owman, Rosengren and 
Sjoberg 1967). At the ampullary-isthmic junction, there is a marked increase in 
the frequency of these nerve endings. This stands in contrast to the innervation 
of the ampulla and infundibulum, which is poor, and where adrenergic endings 
are usually restricted to the walls of the blood vessels. 

Chemical studies have confirmed the fact that there is a significantly higher 
content of noradrenaline in the isthmus than in the ampulla (Brundin 1964, 1969; 
Sjoberg 1967; H0lst, Cox and Braden 1970). The dense adrenergic innervation 
permits the isthmus to act as a physiological sphincter which may be important 
for regulating the transport of gametes and embryos (see Chaps. IV, V and VII). 
It should be emphasized, however, that there is no histological evidence for a true 
anatomical sphincter in this region of the tube (Lisa et al. 1954). 

In rabbits, the hypogastric nerve bundles convey to the tube all the fibres 
originating from the sympathetic division of the autonomic nervous system. Turn
ing to innervation of the human Fallopian tube, this has been concisely reviewed 

22 



by Brundin (1969), Pauerstein (1974) and Pauerstein and Eddy (1979), with notes 
on both the sympathetic and parasympathetic systems (Fig. 11.9). Post-ganglionic 
fibres pass from the inferior mesenteric ganglion to the tube via the hypogastric 
plexus. The isthmus and part of the ampulla are innervated by adrenergic fibres 
from the hypogastric plexus, whilst the proximal ampulla and fimbria receive 
fibres from the ovarian plexus. Most fibres of the hypogastric trunk are non
myelinated, indicating that they are post-ganglionic (Brundin 1969), but there is 
also experimental animal evidence for some pre-ganglionic fibres within the 
hypogastric nerve (Pauerstein 1974). Post-ganglionic fibres to the upper portions 
of the ampulla and fimbria stem from ganglia such as the aortic and renal. 

Afferent tubal nerves carry pain sensation, and sensory nerves from the fim
bria and ampulla may travel to the spinal cord via the ovarian plexus and splan
chnic nerve, accompanying the sympathetic nerves. 

The parasympathetic supply is also split, in the sense that the proximal por
tion of the tube is supplied by vagal fibres from the ovarian plexus, whereas the 
intra-mural portion receives post-ganglionic fibres from the pelvic plexus. But 
there is some debate as to the extent of cholinergic innervation of the myosalpinx, 
the consensus being that it is minimal, although the mucosa may receive choliner
gic fibres. The debate has been eloquently summarized by Rousseau et al. (1987), 
who also offer a perspective on the role of vasoactive intestinal polypeptide nerves 
- peptidergic nerves - in the human reproductive tract. 

c.P. . Coelioc Plexus 
I.M.P.·lnferior Mesenteric Plexus 
CVP.·Cervico.voginol Plexus 
P.P.. Pelvic Plexus (porosympothetiC> 

Fig. 11.9. Diagrammatic representation of the 
autonomic innervation of the human Fallopian 
tube. The parasympathetic supply is illustrated on 
the left side of the tract, and the sympathetic 
system on the right. Pre·ganglionic fibres are por· 
trayed in white and post-ganglionic sympathetic 
fibres in solid black. (After Pauerstein 1974) 
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Mucosa: Cilia and Secretory Cells 

The contours of the lumen of the Fallopian tube reflect that longitudinal folds 
of the mucosa, which are most accentuated in the ampulla. In fact, the arrange
ment of the mucosal folds generally renders the lumen only a potential space in 
this region; it is not as though the duct is actually open in a three-dimensional 
sense. The mucosal layers are of functional interest because of an extreme sen
sitivity to the circulating levels of ovarian steroid hormones. In the late follicular 
phase of the oestrous or menstrual cycle, mucosal tissues become greatly distend
ed due to an indirect influence of oestrogens upon the prominent lymphatics (Fig. 
II.10), such oedema acting significantly to reduce the potential size of the tubal 
lumen. This is particularly so in the region of the lower isthmus and utero-tubal 
junction shortly before ovulation (Andersen 1927, 1928; Lee 1928), and notably 
in species with uterine deposition of semen such as pigs and horses; there are im
plications for the process of sperm transport and also for restricting the passage 
of uterine fluids. Although the mucosa may appear less complex in primates, it 
is conspicuously arranged into four primary folds at the cornual end of the tube 
in women (Pauerstein and Eddy 1979). 

Oedema in the more intricate mucosal folds of the ampulla may also be in
volved in regulating the transport of gametes, fostering a suitable epithelial in
teraction with the egg(s) in this larger portion of the Fallopian tube. Cyclical 
alteration in the appearance and extent of the oedema can be mimicked by the 
injection of appropriate steroid hormones. 

Turning to the ciliated cells of the tube, these are most prominent in the 
epithelial surface of the fimbriated infundibulum where they form dense arrays. 
Large numbers of cilia may also be found in the ampulla, although non-ciliated 
secretory cells are equally abundantly distributed throughout this portion of the 
tube in many species. In general, ciliated cells are less frequent in the isthmus, but 
they have been reported in significant numbers in sheep (Hadek 1955), rabbit and 
man (Nilsson and Reinius 1969; Patek 1974), pig (Gaddum-Rosse and Blandau 
1973; Wu, Carlson and First 1976) and cow (Gaddum-Rosse and Blandau 1976); 
ciliated cells are extremely scarce, however, in the isthmus of guinea-pigs and rats 
(Gaddum-Rosse and Blandau 1976). They may be present on the surface of the 
utero-tubal junction (Wu et al. 1976; Flechon and Hunter 1981; Hunter, Flechon 
and Flechon 1987), and in the intra-mural portion of the human tube (Fadel et 
al. 1976). 

Growth of the ciliated epithelium appears to be under the influence of ovarian 
hormolles (Allen 1928), and data from the rabbit, monkey and man all indicate 
that growth of these ciliated cells is promoted by oestrogens. Treatment with pro
gesterone, by contrast, antagonizes the oestrogen-driven cell growth (Brenner 
1969a). In at least one species of primate, the rhesus monkey, the infundibular 
cilia are dependent on oestrogen, disappearing during the luteal phase and 
undergoing regeneration between succeeding menstrual cycles (Brenner 1969 b). 
This differs from the situation in the ampullary epithelium in which there is no 
dramatic loss of cilia; the principal difference is thought to be one of sensitivity 
to gonadal hormones between these two regions of the tube. No significant 
degeneration and regeneration of cilial structures has been detected during the 
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Fig, 11.10. A detailed view of the region of the utero-tubal junction in a domestic pig to em
phasize the prominent lymphatic vessels that serve to dilate the polypoid processes during 
oestrus. This arrangement prevents the free passage of fluids - such as semen - from the 
lumen of the uterus into that of the Fallopian tube. (After Andersen 1927) 
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menstrual cycle of women (Hashimoto et al. 1964; Patek 1974), although decilia
tion of the tubal isthmus is well known during the last stages of pregnancy. 

The rate of beat of the cilia is largely dictated by the circulating level of 
ovarian hormones, activity being greatest at ovulation or shortly afterwards when 
the stroke of the cilia in the fimbriated portion of the tube is closely synchronized 
and direction-orientated towards the ostium (Borell, Nilsson and Westman 1957; 
Blandau 1969). This enables the egg(s) within an investment of cumulus cells to 
be stripped from the apex of collapsing follicles and rapidly propelled into the 
ampulla. In all mammals so far examined, including the rat, rabbit, cat, cow, 
sheep, monkey and human, the cilia in the ampulla beat in the direction of the 
ampullary-isthmic junction at this time (Blandau and Verdugo 1976), suggesting 
a functional rOle in the process of egg transport to the site of fertilization. How
ever, any overriding contribution of cilial activity to egg transport in the tubes has 
been questioned since, in women suffering from the immotile cilia syndrome, 
pregnancies have occasionally been reported (see Chaps. IV and X). 

Secretory cells are well distributed throughout the ampulla of the Fallopian 
tubes in higher mammals. However, there seems to be some controversy as to the 
extent to which such cells are also found in the isthmus (see Whittingham 1968; 
Nilsson and Reinius 1969). Studies with the scanning electron microscope indicate 
that secretory cells are present, at least in the isthmus of domestic ungulates (WU 
et al. 1976; Flechon and Hunter 1981; Hunter et al. 1987) and primates (Patek 
1974), especially on the ridges of the longitudinal folds. It is within the isthmus, 
moreover, that the developing rabbit embryo becomes invested with a substantial 
layer of mucin which clearly originates from the tubal epithelium (see Greenwald 
1958), and the presence of tenacious mucus in the human isthmus has received 
considerable emphasis (Patek 1974; Jansen 1980). In fact, Pauerstein and Eddy 
(1979) have remarked that secretory function is more prominent in the human 
isthmus than ampulla. 

The cytology of the secretory cells changes throughout the oestrous or 
menstrual cycle, epithelial height and secretory activity reaching a maximum close 
to the time of ovulation (see Reinius 1970; Patek 1974; Chap. III). During the 
follicular phase in women, these cells have well-developed and evenly-distributed 
microvilli (patek 1974). Secretory material accumulated in epithelial cells during 
the follicular phase of the cycle is evacuated into the lumen after ovulation, and 
epithelial height then decreases. These variations generally become less pronounc
ed moving from the infundibulum to the isthmus (Hafez 1973 a). Secretory 
granules are found within various non-ciliated-cells, and their occurrence may dif
fer in the same cell type during different reproductive states, since the specific 
liberation of granules is also programmed by the gonadal hormones. A question 
of increasing relevance is the extent to which the developing embryo can influence 
the secretory activity of the tubal epithelium. The physiological situation may be 
a gonadal regulation of overall epithelial activity in conjunction with a local 'fine
tuning' by embryonic signals. 
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Fallopian Tube Fluid: The Physiological Medium for 
Fertilization and Early Embryonic Development 
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Introduction 

In the absence of pathological conditions, fluid can be detected in the lumen of 
the Fallopian tube throughout the reproductive lifespan. It varies in volume and 
composition according to the stage of the ovarian cycle or pregnancy, and is most 
abundant at the time when gametes or embryos would be present in the tubes. Ac
cordingly, tubal fluid might be viewed as of critical importance in the events of 
fertilization and subsequent cleavage of the zygote, not least since there are no 
fixed morphological relationships between the embryo and the endosalpinx dur
ing its progression towards the uterus. On the other hand, studies of in vitro fer
tilization and the first stages of development using supposedly chemically-defined 
media - in conjunction with subsequent transplantation of the embryos to dem
onstrate viability - place a substantial question mark over any unique value of 
the Fallopian tube fluid, this being especially so in primates. The dilemma will 
be addressed in Chapters IX and X. 

Interest has also focussed on tubal fluids since, as will be noted, they are ex
tremely sensitive quantitatively and qualitatively to modifications in the concentra
tion of circulating gonadal steroid hormones. Disruption of fluid secretion and 
composition as a sequel to steroid treatments for synchronizing the oestrous cycles 
of farm animals may lead to significant depression of conception rates in the re
programmed cycle (Hunter 1980). In our own species, post-coital contraceptive 
therapy involving steroid hormones may frequently act through modifications of 
the tubal milieu rather than by means of a classical negative feedback action to in
hibit ovulation. Gonadal hormones are known to influence both the extent and ac
tivity of the vascular bed (i.e. rate of blood flow) and the epithelial cell layers of 
the tract; changes in the latter can be demonstrated histologically. 
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Dynamics of 1ltbal Fluid Accumulation 

The effectiveness, advantages and disadvantages of the various methods of fluid 
collection from the lumen of the Fallopian tube have been reviewed by David, Serr 
and Czernobilsky (1973), Johnson and Foley (1974), Bazer, Roberts and Sharp 
(1978) and Mastroianni and Go (1979). 

Fluid in the lumen of the Fallopian tubes is formed by (1) selective transuda
tion from the blood and (2) active secretion from the endosalpinx. It is well 
established, moreover, that the epithelial secretory cells undergo pronounced 
changes during oestrous or menstrual cycles and, as inferred above, accumulation 
of fluid in the lumen is programmed by the concentration of oestrogens and pro
gesterone circulating in the blood. The volume of fluid is greatest around the 
period of oestrus and near to or just after the time of ovulation, and minimal dur
ing the mid-luteal phase or in pregnancy (Table IIl.l). Increasing accumulation 
of tubal fluid is closely correlated with the phase of dilatation in the neighbouring 
lymphatic system (see Chap. II). Secretory pressure is also apparently greatest at 
the time of oestrus (Bishop 1956), although this may in part be a reflection of 
the oedematous condition of the mucosa together with enhanced tonicity of the 
myosalpinx. The influence of ovarian steroid hormones on secretion is clearly 
demonstrated after ovariectomy of oestrous rabbits, when tubal fluid secretion 
decreases from 1.2 ml to 0.2 m1l24 h; systemic injections of oestradiol will restore 
fluid production to oestrous volumes (Bishop 1956), highlighting the predomi
nant rOle of oestrogens in regulating fluid production. 

Comparable observations have been made in sheep (Fig. III.1). Fluid ac
cumulation in the tubal lumen is at a maximum 24 h after the onset of oestrus, 
reaching values of > 1.3 -1.4 ml124 h, but it declines to 0.05 to 0.09 m1l24 h 

Table 111.1. Examples of the range in rate of fluid secretion into the lumen of the Fallopian 
tube of various species at oestrus and during the luteal phase of the cycle (figures represent ml 
of fluid/24 h) (Hunter 1977) 

Species Reproductive state of animal 

Oestrus (or Luteal phase 
midcycle peak) (or pregnancy*) 

Rabbit 0.8 
1.4 
2.0 

Sheep 1.3 
1.0 
1.2 
0.9 

Cow 4.1 
2.0 

Rhesus monkey 2.7 
2.1 
1.9 

0.3* 

0.4 
0.3 
0.4 
0.2 
0.2 
0.7 
0.2 
0.2 
0.3 
0.7a 

Reference 

Bishop (1956) 
Clewe and Mastroianui (1960) 
Hamner and Williams (1965) 
Perkins et al. (1965) 
Restall (1966) 
Bellve and McDonald (1968, 1970) 
Roberts et al. (1976) 
Stanke et al. (1973) 
Roberts et al. (1975) 
Mastroianni et al. (1961) 
Yoshinaga et al. (1971) 
Mastroianni et al. (1973) 

a The latest sample in this study was taken on Day 17 of the menstrual cycle. 
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Fig. 1//,1. A graph of daily fluid accumulation within the lumen of the Fallopian tubes of 
mature ewes during two spontaneous oestrous cycles. Maximum volumes of fluid are found 
close to the time of ovulation (Restall 1966) 

following ovariectomy; this fall can be counteracted by systemic administration 
of oestradiol benzoate (Restall 1966; McDonald and Bellve 1969), whereas pro
gesterone alone does not restore fluid production in ovariectomized ewes. 
Seasonal influences on flow rates have been noted in sheep, with greatest volumes 
of fluid being collected early in the breeding season (Murray, Goode and Lin
nerud 1969; Sutton et. al. 1984). Figure III.2 depicts cyclical changes in the 
volume of tubal fluid collected from a mature cow, ranging from 0.2 ml!24 h in 
the luteal phase to 2 m1!24 h at oestrus (Roberts, Parker and Symonds 1975). 
Another set of values is presented in Thble III.1, in which study a maximum 
volume of 6.9 m1!24 h was recorded during oestrus (Stanke et al. 1973). The 
earlier work of Carlson, Black and Howe (1970), using small cows, reported 
oestrous fluid volumes of 1.2 - 1.7 m1!24 h. In pigs, Iritani, Sato and Nishikawa 
(1974) nave recorded accumulation rates for tubal fluid of 6.3 m1!24 h during 
oestrus falling to 2.1 m1!24 h in the luteal phase. The volume of fluid was highest 
on the second day of oestrus, which is the day of ovulation in this species. 

As to primates, the best evidence is available for rhesus monkeys (Table III.1) 
and, again, a peak of fluid production is reached close to the time of ovulation, 
this of course occurring in the middle of the menstrual cycle (Yoshinaga, 
Mahoney and Pincus 1971). Whilst Pauerstein (1974) suggests that no data exist 
on rates of secretion or on specific hormonal influences on the volume and com
position of human tubal fluid, Hamner (1973) in a major chapter offers the figure 
of 1.3 ml!24 h for fluid accumulation in women. In a shorter review, Mastroianni 
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Fig. II!.2. Cyclic variation in the rate of fluid accumulation within the Fallopian tube of a 
mature cow, indicating peak volumes around the time of ovulation (Roberts et al. 1975) 

and Go (1979) noted that the rate of human tubal fluid production increases sig
nificantly during the late proliferative phase of the menstrual cycle. Although not 
easily justifiable from an ethical standpoint, research in this area might well have 
clinical value, especially in the current era of procedures of fertilization and early 
embryonic development in vitro, as well as in connection with cryobiological 
studies. In fact, an early step in this direction was the paper by Lippes et al. (1972) 
dealing with the collection and analysis of human tubal fluid. In subsequent 
papers, Lippes (1975, 1979) and Lippes et al. (1981) reported that the largest 
volumes of fluid were obtained around the time of ovulation, coincident with the 
oestrogen peak. One patient in his series produced the exceptional volume of 
24 ml of fluid from the two tubes in a period of 24 h (Lippes 1979). This can 
scarcely be viewed as physiological, and may in part represent a response to the 
catheterisation technique. More conventional mid-cycle volumes were 3.9 m1l24 h 
(Lippes et al. 1981). 

Direction oJ; Fluid Flow 

Concerning the direction of flow, the bulk of the fluid passes from the ampulla 
into the peritoneal cavity at oestrus in species lacking an ovarian bursa; such 
retrograde flow is said to account for up to 900,10 of the fluid in rabbits, sheep and 
cows (Hamner 1973). However, by the time embryos descend through the utero
tubal junction into the uterus, much of the reduced volume of fluid is being 
transmitted in the opposite direction into the uterine lumen (Bellve and 
McDonald 1970; Fig. 111.3). One indication of the direction of flow can be obtain
ed simply by ligating the proximal end of the ampulla in oestrous animals: fluid 
accumulates in the lumen until the stage of the cycle at which embryos would nor-
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Fig. III3. Rates of Fallopian tube fluid accumulation in sheep, and the direction of flow from 
the tube during the first two cycles of the breeding season. (+is via the ampulla; 0 is via the 
isthmus) (Bellve and McDonald 1970) 

many pass into the uterus, whereupon the fluid distension is rapidly terminated 
(Woskressensky 1891; Black and Asdell 1959; Black and Davis 1962; Hamner 
1973). The directional causes of fluid flow in an undulating duct lumen may be 
complex, but a principal factor in the Fallopian tube is thought to be the phase 
of oedema in the isthmic mucosa; this is largely programmed by oestradiol and 
wanes as circulating levels of plasma progesterone increase with the post
ovulatory interval. Ciliary currents and the degree of muscular stricture in the 
isthmus and utero-tubal junction may also influence the direction of flow, and 
again are regulated by gonadal steroid hormones. 

The nature of interactions between the volume of fluid, its direction of flow, 
and movement of the gametes is uncertain; the dynamics of these relationships 
are difficult to envisage. Similarly, a specific role for the tubal fluid in promoting 
the transport of embryos from the isthmus into the uterus remains to be demon
strated. The preceding remarks are concerned with bulk flow of fluids in the 
Fallopian tubes, but it is important also to consider a micro flow system close to 
the epithelium and within the grooves or channels of the undulating surface (Fig. 
111.4). Microflow of tubal fluid may differ in direction from that of the bulk con
tents, and could be intimately involved with the movement of spermatozoa. This 
has been suspected at least since the writings of Parker (1931), but has yet to be 
convincingly demonstrated. 

Composition of Tubal Fluids 

Diverse aspects of tubal fluid composition and its cyclic changes have been report
ed. Reviews by Hamner (1973), Stone and Hamner (1975) and Menezo (1979) are 
suggested as background reading, although many valuable studies have since been 

34 



Fig. lII.4. A scanning electron micrograph of portions of the Fallopian tube isthmus prepared 
from a mature pig near to the time of ovulation. A microflow system of fluid may be found 
close to the epithelial surface within the grooves or channels between the longitudinal folds of 
tissue. (Courtesy of Dr. J. E. Flechon) 
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published. Apart from specific secretion from the epithelial tissues and selective 
transudation from the vascular bed, contributions to the tubal fluid may come 
from (1) the contents of Graafian follicles released at ovulation, (2) peritoneal 
fluid in species lacking an ovarian bursa, and (3) uterine fluid when reflux move
ment of liquid through the utero-tubal junction is possible. The proportion of 
fluid derived from each of these sources will vary according to the stage of the 
ovarian cycle. 

Protein and Amino Acid Content. The protein content of fluid from the Fallopian 
tubes has been measured in numerous experiments (see Beier 1974; Aitken 1979). 
The somewhat variable results should not cause undue surprise, since these have 
frequently been based upon different procedures of sample collection. None 
could be viewed as strictly physiological. But, as an overall statement, the concen
tration of proteins in tubal fluid is usually low when compared with that in blood. 
This would be in line with the evidence for a selective passage of macromolecules 
from the bloodstream into the tuballuinen (Glass and McClure 1965; Glass 1969). 

Restall and Wales (1966) reported values of 1.36 g protein/ 1 00 ml in sheep 
tubal fluid, compared with a mean value of 3.02 g/100 ml in the study of Perkins 
and Goode (1966). Even larger variations in the protein content of tubal fluid 
have been noted between individual cows. For example, Carlson et al. (1970) 
found protein concentrations of 0.08 and 0.16 g/ 1 00 ml in fluid collected from 
two cows, Stanke et al. (1974) reported values of 4.0-5.2 g/100 ml, and Roberts 
et al. (1975) noted a range from 0.3 - 3.2 g/ 1 00 ml. Despite this considerable range 
in protein concentration, there was no significant variation on the basis of the 
stage of the oestrous cycle - perhaps indicating that the bulk of the protein con
stituents of tubal fluid stem from a serum transudate. Such was the conclusion 
of Roberts et al. (1975) from their study in cows. 

The latter point is one of major interest - the extent to which specific 
epithelial secretion adds to and modifies the composition of a transudate from 
the blood. Gel electrophoresis analysis of proteins from human tubal fluid reveals 
patterns that are similar to those of the corresponding serum, but some unique 
proteins such as p-glycoprotein are also revealed in women (Moghissi 1970), in 
monkeys (Mastroianni, Urzua and Stambaugh 1970), and seemingly in sheep 
(Roberts, Parker and Symonds 1976). More recent work on glycoproteins in sheep 
tubal fluid has indicated a novel substance, subunit size of Mr 80-90000, that 
is present for 3 to 6 days of each oestrous cycle, coinciding with the period of a 
high rate of fluid flow and the presence of embryos in the Fallopian tube (Sutton 
et al. 1984). The protein first appeared on the day of oestrus or the following day 
(i.e. the day of ovulation) and was one of the two major proteins as determined 
by PAS staining. In a subsequent paper on sheep fluid, the subunit of the 
glycoprotein was ascribed an Mr of 70-90000, and it was noted that the protein 
had the ability to bind to spermatozoa, suggesting a role in the events of fertiliza
tion (Sutton, Nancarrow and Wallace 1986). A follicular phase, oestrogen-depen
dent protein of Mr 130000 has recently been reported in the tubal fluid of ba
boons (Fazleabas and Verhage 1986). 

The protein content of human tubal fluid has been examined in specimens col
lected via mini-laparotomy and catheterisation in patients undergoing voluntary 
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sterilization (Lippes et al. 1981). Protein concentrations were lowest shortly 
before ovulation, when fluid volumes were greatest, and highest immediately 
before and after menstruation. In a large proportion of the patients, specific pro
teins appeared in tubal fluid at the time of ovulation and receded or disappeared 
within 3 to 5 days. Electrophoresis revealed these proteins to migrate in the 
albumin and p-globulin region. No firm evidence for the P-glycoprotein of 
Moghissi (1970) was offered, but Fazleabas and Verhage (1986) presented 
preliminary evidence for a human follicular phase protein similar to the 
130000 Mr protein in baboon tubal fluid. The distribution of major proteins in 
human tubal fluid is similar to that in blood (Pauerstein 1974); a- and y-globulins 
are included, with y-globulin appearing as the principal immunoglobulin. Rele
vant quantitatively is the finding that, when rhesus monkeys were immunized with 
a model antigen, there was 10- to 40-fold less antibody in tubal fluid when com
pared with serum (Schumacher, Yang and Broer 1979). 

In rabbit tubal fluid, an oestrogen-modulated protein with the electrophoretic 
migration properties of utero globin has been described (Feigel son and Kay 1972; 
Beier 1974), and a large glycoprotein (subunit size Mr 73000) has been reported 
in fluid from oestrous rabbits which was thought to be involved in the egg coating 
process (Shapiro, Brown and Yard 1974); this may correspond to the high molecu
lar weight glycoprotein of Stone, Huckle and Oliphant (1980) detected in tubal 
fluid during pseudopregnancy or after progesterone administration to ovariec
tomized does. Non-serum proteins have been detected in cow tubal fluid close 
to the time of ovulation and during dioestrus (Roberts et al. 1975). Although 
results to date still suggest that most proteins in tubal fluid arise from a serum 
transudate, there may be a cyclical variation in the ratio between transudate 
and specifically-synthesized secretions (Mastroianni et al. 1970; Brackett and 
Mastroianni 1974). Moreover, the low concentrations of protein in tubal fluid, as 
compared with those in serum, could indicate that transudation accounts for only 
a small part of the actual fluid and that the bulk of the aqueous phase results 
from an active secretory process (Roberts et al. 1975). 

Significant for this discussion is the observation that Fallopian tubes from 
oestrous rabbits can be cultured in vitro to synthesize and secrete specific 
sulphated glycoproteins; the type and amount of secretion differ between the am
pullary and isthmic portions (Oliphant et al. 1984; Hyde and Black 1986). 

Histochemical examination of the epithelium from cow Fallopian tubes has 
revealed the presence of PAS-positive material on the surface of non-ciliated cells 
and in secre!ory granules (Bjorkman and Fredricsson 1966; Fredricsson 1969). 
Because this staining was resistant to prior treatment with diastase, glycoproteins 
or glycopeptides were thought to be responsible. However, biochemical examina
tion of tubal secretion failed to reveal the presence of appreciable amounts of 
epithelial glycoprotein, thereby suggesting only minor amounts of such secretions 
(Roberts et al. 1975). Over and above these details, it remains questionable just 
how important the protein content of tubal fluid is for the normal functioning 
of the gametes and/or embryos. Unique proteins may facilitate sperm-egg in
teractions. But, as far as embryos are concerned, Krebs cycle intermediaries seem 
to be the critical substrates for early development (see Chap. VI). Although large 
molecular weight substances may be essential to protect the plasma membrane of 
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the gametes - especially of spermatozoa - and also of the embryos. Rabbit em
bryos are well known to become invested with a mucin layer during their passage 
along the Fallopian tubes, a phenomenon which is doubtless related to the post
ovulatory release into the tubal lumen of epithelial granules staining for acid 
mucopolysaccharides (Braden 1952). Mouse embryos have also been reported to 
become invested with a large glycoprotein during early development, but it is not 
certain whether this is a specific secretory product of the endosalpinx (Kapur and 
Johnson 1985). 

Diverse enzymes can be detected histochemically in the epithelium of the Fallo
pian tube (Fredricsson 1969), but their presence and activity in the luminal fluids 
are by no means fully defined (Hamner 1973). Again, however, one might expect 
specific products of reproductive tract tissues to be regulated by gonadal steroid 
hormones and therefore to vary throughout the cycle. Enzymes that might play a 
rOle in the events of fertilization have been briefly commented upon by Aitken 
(1979) and by Mastroianni and 00 (1979). Protease inhibitors were highlighted, and 
noted in the tubal fluids of rabbits, rhesus monkeys and women. Six protease in
hibitors were identified in tubal fluid of rhesus monkeys and, whilst two of these 
were derived from serum, four were thought to stem from specific secretion. 
Alkaline phosphatase, amylase and lactate dehydrogenase have been identified in 
human tubal fluid (pauerstein 1974), although fi-amylase may be leaking from the 
epithelium (Edwards 1980). Diesterase (OPC) and lysozyme have also been noted 
in rabbit tubal fluid, and a broad spectrum of enzymes has been characterised in 
sheep fluid (Menezo 1975). In comparison with their concentrations in blood, 
many enzymes are found at lower levels in tubal fluid (Table III.2). 

Amino acids present in the blood of rabbits are all revealed in the tubal fluid. 
Whereas most are present at reduced concentrations, those of glutamic acid and 

Table III.2. A comparison of the relative activity of various enzymes in three different body 
fluids. The figures represent an arbitrary scale of values for enzyme activity extending from 
o to 3. (Adapted from Thibault 1972) 

Enzymes Activity 

Tubal fluid Blood serum Seminal plasma 

Alkaline phosphatase 2 2 2 
Acid phosphatase 1 2 1 
Esterases 

Acetate 3 3 3 
Butyrate 2 3 2 

Lipase 1 3 2 
Aminopeptidase 

Alanyl 2 2 
Leucyl 1 2 
Valine 1 0 

Galactosidase 0 0 1 
Glucosaminidase 0 0 1 
Glucuronidase 0 0 1 
Glucosidase 0 0 1 
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glycine-are apparently several times higher than in blood plasma (Thibault 1972). 
But, with respect to the oestrous cycle, serine, glutamic acid, alanine and glycine 
concentrations are all lower during oestrus and the pre-ovulatory period than dur
ing the beginning of the luteal phase in gonadotrophin-treated does (Menezo and 
Laviolette 1972). The extent to which these changes are related to the physiology 
of the gametes or embryos is uncertain, although the control of such amino acid 
concentrations in tubal fluid seems to reside in the changing patterns of secretion 
of gonadal steroid hormones. Amino acids essential for cleavage of the rabbit em
bryo in vitro have been reviewed by Thibault (1972): whilst the first cleavage can 
occur in a medium not supplemented with amino acids, the second cleavage re
quires cysteine, tryptophan, phenylalanine, lysine, arginine and valine. Subsequent 
division up to the morula stage also requires the addition of methionine, 
threonine and glutamine (Daniel and Olson 1968). Amino acids present in the 
tubal fluid of pigs and sheep have been summarized by Hamner (1973); glycine 
is the predominant amino acid in pig tubal fluid (Iritani et al. 1974) and also in 
sheep (Menezo 1975). 

In women, Moghissi (1971) has reported cyclic variation in the amino acid 
concentration: when compared with serum values, amino acids in tubal fluid were 
higher during the proliferative phase of the menstrual cycle than during the luteal 
phase. 

Electrolyte Content. Observations on the electrolyte concentration of tubal fluid 
have been made in rabbits, farm animals and primates. As might be expected, 
sodium is a major cation and chloride a major anion. Differences between blood 
plasma and tubal fluid can be demonstrated in ionic composition, especially after 
ovariectomy and/or steroid hormone therapy. The concentration of potassium in 
the tubal fluid of sheep, intact or ovariectomized, is several times higher than in 
blood, whereas calcium and magnesium are found in lower concentrations. How
ever, although lower than in blood serum, the calcium content of rabbit, rhesus 
monkey and human tubal fluid increases after ovulation (Holmdahl and 
Mastroianni 1965; Mastroianni, Urzua and Stambaugh 1973; Lippes 1979). Phos
phate and bicarbonate concentrations are below those of blood, although the 
bicarbonate level of tubal fluid is increased during oestrus or after oestrogen 
treatment of sheep (Restall and Wales 1966); this change in bicarbonate tension 
could have an important influence on respiration, capacitation and the conse
quential hyperactivation of spermatozoa (see Chap. V). The bicarbonate ion in 
rabbit tubaliluid exceeds the concentration in blood plasma and has been assign
ed responsibility for dispersing corona cells around freshly-shed oocytes (Stam
baugh, Noriega and Mastroianni 1969), and bicarbonate ion in rhesus monkey 
tubal fluids may serve a similar purpose; its concentration also increases following 
ovulation (Maas, Storey and Mastroianni 1977). 

Species differences in the electrolyte content of tubal fluid in response to 
gonadal steroid hormones have been summarized by Hamner (1973) and 
Coutinho (1974). Sheep tubal fluid concentrations of sodium, potassium and 
chloride are significantly lower at the end of oestrus than during the luteal phase 
of the cycle, whilst magnesium levels are lowest at oestrus. In the cow, by contrast, 
sodium and potassium concentrations in tubal fluid are lowest at oestrus whereas 
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calcium levels are at a peak. Although these observations are of considerable in
terest, the reader should treat them with caution due to the different methods 
employed for fluid collection. 

Human tubal fluid contains relatively high potassium and chloride concentra
tions but a low calcium concentration when compared with blood serum (Lippes 
et al. 1972; David et al. 1973; Borland et al. 1980). The sodium, magnesium and 
phosphorus concentrations in tubal fluid are similar to those in blood serum (Lip
pes et al. 1972; Borland et al. 1980), although the report of Lippes (1979) in
dicates lower values for magnesium and phosphorus in tubal fluid. Some dif
ferences in the composition of human tubal fluid before and after ovulation are 
presented in Table 111.3. The physiological significance of the high potassium and 
low calcium concentrations in the events of fertilization and/or early embryonic 
development has yet to be determined, as has the manner in which these relative 
levels are generated via the mucosa; active transport across the epithelial cells 
would certainly seem to be involved. 

Energy Substrates. A substantial range of energy substrates has been documented 
in tubal fluid. Amongst those most frequently highlighted in experimental 
animals are pyruvate, lactate, glucose and glycogen. Such compounds are thought 
to be involved in the metabolic support of the gametes and/or the pre-implanta
tion embryos (Brinster 1973; Biggers and Borland 1976). 

Fluid from the Fallopian tubes of oestrous farm animals or mid-cycle primates 
causes maximum stimulation of sperm metabolism. Several constituents, in
cluding glucose, pyruvate, lactate, and - as noted above - bicarbonate are 
responsible for such stimulation of respiration and glycolysis (Hamner 1973). The 
concentrations of glucose, pyruvate and lactate in rodent and rabbit tubal fluid 
all increase significantly after ovulation, perhaps inferring a critical role in devel
opment of the embryos (Holmdahl and Mastroianni 1965). Mean pyruvate con
centrations increase from oestrous values of 16.1IJ.g/ml to 22.1IJ.g/ml after ovula
tion. Changes in lactate concentrations in rabbit tubal fluid are even more strik
ing, and in vitro culture studies demonstrate lactate to be a principal energy 
source for developing zygotes. During progesterone therapy to mimic the luteal 
phase, the rabbit ampulla produces significantly more lactate than the isthmus 
(Hamner 1973). Concerning sources of pyruvate in tubal fluid, it should be borne 
in mind that granulosa cells from the mature follicle(s) will have entered the am
pulla at ovulation and may have elaborated pyruvate from glucose (Biggers, Whit
tingham and Donahue 1967; Donahue and Stern 1968). 

In fluid from cows with indwelling tubal cannulae, Carlson et al. (1970) ob
served a cyclic variation in glucose concentration in one animal, with highest 
values on the fIrst day after oestrus. Pyruvate, lactate and glucose are also found 
in the tubal fluid of rhesus monkeys and women. The glucose level of human 
tub~ fluid is about one third to one half that of serum (Lippes et al. 1972). As 
to an involvement of glycogen, granules of this energy substrate are released into 
the lumen of the mouse isthmus after ovulation, and 2-cell mouse embryos 
increase in glycogen content whilst in this portion of the Fallopian tube (Stern 
and Biggers 1968; Reinius 1970), supporting a functional role for this secre
tion. 
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Table III.4. Some constituents of fluid from the Fallopian tubes of sheep according to the stage 
of the oestrous cycle. (Summarized by Hamner 1973) 

Constituene 

Oestrus 

Sodium, mg 3.2 
Chloride, mg 4.6 

Potassium, Jlg 320 

Magnesium, Jlg 19.8 

Calcium, Jlg 122 
Phosphorus (POl-), Jlg 8.7 
Total phosphorus, Jlg 40.5 
Bicarbonate, mg 1.2 
Glucose, Jlg 285 -318 
Fructose, Jlg 0.52 
Pyruvate, Jlg 16.2 
Lactate, Jlg 150-226 

Citrate, Jlg 8 
Lipid choline, Jlg 10 
Total protein, mg 6.7 -30 
Carbohydrate, Jlg 613 
Dry matter, mg 32 

a Mean values expressed as unit/m!. 

Hormonal state 

Metoestrus 

3.0 

4.4 
295 

21.8 
114 

4.6 
21.3 

1.0 
245 -335 

0.89 
16.3 

114-422 

5 
4.8-28 

437 
40 

Dioestrus 

3.2 
4.8 

317 

24.6 
121 

8.4 
46.3 

1.1 

382 

2.1-32 
670 

The details presented above are but examples of constituents of tubal fluid, 
and others are given in Table 111.4 and in the review by Hamner (1973). It is not 
easy to state an unequivocal involvement for any single fluid constituent in the 
events of fertilization and early development of the embryo in vivo, not least 
because of the probability of highly complex interactions at the surface of (and 
within) the gametes or embryos. On the other hand, there is the preceding 
evidence of a change in the availability of metabolic substrates in tubal fluid, and 
- based largely on studies in laboratory rodents (Brinster 1973; Biggers and 
Borlan,d 1976) - these changes match the embryos' requirement for and ability 
to utilize the substrates. 

A novel advance in approaches to studying the composition of tubal fluid has 
been an in vivo rabbit preparation, in which the techniques of vascular and 
luminal perfusion are combined to examine transport processes across the 
epithelium (Leese and Gray 1985). Whilst this is an exciting short-term model for 
dynamic studies, events in an exposed and cannulated Fallopian tube bearing 
ligatures may not give a strict reflection of the physiological situation. 
Nonetheless, the observation that omission of glucose and pyruvate from the vas
cular perfusate resulted in barely detectable amounts in the lumen of the tube 
does suggest that these components are derived principally from the blood. 
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Physical Characteristics. The osmolality of tubal fluid from oestrous rabbits 
ranges from 302 - 310 mOsmol (Stambaugh et al. 1969). Progesterone therapy of 
oestrogen-primed does and ovariectomy both increase osmolarity, although 
within a reduced volume of fluid; after ovariectomy, the fluid reaches an average 
osmolality of 371-388 mOsmol (Hamner and Fox 1969). 

The presumed pH within the Fallopian tubes has been recorded in a wide 
range of animal models, and the values are of the same order. Thus, collected 
samples of rabbit tubal fluid have a pH of 7.7-8.2 in ligation experiments 
(Vishwakarma 1962) or of approximately 7.8 during oestrus, rising to 8.3-8.5 
during early pregnancy (Foley et al. 1972). Fluctuations in bicarbonate concentra
tion in tubal fluid, induced by the action of ovarian steroid hormones, are an im
portant cause of the change in pH and will be modified by CO2 loss during sam
ple collection. Avoiding such loss of CO2, measurements in oestrous rabbits gave 
a pH value of 7.5 (Brackett and Mastroianni 1974). Within different regions of 
the rabbit Fallopian tube after microsurgical ligation, the pH varied from 7.3 - 8.2 
but without any obvious directional trend (David et al. 1969). 

Fluid within the tubes of oestrous pigs has registered a pH value of 7.9 (Engle 
et al. 1968) or 8.1 just before ovulation on the second day of oestrus (author's 
unpublished observations). In rhesus monkeys, there is good evidence of an 
ovarian endocrine influence on pH with values of 7.1 - 7.3 during the follicular 
phase of the menstrual cycle followed by a sudden increase to 7.5 -7.8 at the time 
of ovulation; pH remained high during the luteal phase of the cycle (Maas et al. 
1977). pH values in women with hydrosalpinx range from 7.3-7.7 (David et al. 
1973). 

Oxygen tensions within tubal fluid have been reported in rabbits by Bishop 
(1956,1969) and in rhesus monkeys by Maas, Storey and Mastroianni (1976). The 
latter group has also recorded values for pC02 (Maas et al. 1977). Gas tensions 
will influence both the activity of spermatozoa and the developmental potential 
of the young embryo, and may well differ along the length of the tube. 

Regional and Microenvironments 

Preliminary studies on tubal fluid analysed the contents or flushings of the duct 
lumen in a somewhat gross manner, the accumulated fluids apparently being 
regarded as homogeneous. But, by the early 1970s, there was a growing apprecia
tion that the different regions of the tube - the infundibulum, ampulla and 
isthmus - might each provide a differing fluid environment for the gametes or 
embryos (see Hamner 1973; Freese, Orman and Paulos 1973). By the late 1970s, 
largely due to the sophistication of electron probe analysis used by Biggers and 
his colleagues, it was possible to go beyond simple regional analysis of tubal fluids 
and demonstrate that there were indeed microenvironments, especially in the 
vicihity of developing embryos. This observation suggested a local influence of 
embryonic signals upon transudation and/or secretion by the tubal epithelium. 

Preliminary studies had noted that after placing ligatures on the Fallopian 
tubes, fluid accumulation in the lumen was several times more extensive in the am
pulla than the isthmus (Hamner 1973). Whilst this might merely have reflected 
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the distensibility of the muscular coats, it was also possible that the activity of 
the epithelial layers varied regionally in relation to the processes of transudation 
and secretion. Gradients in the concentration of tubal fluid constituents would 
then be anticipated on the basis of a dilution effect. Further circumstantial 
evidence for regional differences came from studies in mice, in which the structure 
and histochemistry of the tubal epithelium varied from the infundibulum to the 
utero-tubal junction (Reinius 1970). Secretory material, thought to be composed 
of mucoproteins and acid mucopolysaccharides, is released into the ampullary 
lumen after ovulation, and the fluid in this region bathes the eggs and distends 
the ampulla. Similarly, cleaving embryos can subsequently be demonstrated 
within discrete, fluid-filled loops of the isthmus, whilst other portions of the 
isthmus show no such distension (Reinius 1970). 

Another of the early approaches to demonstrating regional differences in the 
composition of luminal fluid involved a microsurgical preparation in which the 
rabbit Fallopian tube was separated into four segments, with the absolute mini
mum of disturbance to the blood supply (David et al. 1969). The volume of fluid 
collected from the ligated segments decreased from the ovarian to the uterine end, 
and chemical constituents varied in concentration within fluids from the different 
segments. Whilst the concentration of chloride decreased significantly in the 
isthmic segment, the concentrations of sodium, bicarbonate, inorganic phos
phate, proteins and lactic acid increased significantly from the ovarian end of the 
tube towards the uterus. These results supported the possibility that different 
segments of the tube might play specific rOles vis it vis the gametes or embryos. 

Gupta, Karkun and Kar (1970) were the first specifically to appreciate that the 
presence of a rabbit embryo in the tubal lumen might influence epithelial syn
thesis and hence the composition of tubal tissues. They found that the ampulla 
had a higher lactate concentration when fertilized eggs were present in this por
tion of the tube, and the same applied to the ampullary-isthmic junction and 
likewise to the isthmus, perhaps corresponding to the increased lactate in tubal 
fluid noted above. A local influence of the embryo on the synthetic activity of 
the tubal epithelium was again raised by Stone and Hamner (1975) and Hunter 
(1977) but the evidence was slender. Intuition, presumably, prompted Stone and 
Hamner (1975) to remark that " ... certain tubal secretions, possibly released only 
by epithelial contact with a living zygote, may prove essential in directing embryo
logical differentiation". 

In a major review, Biggers and Borland (1976) stressed the fact that - at any 
given time - the embryo is surrounded by a microenvironment in the Fallopian 
tube with which it interacts by the exchange of substances. Using the technique 
of electron probe microanalysis, Roblero, Biggers and Lechene (1976) reported 
that the elemental composition of ampullary and isthmic fluids bathing mouse 
embryos was dissimilar, and that both were very different in composition from 
blood serum (Table 111.5). The mean potassium, sulphur and phosphorus con
tents of fluid obtained from the isthmus containing 2-cell embryos were signifi
cantly higher than those of the ampullary fluid containing recently-fertilized eggs 
and follicular cells. These observations on undisturbed samples of tubal fluid 
were the first to present chemical analyses of the microenvironment of the pre
implantation mammalian embryo, the only reservation being that they stemmed 
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Table IlI.5. The weighted mean concentrations (mM/I) of various elements in serum and the 
microenvironments of 1- and 2-celled mouse embryos in the ampulla and isthmus, respectively, 
of the oviduct. (Adapted from Roblero et al. 1976) 

Element Ampulla (N = 25) Isthmus (N = 17) Serum (N = 12) 

Na 137±4.78 142±3.42 148 ± 1.72 
CI 147±4.98 145±6.20 140±2.10 
Ca 1.62±0.13 1.48 ± 0.14 3.82±0.16 
K 17.8 ± 1.38 29.7±3.63a 5.26±0.15 
Mg 0.63 ±0.08 0.81 ±0.07 1.38±0.20 
S 5.13 ± 0.53 9.13±0.92a 21.8±0.32 
P 3.90±0.64 8.46± 1.79a 6.97±0.27 

a Significantly different (P<0.01) from the concentration in ampullary fluid (Fisher-Behren's 
test). All other comparisons are not statistically significant at the P = 0.05 level. 

from gonadotrophin-treated immature mice. In a subsequent paper from the same 
group using mature mice (Borland et al. 1977), the increase in potassium and 
phosphorus concentrations from the ampulla to the isthmus was not endorsed. 
No satisfactory explanation for the discrepancy was provided. The authors went 
on to record differences between bursal sac fluid and ampullary and isthmic 
fluids, emphasizing in the latter the high concentrations of potassium 
(23-25 mM) and low concentrations of calcium (1.7 -2.0 mM); the high levels of 
potassium were thought to originate from the tubal epithelium. 

It would be valuable to demonstrate specific changes in the vascular bed and 
rate of blood and lymph flow in the tubal tissues surrounding the embryos, but 
such an advance will almost certainly require the application of sophisticated new 
microtechnology. Use of sheep or pigs as experimental animals rather than rats 
or mice would have several advantages in this kind of work. The accumulating 
evidence for one or more early pregnancy factors from the very young zygote (see 
Chap. VI) would seem to point even more persuasively to local influences of the 
embryo upon the tubal epithelium, and thus to the likelihood of quite distinct 
micro environments during progression along the isthmus to the uterus. 

Hormones Detected in Tubal Fluids 

Because hormones are widely distributed in body fluids, it is not surprising that 
they are detectable within the lumen of the Fallopian tubes; this is especially so 
when the contribution of blood transudation to tubal fluids is recalled. Most of 
the measurements to date concern steroid hormones and prostaglandins, but there 
is tentative evidence also for prolactin, gonadotrophins and various peptide hor
mones in tubal fluid. Binding sites for oxytocin and relaxin in the epithelial tissues 
of the Fallopian tube might indicate that these hormones act in part via the 
luminal fluids. Difficult questions to resolve satisfactorily are (1) whether hor
mones in tubal fluid have origins quite distinct from the blood plasma, and (2) 
whether such hormones have a specific involvement in the physiology of the 
gametes and development of the embryos. 
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Free steroid hormones (i.e. unbound) have been detected in the tubal fluid of 
rhesus monkeys (Wu, Mastroianni and Mikhail 1977). Hormone concentrations 
were lower than those in blood plasma before ovulation, whilst oestrone and 
testosterone rose to or above plasma values during the post-ovulatory period. 
After ovulation, there was a gradual increase in the tubal fluid concentrations of 
oestrone, testosterone and progesterone, whereas the concentrations of oestradiol 
and androstenedione decreased. The enhanced steroid concentrations in tubal 
fluid might involve epithelial conversion of precursor substrates or, alternatively, 
enzymatic liberation of protein-bound hormones. 

In oestrous and pseudopregnant rabbits, the concentrations of oestradiol and 
progesterone in the tubal fluid were first reported by Richardson and Oliphant 
(1981). Oestradiol values were similar to those in serum (48-120 pg/ml) whereas 
progesterone concentrations ranged from 0.6 - 2.9 ng/ml; progesterone values 
were lowest at oestrus and maximum on Day 12 of pseudopregnancy. A 
divergence developed between the concentration of progesterone in tubal fluid 
and that in serum as pseudopregnancy advanced, serum values becoming signifi
cantly higher. 

The source of steroid (and other) hormones in tubal fluids is open to debate. 
Whilst it is probable that these small molecules are derived principally from a 
blood transudate, contributions from peritoneal fluid, ovarian follicular fluid, 
granulosa cells and from the embryos themselves cannot be overlooked. The an
tral fluid of mature Graafian follicles is rich in a variety of steroid hormones and, 
although this gonadal fluid is thought not to pass down the ampulla into the 
isthmus - due to the retrograde direction of flow at this time (see above) - it 
could still influence the composition of native tubal fluid. On the other hand, the 
granulosa cells released at ovulation do progress along the Fallopian tube to the 
uterus, at least in some species (Hunter 1978), and these cells may well continue 
to synthesize steroids and peptide hormones and modify the immediate environ
ment of the embryo(s) and/or tubal epithelium. In that granulosa cells show 
steroid synthetic activity during in vitro culture with suitable substrates, it is 
highly probable that they can function similarly in vivo. As to a hormonal con
tribution from the embryos themselves, there are several reports that they contain 
hydroxysteroid dehydrogenase activity as early as 48 h post coitum in the rabbit 
and hamster (Dickmann, Dey and Gupta 1975; Niimura and Ishida 1976), so it 
is possible that the embryo makes an active contribution to the endocrine environ
ment within the Fallopian tube. 

Turning to prostaglandins, although numerous studies have documented the 
presence of these hormones in the wall ofthe Fallopian tube (e.g. Ogra et al. 1974; 
Saksena and Harper 1975; Vastik-Fernandez et al. 1975; Oyamada 1981; Thomas, 
Bastiaans and Rolland 1982), relatively few studies have determined their concen
tration in the luminal fluid. But, by analogy with the potential of the uterus to 
secrete prostaglandins in an exocrine manner (Bazer and Thatcher 1977), it seem
ed reasonable to anticipate an exocrine secretion into the tubal lumen. 

Fluid from sheep prepared with indwelling cannulae has been reported to con
tain remarkably high levels of prostaglandins of the F series (pGF), values 
reaching 230 ng/ml (Warnes, Amato and Seamark 1978). However, concern was 
expressed in this report that the cannulae may have caused irritation of the tubal 
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Uterine horn 

Fig. I1l5. A semi-diagrammatic representation of the arterial blood supply to the ovary and 
isthmus of the pig Fallopian tube. A portion of the ovarian vein is also shown. A counter-cur
rent transfer of follicular hormones was demonstrated from the ovarian vein to the correspon
ding artery and thus into the utero-tubal branch (Hunter et al. 1983) 

epithelium, thereby leading to unphysiological levels of prostaglandins in the 
fluid. In women, the concentration of PGF2a in tubal fluid shows cyclic varia
tion, with higher values in pre-ovulatory compared with post-ovulatory fluids (7.1 
vs. 5.0 ng/ml, respectively, Lippes 1979). The concentration of unbound PGF2a 

in the tubal fluid at the time of ovulation was much higher than in the systemic 
circulation (Ogra et al. 1974), but this would be a general expectation as a result 
of metabolic clearance in the pulmonary circulation. Whilst Ogra et al. (1974) 
suggested synthesis of PGF2a by the tubal mucosa, an ovarian contribution from 
the high titres within mature Graafian follicles should not be overlooked. A 
counter-current transfer system from the ovarian vein to the tubal branch of the 
ovarian artery might well be operational for this hormone (see Hunter, Cook and 
Poyser 1983; Einer-Jensen, Bendz and Leidenberger 1985; Fig. 111.5). Such a 
means of transfer might also exist for oxytocin and relaxin (see Schramm, Einer
Jensen and Schramm 1986; Schramm et al. 1986), which are found in the pre
ovulatory follicle. 

Because of the fact that a prolactin release from the endometrium has been 
reported during the menstrual cycle in women (Maslar and Riddick 1979) and is 
demonstrable in uterine fluid or flushings (Stone et al. 1986), there is a good 
possibility that prolactin will also be demonstrable in tubal fluid; this is not least 
because of the structure of the intra-mural portion of the tube, permitting access 
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of uterine fluid when muscle tone is reduced. Specific reports from non-patholog
ical specimens are still awaited, and this comment is also true for the peptide hor
mones oxytocin and relaxin. 

As to a role for hormones in tubal fluid, steroids have been widely reported 
to influence spermatozoa directly (e.g. Ericsson, Cornette and Buthala 1967) and 
likewise to influence developing embryos, at least during in vitro culture (e.g. 
McGaughey and Daniel 1966; Edwards 1980). Of considerable significance may 
be the observation in vivo that monoclonal antibodies against progesterone ad
ministered by the intraperitoneal or intravenous routes inhibit cleavage of mouse 
embryos in the Fallopian tube (Wright et al. 1982; Wang et al. 1984; Heap et al. 
1986). The ability of a specific anti-progesterone antibody to block cleavage by 
passive immunization is thought to be associated with modified tubal secretions, 
but a component of such arrested development might include a direct influence 
of the antibody on the embryo itself, even though this is apparently not 
demonstrable by means of in vitro culture (Heap et al. 1986); however, subtle mo
lecular interactions might underlie a putative in vivo effect. The most recent 
publication from this group indicated embryonic arrest in vivo shortly after the 
4-cell stage, and presents evidence that the sensitivity of the underlying 
mechanisms to passive immunization against progesterone is influenced by the 
genotype of the treated mice (Rider et al. 1987). 

A different focus of involvement for both steroid hormones and prostaglan
dins is the one of programming the amplitude and frequency of myosalpingeal 
contractions, possibly via the regulation of calcium transport. These remarks also 
apply to the frequency and directional beat of the cilia (see Chaps. IV and VII). 

As a concluding remark, the time would seem ripe for a further investigation 
of the biochemistry of the fluids found in the lumen of the Fallopian tubes, and 
especially for further study of the microenvironments surrounding developing 
embryos. The methodology would need to be sophisticated: with the notable ex
ception of the electron probe studies referred to above, much of the work so far 
seems to have lacked imaginative sparkle and specific orientation. If the composi
tion of the microenvironment around the eggs could be shown to differ, for exam
ple, between secondary oocytes and developing embryos, then this would be of 
special interest in terms of early pregnancy factors. And, in the context of forma
tion of fluids in the Fallopian tubes, comparison of the physiology with that 
underlying formation of ovarian follicular fluid might be revealing; the transpor
ting nature of the endosalpinx and that of the follicular epithelium may well have 
striking features in common. Both provide fluids that bathe the oocyte. 
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Transport of Gametes, Selection of Spermatozoa and 
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Introduction 

The meeting of male and female gametes at the ampullary-isthmic junction of the 
Fallopian tube, the usual site of fertilization, has attracted much attention, not 
least from the point of view of the temporal relationships underlying this critical 
process and the numbers of viable spermatozoa in the vicinity of the egg(s) at the 
time of activation. In farm and laboratory animals in which there is a clear rela
tionship between the onset of receptivity to the male (the period of oestrus) and 
the subsequent time of ovulation, transport of eggs and spermatozoa to the site 
of fertilization is thought to involve carefully regulated processes, for the eggs are 
usually penetrated by spermatozoa shortly after release from the ovary into the 
reproductive tract. In the biological situation, therefore, a mechanism seems to 
have evolved for avoiding post-ovulatory ageing of the egg - a condition known 
to have deleterious consequences. In some contrast, the timing of gamete entry 
into the Fallopian tubes of primates, including women, may be widely asyn
chronous due to the absence of any specific phase of oestrus. It is also worth 
noting that procedures of artificial insemination in farm animals may lead to 
asynchrony in the meeting of the gametes and thus to a lowered fertility when 
compared with the results of spontaneous mating. 

Shedding and Initial Transport of Eggs 

In the paragraphs that follow, transport of eggs refers principally to their 
displacement from the ovarian surface to the site of fertilization in the Fallopian 
tube. However, a brief discussion of the manner of expulsion of the oocyte from 
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Table IV.l. Examples of the approximate interval between the 
pre-ovulatory surge of gonadotrophic hormones detectable in 
the systemic circulation and collapse of the Graafian follicle(s) 
at ovulation 

Species 

Rabbit 
Sheep 
Cow 
Human 
Pig 

Interval in hours 

10 
25-26 
28-30 
36-40 
40-42 

the collapsing follicle needs to be included, not least since this may suggest 
reasons underlying the occasional failure of egg release in primates, and thus the 
potential for initiating an ectopic (ovarian) pregnancy. 

The interval between the pre-ovulatory gonadotrophin surge and ovulation, 
measured in hours (Table IV. 1 ), permits a series of vital changes in the somatic 
cells and oocyte of the mature Graafian follicle(s) and in the fluid environment 
of steroid hormones, prostaglandins and diverse peptides. Relevant to the present 
discussion is the gradual separation of the granulosa cells, especially in the last 
hours before ovulation. The granulosa investment of the oocyte, the cumulus 
oophorus, itself undergoes a characteristic expansion and mucification with a 
rearrangement of cells surrounding the zona pellucida, the corona radiata (Fig. 
IV.1), and an elongation of their cytoplasmic processes (Dekel and Phillips 1979; 
Eppig 1980, 1982; Sz6116si and Gerard 1983; Bomsel-Helmreich 1985). These 
modifications in the somatic cells encourage separation of the oocyte from the 
follicle wall shortly before ovulation, although tenuous filamentous bridges may 
still act to anchor it loosely and on occasions prevent its release. Escape of the 
follicular fluid at ovulation is thought to aid displacement of the oocyte from the 
follicle (Blandau 1969, 1973; Fig. IV.2), and this process may be assisted by con
tractions in the thecal layers, perhaps promoted by locally synthesized prostaglan
dins (Le Maire et al. 1973; Bauminger and Lindner 1975). A role for the 
autonomic nervous system has been invoked to explain movements of the 
follicular wall at ovulation (O'Shea and Phillips 1974; Owman et al. 1975), for 
non-vascular adrenergic nerves are detectable in the wall of maturing follicles. The 
sympathetic nerve endings focus on actomyosin-containing cells in the theca ex
terna (Amsterdam, Lindner and Gr6schel-Stewart 1977), and electrical stimula
tion of these adrenergic fibres can induce contraction of the follicle wall (Walles, 
Owman and Sj6berg 1982). On the other hand, ovulation occurred spontaneously 
in rats after sympathetic denervation of the ovary by freezing its nerve supply 
(Wylie, Roche and Gibson 1985), so this route of stimulation is clearly not essen
tial to release of the egg. 

Once the oocyte within its cellular investment is exposed at the ovarian sur
face, it is propelled into the ostium of the tube by a coordinated activity of the 
cilia that densely line the fimbriated extremity of the ampulla. In many laboratory 
rodents and in horses there is an ovarian bursa, but in most of the domestic 
species used in studies of ovulation and egg transport (e.g. rabbit, sheep, pig), the 
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Fig. IV.I. Human oocytes invested with cells of the corona radiata showing the rearrangement 
of these cells and their cytoplasmic processes that occurs close to the time of ovulation. 
(Courtesy of Dr. Ondine Bomsel) 

highly engorged fimbriated folds envelope and massage the ovaries at ovulation 
(see Fig. II.6). The latter process has been well illustrated by Blandau (1973), and 
is d~pendent upon the activity of specific fimbrial muscles and the supporting 
mesenteries. In this situation, the ciliated epithelium of the fimbriated infun
dibulum sweeps the follicular surface, and such local stimulation could be one of 
the explanations for the customary breakdown in the apical tissues of Graafian 
follicles at ovulation (Flechon and Hunter 1980). The activity of these cilia is 
greatest at or just after the time of ovulation, and is known to be programmed 
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Fig. IV.2. Section through the ovulating follicle of a rabbit to show the liberated oocyte sur
rounded by its corona radiata being displaced in the escaping follicular fluid containing groups 
of granulosa cells. (Courtesy of Prof. R. J. BJandau) 

by the prevailing levels of ovarian steroid hormones (Borell, Nilsson and Westman 
1957; Blandau 1973). The cumulus cells have long been considered important in 
this initial phase of transport, enabling the tips of the cilia to obtain a purchase 
on the eggs, whereas denuded resin spheres used to simulate mammalian eggs 
simply rotate in situ on the fimbrial folds (Blandau 1969); cilia are unable to move 
them into the tubal ostium. Despite the inferred contrast between invested eggs 
and naked ones, cow and sheep eggs are thought to be almost denuded at ovula
tion or very soon thereafter (Lorton and First 1979), and the eggs of certain mar
supials are liberated without any investment of follicular cells (Bedford 1983). 
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Once within the tubal ostium, eggs of many mammals pass to the site of fer
tilization at the ampullary-isthmic junction in a period of minutes. Estimates for 
cat and rabbit eggs, based in part on the study of vitally-stained cumulus plugs 
transferred on to the fimbrial folds, vary from 6-15 min (Harper 1961 a, b; Blan
dau 1969; Boling 1969), whereas measurements in the pig suggest an interval of 
30-45 min (Andersen 1927; Hunter 1974). Irrespective of the precise timing in 
individual species, this initial phase of transport is remarkably rapid when com
pared with the total sojourn of the egg or embryo in the Fallopian tube; the latter 
is measured in days (see below). Moreover, the rapid phase of transport to the am
pullary-isthmic junction indicates why fertilization usually occurs in that region 
rather than in more proximal regions of the tube. In the monkey, Macaca 
nemestrina, egg transport through the ampulla takes approximately 22 min (Blan
dau and Verdugo 1976), but 30 h or more are apparently required for the human 
egg to reach the ampullary-isthmic junction (Croxatto and Ortiz 1975; Pauerstein 
1975; Eddy et al. 1976}, indicating the ampulla as the site of fertilization. Despite 
the overall emphasis on rapidity in this phase of egg transport, there is clearly 
time for significant modifications in the egg membranes consequent upon the 
change of milieu from antral fluid in the follicle to secretions in the tubal lumen. 
Subtle alterations in oocyte metabolism might also be expected. After this initial 
transport, the eggs remain in the vicinity of the ampullary-isthmic junction for 
much of their tubal phase due to contraction or spasm of the musculature in this 
region. 

Two principal mechanisms underlie egg transport to the site of fertilization: 
these are (1) the beat of cilia lining the ampullary epithelium and (2) waves of 
smooth muscle activity in the myosalpinx. Contractile activity in the neighbour
ing mesenteries may also be important (Blandau 1969, 1973), although it is not 
clear precisely how the influence of such contractions would be transmitted to the 
contents of the ampUlla. Muscular and cilial activity in the Fallopian tubes 
responds to the circulating concentrations of ovarian steroid hormones, although 
of course the autonomic nervous system is directly regulating the myosalpinx. 
Once again, the rate of cilial beat and muscular contraction seems to be greatest 
just at or after the time of ovulation, thereby ensuring effective transport of eggs 
to the site of fertilization. However, progression of eggs to the ampullary-isthmic 
junction is not smooth and direct, but rather consists of intermittent rushes in 
step with waves of contraction in the ampulla (Harper 1961 a, b; Wintenberger
Torres 1961; Blandau 1973). 

As discussed below with reference to the transport of spermatozoa, contrac
tions and cilial beat in the isthmic portion of the tube are orientated towards the 
ovary at the time of ovulation. In one sense, therefore, the Fallopian tube can be 
viewed as two distinct compartments just after ovulation and around the time of 
fertilization: eggs are descending the ampulla whilst spermatozoa are ascending 
the isthmus. Because of the key role of ovarian steroids in regulating these events, 
anomalous levels of oestrogens and progesterone would certainly upset the nor
mal mechanisms and timing of gamete transport. 

A direct downwards displacement of the unfertilized egg by flow of fluid in 
the ampullary lumen is thought unlikely since the direction of bulk flow at the 
time of ovulation - albeit of a relatively small volume of fluid - is towards the 
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peritoneal cavity rather than the uterus (Chap. III). In this situation, movement of 
eggs would be against the prevailing current, so a critical interaction between the 
cilial tips and the egg investments can be envisaged (Borell et al. 1957; Flechon and 
Hunter 1981). If such contact did not exist, a far higher incidence of displacement 
of eggs by fluid flow into the peritoneal cavity would be expected. Even so, failure 
of appropriate cilial activity may underlie a proportion of ectopic pregnancies in 
women, although some patients with Kartagener's syndrome, the so-called 'im
motile cilia syndrome', appear to be fertile (Mzelius, Camner and Mossberg 1978; 
Pauerstein and Eddy 1979). In this syndrome, the cilia are said to be completely 
immotile due to the lack of dynein arms. But when the absolute immotility of cilia 
in the genital - as distinct from respiratory (Kartagener 1933) - tract is confirm
ed, fertility may not be demonstrable. This would suggest that a functional ciliated 
endosalpinx is critical to human reproduction (McComb et al. 1986). 

Deposition and Iransport of Spermatozoa 

The overall objective of sperm transport is to have a population of viable cells 
at or close to the site of fertilization shortly before the time of ovulation so that 
the egg (secondary oocyte) is penetrated before post-ovulatory ageing com
mences. Whilst this chapter will in due course focus on the distribution of sper
matozoa within the Fallopian tubes, especially in relation to the time of ovulation, 
deposition and transport of spermatozoa in the lower reaches of the female tract 
must logically be considered first. Previous reviews on the topic of sperm trans
port in the female genital tract include those of Bedford (1970), Hunter (1973 a, 
1980, 1987 a), Thibault (1973), Austin (1975), Overstreet and Katz (1977), Mor
timer (1978, 1983), Polge (1978), Yanagimachi (1981), Harper (1982), Overstreet 
(1983) and Hawk (1987). 

In perhaps a majority of eutherian mammals, semen is deposited in the 
anterior vagina at the time of mating; this is certainly the case in rabbits, 
ruminants (sheep, cows, goats, camels) and primates. However, in another group 
containing species as diverse as pig, horse, dog and various rodents, semen passes 
directly or indirectly into the uterus at the time of ejaculation. The precise situa
tion depends on the anatomy of the penis and the arrangement of the external 
cervical tissues. In pigs, for example, the glans of the fibro-elastic penis has a 
spiral adaptation which enters the tapering oedematous folds of the cervix (Rigby 
1967), and the principal stimulus for ejaculation is the interlocking so achieved. 
As a consequence of this arrangement and because of the large volume of semen, 
the uterine horns become distended with the ejaculate by the completion of a 
mating sequence - which may last for some 5 -10 min or more (Hunter 1973 a). 
In horses, a relatively large volume of semen also enters the uterus during mating 
but the tumescent penile shaft and glans penis do not intrude beyond the vagina. 
Rather, they serve to align the vagina and drooping (flaccid) cervix in a horizontal 
plane, enabling the contractions of ejaculation to propel the male fluids into the 
uterus (see Day 1942; Parker, Sullivan and First 1975). 

Many of the small laboratory rodents such as rats, mice and hamsters have 
twin cervices, although these may fuse to give a single external os. The penis does 
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not enter the cervical tissues, but semen is transmitted through the canals during 
rapid multiple copulations so that the uterine horns are distended with a mass of 
spermatozoa and fluid by the completion of mating (Hartman and Ball 1930; 
Blandau 1945). As would be expected, the nature of the sperm transport process 
in these species differs significantly from that found in rabbits, ruminants and 
primates. The last group will be considered first. 

Intra-Vaginal Deposition. Upon ejaculation into the anterior vagina, the pool of 
highly concentrated semen characteristically bathes the external cervical os and 
spermatozoa gain the mucus-filled cervical canal largely under the influence of 
their own motility. Indeed, prior to associating with and penetrating the egg mem
branes, this is one of the two situations within the female duct system in which 
sperm motility is of paramount importance. (The other is when traversing the 
utero-tubal junction to enter the isthmus in species in which semen is deposited 
in the uterus.) This is not to argue that contractions of smooth muscle in the 
vaginal and cervical walls may not assist the process, but transport of sper
matozoa en masse through the sometimes tortuous and mucus-filled cervical 
canal seems improbable. If it were a consistent feature, then displaced aggregates 
of mucus containing spermatozoa would have been a frequent observation in 
uterine flushings in experimental animals. Despite the predominant role of sperm 
motility in colonizing the cervix, the process is surprisingly rapid, at least for a 
vanguard of competent spermatozoa. This point is emphasized by the 930/0 in
cidence of fertilization obtained in rabbits after flushing the vagina with a 
detergent solution some 5 min from mating - a treatment that is highly effective 
in killing spermatozoa in the vagina itself (Bedford 1971). In a more recent series 
of experiments in rabbits, a species with a scant secretion of cervical mucus, 
Overstreet and his colleagues reported spermatozoa already in the Fallopian tubes 
within 1-2 min of mating (Overstreet and Cooper 1978; Overstreet, Cooper and 
Katz 1978), indicating that cervical transport must have been extremely rapid. 

Interactions between spermatozoa and the cervical mucus have been examined 
in a number of species, especially in ruminants (Mattner 1963, 1966; Raynaud 
1973) and in women (Moghissi 1977, 1984; Mortimer 1985). The physical condi
tion of the mucus is critical in guiding a proportion of the spermatozoa to the 
cervical crypts, the point of origin of the mucus, since motile spermatozoa are 
orientated by the lines of strain in the anisotropic mucous secretion (Thmpion and 
Gibbons 1962; Mattner 1966). Whether the cervical crypts in fact serve as a tem
porary reservoir for spermatozoa that subsequently escape and become actively 
involved in the events of fertilization is under a major question mark. Those sper
matozoa that reach the Fallopian tubes to interact with the egg(s) are more proba
bly ones that avoided the crypts by passing directly through the watery central 
channel in the cervical canal to enter the uterus (Fig. IV.3). 

Spermatozoa tend to be highly concentrated within the vaginal pool of semen, 
certainly in comparison with cell density in species in which semen enters the 
uterus at mating (Thble IV.2). One of the functions of the cervix is to reduce the 
density and initiate a gradient in absolute numbers of spermatozoa between the 
site of ejaculation and the site of fertilization. In simplified terms, the cervix im
poses a reduction in density of at least 100-fold on the population of spermatozoa 
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CERVIX 

VAGINA 

Fig. IV3. Diagrammatic representation of the cervix and its mucous secretion that originates 
from the crypts or glands. One current interpretation is that the spermatozoa gaining the Fallo
pian tubes to fertilize the eggs pass through the central, diluted channel of mucus directly to 
the uterus rather than becoming engaged in the cervical crypts 

Table IV.2. Characteristics of ejaculated semen from mature, 
healthy animals to show the inverse relationship between the 
total volume of the ejaculate and the concentration of sper
matozoa 

Species Volume of Expected sperm 
ejaculate concentration 
(ml) (x 106/ rnl) 

Ram 0.8 - 1.2 2000-3000 
Human 2-4 40-150 
Bull 4-8 1200-1800 
Stallion 30- > 150 100-250 
Boar 150-500· 200-300 

"Includes gelatinous secretion of bulbo-urethral glands. 

entering the uterus (Fig. IV.4). Another function of the cervix is to enable sper
matozoa to escape from the male secretions, the seminal plasma, so that those 
in the uterus are effectively resuspended in the fluids of this portion of the tract 
- a feature that may have important implications for sperm metabolism and for 
the final phases of maturation. Several experiments have demonstrated failure of 
seminal plasma to pass through the cervical canal into the uterus in species with 
intra-vaginal ejaculation (Walton 1930; Asch, Balmaceda and Pauerstein 1977), 
although this is not to infer the absence of an influence of seminal plasma consti
tuents (e.g. prostaglandins) on the pattern of uterine contractions. But clinical 
observations in women undergoing artificial insemination indicate that whole 
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Fig. IVA. Diagrammatic representation of a portion of the female reproductive tract of a rabbit 
to illustrate the steeply-declining gradient in sperm numbers found between the vagina and the 
site of fertilization in the Fallopian tube. (Redrawn after Austin 1965) 

semen deposited directly into the body of the uterus usually leads to extremely 
painful spasm, which is clearly not the situation after coitus. 

Actual movement of spermatozoa through the uterus to the Fallopian tubes 
depends on a combination of active and passive transport. Sperm motility (active 
transport) may be of direct value, although there is little persuasive evidence that 
such motility is direction-orientated towards the utero-tubal junction. Rather, the 
principal value of motility at this stage may be to maintain spermatozoa in suspen
sion in the uterine fluids and prevent them adhering to epithelial surfaces (Austin 
1964). Motility may also help to remove any residual elements of the male secre
tions not 'stripped' from the sperm plasma membrane during cervical passage; this 
is doubtless an important feature of the process of capacitation. Passive transport 
of spermatozoa within the uterus is due to the influence of myometrial contrac
tions, which themselves may be heightened for a brief period under the influence 
of oxytocin secretion from the neurohypophysis; however, the half life of this hor
mone in the blood circulation is only 1-2 min. As noted above, smooth muscle 
stimulants in the seminal plasma such as prostaglandins may also contribute to 
contractile activity (Kelly et al. 1976; Poyser 1981). Some studies have claimed that 
myometrial contractions following mating early in oestrus are propagated largely 
towards the utero-tubal junction, as in sheep (Hawk 1975; Toutain et al. 1985). 
Nonetheless, in species with two distinct uterine horns such as cows, sheep and 
pigs, this claim must be reconciled with the observation that semen or marker dyes 
introduced into one horn shortly before ovulation can be redistributed to the con
tralateral horn (Rowson 1955; Polge 1978; Larsson 1986). 
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The timing of sperm transport through the cervix and uterus calls for specific 
comment even though, in a majority of mammals, mating will precede ovulation 
by a number of hours and therefore a requirement for rapid transport is not yet 
appreciated. Much of the established literature on sperm transport in the female 
tract falls into two schools of thought. On the one hand, spermatozoa are claimed 
to reach the site of fertilization in minutes (Van Demark and Hays 1954; Settlage, 
Motoshima and Tredway 1975, Overstreet and Katz 1977) while the opposing view 
is that the transport process requires a substantial number of hours (Dauzier 
1958; Thibault 1973). But it is important to note that in none of these studies was 
the actual fertilizing potential of the transported spermatozoa assessed; 
judgements were simply based upon the observation of individual sperm cells, 
alive or dead, in smears, flushings or histological sections of the tubal contents 
or tissues. By contrast, when measurement is made of the length of time after 
mating for sufficient spermatozoa to have entered the Fallopian tubes subse
quently to fertilize the eggs (i.e. competent spermatozoa), any putative phase of 
rapid transport appears not to be directly involved: slow, controlled transport is 
the demonstrably important component. Thus, some 6-8 h was the minimum 
period required for a population of functional spermatozoa to become establish
ed in the Fallopian tubes of sheep and cows mated at the onset of oestrus - as 
assessed by a surgical approach and subsequent examination of the eggs (Hunter, 
Nichol and Crabtree 1980; Hunter, Barwise and King 1982; Hunter and Wilmut 
1983). The proportion of the 6-8 h required for traversing the cervix as distinct 
from the uterus is uncertain, but the figures nonetheless contrast starkly with 
those in minutes that are much-repeated in the literature for sperm transport to 
the Fallopian tubes, even though the process was accelerated in animals mated 
close to the time of ovulation. As to the extremely rapid phase of transport in rab
bits referred to above, the spermatozoa so displaced were invariably moribund or 
dead (Overstreet and Cooper 1978), so the function of this process remains 
enigmatic. Apart from the possibility that it is some form of evolutionary vestige, 
two further suggestions are that: (1) dead or dying spermatozoa could release 
degradation products into the tubal lumen that interact with the epithelial secre
tions and the later-arriving spermatozoa and eggs to facilitate maturational 
changes in the gametes, or (2) they function to sensitize the peritoneal 
phagocytosis system in preparation for the arrival of greater numbers of motile 
spermatozoa (Hunter 1980; Hunter et al. 1980). In a similar vein, Overstreet 
(1983) has proposed that rapidly transported cells may be local messengers acting 
to coordinate movement of the reproductive tract. 

Intra-Uterine Deposition. As already noted, semen is propelled into the uterus at 
mating in species such as pigs, horses, dogs and many rodents. Transport of sper
matozoa as far as the utero-tubal junction should therefore not raise special pro
blems, and a relatively rapid entry into the Fallopian tubes would be expected. 
Once more using the technique of estimating the time required for sufficient sper
matozoa to enter the tubes in order subsequently to fertilize the eggs, values as 
low as 15 min have been reported for transport of a vanguard of spermatozoa in 
pigs (Hunter and Hall 1974a; Hunter 1981). The time required for adequate 
numbers of spermatozoa to enter the isthmus to ensure fertilization of all the eggs 
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- possibly 15 - 20 or more in this polytocous species - is usually less than one 
hour (Hunter 1981), but exceptionally may extend to 1-2 h (Hunter 1984). 
Similarly-derived functional estimates for sperm transport in mares and bitches 
do not yet exist, but long-standing values for the rat are 15 - 30 min between 
mating and the finding of spermatozoa in the ampullary portion of the tube 
(Blandau and Money 1944). Passage of adequate numbers of spermatozoa 
through the complex folds of the utero-tubal junction, a step largely dependent 
on cell motility (Gaddum-Rosse 1981), clearly requires a minimum threshold 
time. 

Analogous to the rOle of the cervix in preventing access of seminal plasma to 
the uterus in species with intra-vaginal ejaculation, the utero-tubal junction acts 
to prevent gross passage of seminal plasma into the Fallopian tubes of species 
with intra-uterine ejaculation. This statement stems from chemical (Mann, Polge 
and Rowson 1956), physiological (Hunter and Hall 1974b) and radio-opaque 
tracer studies in pigs (Polge 1978). Even so, there is some suggestion from the use 
of radio-labelled inseminates that very small quantities of seminal plasma may in 
fact enter the caudal portion of the isthmus (Einarsson et al. 1980), possibly to 
influence the physiology of this portion of the tract. 
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Fig. IV.5. Representation of a Fallopian 
tube and tip of the uterine horn of a pig 
to portray the steeply declining sperm gra
dient from the utero-tubal junction to the 
site of fertilization 
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Fig. IV.6. Phase-contrast photomicrographs of whole-mount preparations of polyspermic pig 
eggs recovered from the Fallopian tube after experimental reduction of oedema in the mucosa 
and relaxation of the muscle layers in the isthmus. The female and a single male pronucleus 
are undergoing syngamy in 1 and 2, whilst an accessory male pronucleus is in the opposite 
hemisphere of the egg. A trispermic egg is shown in 3 whilst three pronuclei are at the onset 
of fusion in 4 (Hunter 1972) 

Despite the lower cell concentration in the semen (Table IY.2), a major gra
dient in sperm numbers is essential in species with intra-uterine deposition; this 
gradient is imposed at the utero-tubal junction and in the isthmus (Fig. IV.5). The 
valve-like complexity of the former structure and the extremely narrow lumen of 
the isthmus together serve to reduce the numbers of spermatozoa potentially 
capable of achieving the site of fertilization. If the sperm gradient is overridden 
by means of experimental procedures, abnormal fertilization due to multiple 
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Fig. IV. 7. Multiple polyspermic penetration seen in whole-mount preparations of pig eggs ex
amined by phase-contrast microscopy. The polyspermic condition was induced by pre-ovulatory 
surgical insemination of sperm suspensions directly into the Fallopian tubes. Note that the 
sperm heads have separated from their respective mid-pieces and that there has been some 
degree of swelling of the sperm heads (Hunter 1976) 
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Fig. IV.B. Semi-diagrammatic illustration of one Fallopian tube, proximal uterine horn and por
tion of a pig ovary bearing pre-ovulatory follicles. Microdroplets of a solution of progesterone 
in oil injected beneath the serosal layer surrounding the distal isthmus and utero-tubal junction 
resulted in a 33070 incidence of polyspermy in the eggs subsequently recovered from this tube 
(Hunter 1972) 

penetration of the vitellus (polyspermy) is the usual sequel (Figs. IV.6 and IV.7). 
Such polyspermic penetration has been demonstrated in pigs by (1) introducing 
sperm suspensions directly into the Fallopian tubes at laparotomy (Polge, 
Salamon and Wilmut 1970; Hunter 1973b), (2) increasing the patency of the 
isthmus with local microinjections of progesterone to reduce oedema in the 
mucosa and thereby facilitate sperm passage (Hunter 1972; Fig. IV.8), and (3) by 
surgically resecting most of the isthmus and anastomosing the remaining portions 
of the tube (Hunter and Uglise 1971). Together, these experiments illustrate the 
necessity of a sperm gradient if the abnormal condition of polyspermic fertiliza
tion is to be avoided. Polyspermy is pathological in mammals and invariably leads 
to early death of the egg or embryo (Beatty 1957, 1961; Piko 1961; Austin 1963, 
1965). 

Pre- and Peri-Ovulatory Sperm Distribution Within the Isthmus 

In terms of general transport mechanisms for spermatozoa already in the isthmus, 
peri-ovulatory waves of peristaltic contraction proceed principally towards the 
ampullary-isthmic junction (Blandau and Gaddum-Rosse 1974), and this activity 
should therefore assist transport of sperm cells. Such waves of contraction are 
propagated largely through the circular muscle, and may be sufficiently powerful 
to occlude the lumen and, for example, to transport droplets of oil or India ink 
to the peritoneal cavity, but the contractions tend to fade beyond the ampullary-
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isthmic junction (Blandau and Gaddum-Rosse 1974; Battalia and Yanagimachi 
1979). As a quite distinct mechanism, Blandau and Gaddum-Rosse (1974) showed 
that cilia in the isthmus of rabbit and pig preparations beat actively towards the 
ampullary-isthmic junction at the time of ovulation, thereby creating local cur
rents of fluid. Using an elegant in vitro system in which portions of the isthmus 
taken just before ovulation were sectioned longitudinally, these authors showed 
that Lycopodium spores or micro spheres of approximately 15 J.lm diameter were 
transported actively by the cilial beat in a current of fluid, and they inferred that 
a similar influence may be exerted on spermatozoa. It should be pointed out, 
however, that such ciliary currents could not be detected in the isthmus of cat, 
cow, sheep, monkey or woman (Gaddum-Rosse, Blandau and Thiersch 1973). 

Contractile activity in the isthmus may have a major influence on the distribu
tion of spermatozoa relative to the time of ovulation. In spontaneously ovulating 
species such as sheep, cows and pigs mated at the onset of oestrus, and also in 
induced ovulators such as rabbits, there is persuasive evidence that viable sper
matozoa are largely arrested in the distal portion of the Fallopian tubes until 
shortly before ovulation. A comparable restriction of spermatozoa to the isthmus 
has been described for mice (Zamboni 1972; Suarez 1987), rats (Shalgi and 
Kraicer 1978) and guinea-pigs (Yanagimachi and Mahi 1976). The inference here 
is that there may be a synchrony between release of the egg from the Graafian 
follicle and a redistribution of spermatozoa from the constricted lumen of the 
isthmus. In fact, for reasons developed below, the isthmus is now considered to 
act as the functional sperm reservoir, that is the reservoir from which sper
matozoa are released at the time of ovulation to fertilize the eggs (Hunter 1986, 
1987 a; Hunter, Flechon and Flechon 1987). In addition to control of sperm pro
gression by the patency of the pre-ovulatory isthmus, a significantly reduced beat 
of the sperm flagellum may be found in this storage site. Such a condition has 
been reported for rabbit and sheep spermatozoa (Overstreet and Cooper 1975; 
Overstreet and Katz 1977; Cummins 1982), and probably exists in other mam
mals. The composition of the pre-ovulatory luminal fluids seems to regulate 
sperm activity, for Burkman, Overstreet and Katz (1984) provided circumstantial 
evidence for differences in the composition of isthmic versus ampullary fluids in 
rabbits before ovulation: K + ions were thought to inhibit and pyruvate to 
stimulate sperm motility in the isthmus. Microenvironments within the Fallopian 
tubes may be demonstrated in other respects, for regional differences in pre
ovulatory temperatures have been recorded in rabbits (David, Vilensky and 
Nathan 1972, and pigs (Hunter and Nichol 1986), the distal isthmus being signifi
cantly cooler than the ampulla. 

Chronological evidence for a pre-ovulatory regulation of sperm transport by 
the isthmus is as follows. By means of egg transplantation into mated or in
seminated rabbit does that were themselves prevented from ovulating, Harper 
(1973 a, b) demonstrated that viable spermatozoa were sequestered in the lower 
part of the tube for most of the pre-ovulatory interval, spermatozoa being releas
ed to fertilize the transplanted eggs only when ovulation in the recipient was im
minent or had occurred. Harper suggested that the 'products of ovulation' - the 
eggs, their investments and/or the follicular fluid - entering the ampulla lead to 
movement of spermatozoa towards the site of fertilization. However, detailed 
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Table IV.3. The proportion of sheep yielding fertilized eggs and the incidence of fertilization 
when the interval from mating to transection of the isthmus 1.5 - 2.0 cm above the utero-tubal 
junction increased from 10 to 26 ha . (Taken from Hunter and Nichol 1983) 

Interval Condition of No. of ewes No. of eggs No. of ac-
from ovaries at cessory sperm 
mating to transection Examined With some Recovered Fertilized per egg 
transection fertilized 
(h) eggs Mean Range 

10 Pre-ovulatory 8 0 9 0 0 
12 Pre-ovulatory 8 0 8 0 0 
14 Pre-ovulatory 8 0 8 0 0 
18 Pre-ovulatory 8 0 8 0 0 
20 Pre-ovulatory 8 0 11 0 0 
21 Pre-ovulatory 8 0 8 0 0 
22 Pre-ovulatory 8 1 8 1 0 
23 Pre-ovulatory 10 1 11 1 0 
24 Pre-ovulatory 11 0 14 0 0 
25 Peri-ovulatory 12 3 14 3 0.7 0-2 
26 Post-ovulatory 13 11 16 13 7.9 0-26 

Total 102 16 115 18 7.4 0-26 

a All ewes operated on 26 h after the onset of oestrus had recent ovulations. 

studies in farm animals with a pre-ovulatory interval longer than the 10 h found 
in rabbits show that spermatozoa commence to be displaced towards the site of 
fertilization only just before ovulation (Tables IV.3 and IV. 4). Thus, in ewes 
mated at the onset of oestrus, spermatozoa are arrested in the distal 1 - 2 cm of 
the isthmus for 17-18 h or more before peri-ovulatory release (Hunter and 
Nichol 1983), and in pigs similarly mated at the onset of oestrus, viable sper
matozoa are very largely restricted to the distal 1 - 2 cm of the isthmus for up to 
36 h or more of the 40-h pre-ovulatory interval (Hunter 1984). It would be instruc
tive to know if a comparable regulation is found in bitches and mares with their 
pre-ovulatory oestrous periods of 4-7 days, and invaluable to establish if a 
similar control of sperm progression is found in primates. If the distal portion 
of the isthmus, in effect the intra-mural portion, does indeed act as a functional 
sperm reservoir in women, then this is relevant to procedures of reconstructive 
tubal surgery (Chap. VIII) and could bear on the practice of (1) artificial in
semination and (2) the recovery and examination of tubal sperm populations in 
infertility clinics (Hunter 1987b). 

Programming of sperm release from the distal portion of the isthmus and 
their hyperactivation (Chap. V) may be linked to the maturity of the largest Graa
fian follicle(s), as expressed in the pattern of hormone secretion, although there 
is undoubtedly an interaction between ovarian hormones and the autonomic ner
vous supply to the myosalpinx. The objective would be to permit movement and 
displacement of regulated numbers of competent spermatozoa towards the site of 
fertilization closely synchronous with entry of egg(s) into the tubal ampulla. 
Because of the short fertilizable life of the mammalian egg, ovarian mechanisms 
that coordinate and stimulate release of spermatozoa from the lower regions of 
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Table IV.4. The influence of transecting the isthmus of pigs 1.5 - 2.0 cm proximal to the utero-
tubal junction at increasing intervals after mating at the onset of oestrus on the proportion of 
eggs subsequently fertilized (6 animals/group). (Modified from Hunter 1984) 

Interval Condition of Transected isthmus Control isthmus 
from ovaries at 
mating to transection No. of No. of 
transection 
(h) Eggs Eggs Eggs Eggs 

recovered fertilized recovered fertilized 

3 Pre-ovulatory 34 0 32 32 
6 Pre-ovulatory 40 0 35 33 

12 Pre-ovulatory 42 0 41 41 
24 Pre-ovulatory 50 0 41 39 
30 Pre-ovulatory 53 0 33 32 
36 Pre-ovulatory 51 1 41 41 
38 Pre-ovulatory 39 2 49 49 
40 Peri-ovulatory 48 19 35 35 
42-44 Post -ovulatory 46 46 34 34 

Total 403 68 341 336 

the tube would have obvious biological advantages, and there appear to be certain 
analogies with sperm storage and release in the avian oviduct. The actual means 
of endocrine control that has been proposed and demonstrated in pigs involves 
a local counter-current transfer of follicular hormones from the ovarian vein to 
the ovarian and utero-tubal arteries (Hunter, Cook and Poyser 1983). Elevated 
concentrations of steroids and prostaglandins transferred in this way would per
mit incisive changes in the patency and contractile activity of the isthmus, thereby 
facilitating the peri-ovulatory phase of sperm transport to the site of fertilization. 
Comparable vascular and/or lymphatic mechanisms may be involved in these 
peri-ovulatory events in sheep (see Walsh, Yutrzenka and Davis 1979) and women 
(Einer-Jensen, Bendz and Leidenberger 1985). 

A further influence on sperm transport from the isthmus may occur at ovula
tion when follicular fluid with high concentrations of steroid hormones, several 
species of prostaglandin, and the peptide hormone relaxin is released into the 
tubal ampUlla. This is not to infer that the follicular fluid passes down the Fallo
pian tubes but, because each ovary is tightly encompassed by the fimbriated in
fundibulum at ovulation, an initial contact of fluid with the ampulla would seem 
difficult to avoid. 

Whilst the preceding paragraphs describe a means of programming the func
tional sperm reservoir in the isthmus, they do not explain the evolution of such 
a reservoir - except in terms of proximity to the ovarian control mechanism. 
Spermatozoa achieving this region of the duct system have undergone a form of 
selection for fitness (see below) and would be protected from phagocytosis, at 
least during the pre-ovulatory interval, by the population of polymorphs in the 
uterine lumen. Irrespective of the site of semen deposition at mating, sper
matozoa in the isthmus would have escaped from the seminal plasma and may, 
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as a consequence, be especially sensitive to storage mechanisms. Arrest of sper
matozoa in a pre-capacitated state with intact plasma and acrosomal membranes 
would clearly be beneficial for the phase of storage and preservation of subse
quent fertilizing ability (Hunter and Nichol 1983). It would seem logical, 
moreover, to locate the functional sperm reservoir within a short distance of the 
site of fertilization, so that activated spermatozoa can rapidly make contact with 
the egg membranes. Finally, this storage site may be a vestige of the situation in 
ancestral vertebrates in which chemotactic mechanisms were an essential feature 
of the fertilization process, before sophisticated ovarian endocrine mechanisms 
had developed. 

Intra-Peritoneal Insemination 

Whilst spermatozoa usually approach the Fallopian tubes from the lumen of the 
uterus, they may also gain the site of fertilization from the peritoneal cavity. This 
can occur spontaneously as a sequel to mating when spermatozoa leave the fim
briated extremity of one tube and enter the corresponding extremity of the other. 
Access from the peritoneal cavity is demonstrated experimentally by obstructing 
and/or transecting one uterine horn before mating virgin animals and subsequent
ly recovering fertilized eggs from above the region of the obstruction, indicating 
a trans peritoneal passage of viable spermatozoa from the patent tube. A more 
direct approach is to perform an intra-peritoneal insemination (in the absence of 
any previous mating), and subsequently to recover fertilized eggs. This intra
peritoneal route of insemination is feasible in cows (Skjerven 1955), guinea-pigs 
(Rowlands 1957), rabbits (Dauzier and Thibault 1956; Hadek 1958; Rowlands 
1958) and pigs (Hunter 1978), and demonstrates that spermatozoa are able to re
tain their viability whilst descending the Fallopian tubes. Such a distribution of 
spermatozoa is achieved predominantly under the influence of cilial and muscular 
activity, but may be assisted by contact with the egg investments released at ovula
tion. 

The experimental approach of intra-peritoneal insemination has clarified 
three aspects of tubal function. First, as judged from a detailed study in virgin 
pigs (gilts), the incidence of fertilization only approaches the expected post-coital 
levels (i.e. >90070: Hancock 1961) if the sperm suspension is introduced into the 
abdomen shortly before ovulation. Even then, the mean proportion of eggs fer
tilized was closer to 70% (Hunter 1978). The inference is that, in the absence of 
a sperm reservoir in the distal portion of the isthmus, timing of insemination is 
critical due to the short survival of spermatozoa in the tubal ampulla and/or 
peritoneal cavity. An alternative interpretation might be that it is the vigorous 
peri-ovulatory movement of the fimbria and its richly ciliated epithelium that is 
required to displace spermatozoa into the tubal ostium: spermatozoa presented 
to the fimbrial surface too late after the phase of intense peri-ovulatory activity 
may have a poor chance of entering the tube. Second, judgements on the time re
quired for capacitation of spermatozoa (Chap. V) after intra-peritoneal insemina
tion indicate no specific contribution of the peritoneal environment to this pro
cess of sperm maturation: the timing of capacitation was not reduced when com-
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pared with that found after insemination directly into the Fallopian tubes. By 
contrast, the uterus and tubes act synergistically after mating to promote a more 
rapid achievement of capacitation (rabbit: Adams and Chang 1962; Bedford 1968; 
pig: Hunter and Hall 1974b). Third, boar spermatozoa gaining the ampulla after 
intra-peritoneal insemination and not becoming associated with the egg in
vestments were not phagocytosed in the tubal lumen, but rather descended 
through the isthmus and entered the uterus with the eggs, presumably as a result 
of myosalpingeal activity (Hunter 1978). These results from intra-peritoneal in
semination therefore illustrate the retrograde displacement of non-viable sperm 
cells into the uterus at the time of embryo descent. A comparable situation may 
be found after natural mating. 

Sperm Selection in the Female Tract 

The notion exists in much of the older literature that the population of sper
matozoa reaching the Fallopian tubes may in some manner be selected during 
passage through the lower regions of the female tract (Parkes 1960; Austin 1964). 
In the first instance, the idea of selection probably stemmed from observations 
on the sperm gradient: compared with the numbers of spermatozoa present at the 
site of ejaculation, very few would be found in the ampullary region of the tubes 
during a single observation - hence the possibility of selection. In fact, studies 
using mixtures of differentially labelled live and dead spermatozoa (Baker and 
Degen 1972), frozen-thawed spermatozoa (Polge et al. 1970) or diploid marker 
spermatozoa (Mortimer 1977) have all strongly suggested that there is a pro
gressive selection of cells between the site of deposition and the site of fertiliza
tion, but this could be interpreted simply as an elimination of less viable, mori
bund or dead spermatozoa, or those of inappropriate dimensions. Certainly, a 
higher proportion of morphologically normal spermatozoa is found in the 
isthmus than in the lower reaches of the tract. 

Only the work of Cohen's group argues that there is some form of active selec
tion operating in the female tract against spermatozoa with an imperfect genome, 
especially in the region of the utero-tubal junction. If the inference is that selec
tion occurs on the basis of sperm surface characteristics, then this raises again the 
controversial question of haploid gene expression, for which there is now some 
positive evidence, at least for testicular spermatozoa (Hecht 1986). Cohen argues 
for selection gf a small population of viable spermatozoa on the basis of calcula
tions of chiasma frequency and sperm redundancy values in a range of mammals 
(Cohen 1967), and also from the results of studies with labelled spermatozoa in 
mice and rabbits (Cohen and McNaughton 1974; Cohen and Werrett 1975). The 
mechanisms whereby (a) an unrelated virgin female is programmed to select sper
matozoa and (b) the specific detection and elimination of defective spermatozoa 
take place have not been clarified. An alternative explanation of Cohen's data 
might simply be that the populations of spermatozoa recovered from successively 
higher regions of the female tract were indeed 'fitter' in that they contained fewer, 
non-viable, poorly motile or moribund spermatozoa than those from the lower 
regions of the tract or ejaculate. As such they would, of course, be selected popu-
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lations, but not ones produced by any active selection against genetically abnor
mal gametes by the female tract (Mortimer 1978, 1983). 

Despite the balance of the preceding remarks, and the fact that more recent 
work from Cohen's group has not been in line with the original interpretations 
(Cohen and 1Yler 1980), there remains evidence in mice that spermatozoa carrying 
certain t alleles have difficulty in traversing the utero-tubal junction (Braden and 
Gluecksohn-Waelsch 1958). But it is important to stress that some abnormal sper
matozoa do reach the site of fertilization and may penetrate the eggs, albeit at 
a lower incidence (Negtor and Handel 1984). It is also worth noting that mouse 
spermatozoa carrying the tw32 complex have an accelerated rate of arrival in the 
ampulla (Tessler and Olds-Clarke 1981). 

The presence in the lumen of the female genital tract of antibodies against 
spermatozoa or seminal plasma proteins may produce agglutination of large 
numbers of spermatozoa, thereby rendering them non-functional. However, this 
pathological condition cannot be viewed as a form of sperm selection in the sense 
of the preceding discussion. 

Finally, once the site of fertilization is actually attained, spermatozoa still re
quire considerable vigour to penetrate between the cells of any cumulus invest
ment around the eggs. Acrosomal enzymes are also required for lysing a way 
through the egg membranes. Sperm viability and integrity therefore impose a 
rigorous form of selection at the egg surface. 

Gamete Lijespans in the Female Tract 

Although the lifespan of eggs and spermatozoa in the female reproductive tract 
is discussed in many reviews and monographs (e.g. Austin 1961, 1970; Thibault 
1967; Szollosi 1975; Gwatkin 1977; Yanagimachi 1981), a number of relevant 
questions have yet to receive satisfactory answers. First, however, there is a 
necessary clarification. The lifespan of gametes in the female tract should, strictly 
speaking, be viewed as the period of time during which the ability to undergo nor
mal fertilization and give rise to a viable embryo is retained. In the case of the 
egg, this differs from the significantly greater timespan during which sperm 
penetration into the vitellus may occur, because ageing and indeed visibly 
degenerating eggs may still be capable of penetration (Blandau and Jordan 1941; 
Chang 1952; Braden 1959; Hunter 1967). This distinction between the functional 
lifespan of an egg and the 'penetrable' lifespan is not always clear in the literature. 
Moreover, in the case of spermatozoa, a population of millions of cells rather 
than a single gamete is invariably under consideration. This complicates the issue, 
for the ejaculate is known to contain a heterogeneous population of cells, some 
being dead or moribund and others immature with a retained cytoplasmic droplet 
(Mann 1964). Such heterogeneity may stem from various sources, including the 
dynamic nature of the process of spermatogenesis, the extent of epididymal 
storage, and the frequency of usage of the male, and itself must underlie the 
greater lifespan of the ejaculate. 

With these points in mind, a specific question to raise is whether the viable 
lifespan of a gamete in the female tract is a rather constant figure for a given 
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Table IV.5. The incidence of polyspermic fertilization exhibited in mature pigs in various ex
perimental situations after mating or insemination at the time of oestrus (Hunter 1979) 

Treatment 

Delayed mating 
Delayed mating 
Delayed insemination 
Tubal reconstructive surgery 
Progesterone microinjections 
Tubal insemination 

Eggs 
examined 
No. 

53 
41 

149 
34 

198 
77 

" A further 210,70 of the eggs were considered digynic. 

Polyspermic eggs 

No. % 

6 11.0" 
12 29.2 
23 15.4 
11 32.4 
64 32.3 
26 33.8 

Table IV. 6. The viable lifespan of gametes in the female reproductive tract, representing the 
period during which they are able to achieve normal fertilization and subsequent cleavage. 
Even so, a proportion of the eggs penetrated at the upper end of their lifespan may succumb 
to early embryonic loss 

Species Eggs (h) Spermatozoa" (h) 

Cow 10-12 24-48 
Sheep 10-15 24-48 
Pig 8-12 24-42 
Horse 8-10 140 
Human 8-10 24-72 

" Motility is invariably retained for a much longer period than fertilizing ability except, 
perhaps, in the case of stallion spermatozoa. 

species (as inferred by much of the literature), expressing an intrinsic property of 
the cell, or whether it might be influenced by the condition of the tract, especially 
the composition of the luminal fluids. The fluid environment is known to depend 
on changes in the secretion of ovarian steroid hormones, and just before ovula
tion there is a change from predominantly oestrogen synthesis by the Graafian 
follicle(s) to secretion of progesterone; this latter secretion increases with develop
ment of the corpora lutea. In species having a prolonged period of oestrus, the 
lifespan of spermatozoa in the pre-ovulatory situation is striking, with reported 
figures of 3-6 days in dogs (Griffiths and Amoroso 1939; Doak, Hall and Dale 
1967) and even 5-6 days in mares (Day 1942; Burkhardt 1949). One interpreta
tion here is that spermatozoa may have extended viability in the pre-ovulatory, 
oestrogen dominated tract. The same comment may be true for sperm survival 
in women, for there are suggested lifespans of 3-4 days (Ahlgren 1975; Edwards 
1980; Gould, Overstreet and Hanson 1984). By contrast, survival of spermatozoa 
in a progesterone-dominated post-ovulatory environment would seem an un
necessary requirement. Even so, the diversity of nature is such that spermatozoa 
can apparently remain viable in the genital tract of hares (Lepus europus) for the 
duration of pregnancy (Martinet and Raynaud 1975) and perhaps also during 
pregnancy in certain strains of mice (Ullmann 1976). 
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A second question is whether all eggs ovulated spontaneously in the biological 
situation, as distinct from after a regime of steroid hormone therapy and/or 
gonadotrophin injection, are potentially viable and have similar lifespans in the 
Fallopian tubes. The usually-accepted idea is that there is a stringent selection of 
the follicle or follicles destined to ovulate and therefore the oocyte(s) so released 
is assumed to be viable. This would seem of critical importance to reproductive 
success in a monotocous species, and because of the dynamic interrelationships 
between oocyte and follicle (Foote and Thibault 1969; Thibault 1977), it may well 
be so. On the other hand, the incidence of spontaneous embryonic loss in many 
populations of mammals (~30- 40070) and in women 40 - 60% (Boue, Boue and 
Lazar 1975; Short 1979; Edwards 1980; Edmonds et al. 1982) raises the possibility 
that some ovulated oocytes may be defective. Relevant to this point is the fact that 
the incidence of polyspermic fertilization in pigs under diverse experimental 
treatments is 30-35% (Thble IV.5), which is remarkably similar to the proportion 
of prenatal loss. Accordingly, it is possible that the susceptibility to polyspermy 
in specified experimental conditions may be a means of revealing eggs of marginal 
viability that are destined to undergo early embryonic death (Hunter 1979). 

With these various limitations in mind, values for gamete lifespans in the fe
male genital tract are presented in Table IV.6. As will be noted, the egg commences 
to degenerate after only a small number of hours. The forms of degeneration are 
diverse, affecting many of the organelles in this remarkably large sphere of 
cytoplasm (Blandau 1975), but changes in (1) the microtubules of the meiotic 
spindle and (2) the location and integrity of the cortical granules may be especial
ly significant. 
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CHAPTER V 

Denudation of Eggs, Capacitation of Spermatozoa, and 
Fertilization - Normal and Abnormal 
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Introduction and Chemotaxis 

Whilst the previous chapter has discussed transport of gametes to the site of fer
tilization in the Fallopian tubes, actual penetration of the egg membranes requires 
final maturational changes in the sperm cell. There may also be maturational 
changes in the liberated secondary oocyte, quite apart from in its investment of 
follicular cells, but the evidence for such changes remains equivocal. One of the 
most intriguing topics related to these events is that of chemotaxis defined, for 
present purposes, as release of a specific substance by the egg surface to attract 
spermatozoa and thereby to promote the efficiency of fertilization. There is no 
convincing evidence for the existence of this phenomenon in eutherian mammals 
(Yanagimaclll 1981), although lack of such evidence does not, of course, mean 
that chemotaxis does not exist. On the contrary, the experimental systems used 
so far for exposing spermatozoa in vitro to eggs or their surface fluids may have 
been inappropriate or simply insufficiently sensitive to reveal the phenomenon. 
A more plausible explanation, however, is that mechanisms other than chemotaxis 
have evolved within the duct systems of placental mammals to foster a timely and 
effective contact of eggs and spermatozoa leading to successful fertilization. The 
ducts are under the influence of ovarian hormones and a local means of control 
by the pre-ovulatory Graafian follicle(s) has already been proposed (Chap. IV). 
Further regulation by the autonomic nervous system and locally released cate
cholamines may serve to coordinate the meeting of eggs and spermatozoa. 
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Denudation and Final Maturation oj Eggs 

Denudation refers to loss of follicular cells from the surface of the zona pellucid a 
in the lumen of the Fallopian tube. In unmated animals, the process occurs spon
taneously but it is thought to be accelerated in the presence of spermatozoa. The 
extent of denudation is clearly related to the condition of the egg(s) at ovulation. 
Those of the pig, rabbit, many laboratory rodents and women enter the tube in
vested with cumulus cells. In polyovular species, cumulus masses surrounding in
dividual eggs usually aggregate to form a cumulus "plug" (Fig. V.I) for transport 
to the ampullary-isthmic junction (Hancock 1962). By contrast, eggs of the cow 
and to a lesser extent those of sheep, enter the tube almost completely denuded 
of follicular cells (Chap. IV). 

In Graafian follicles responding to a pre-ovulatory surge of gonadotrophic 
hormones, rearrangement of the cells surrounding the oocyte commences some 
hours before ovulation. The cells immediately adjoining the zona pellucida, those 
of the corona radiata, show a distinct morphological change: their corona cell 
processes are gradually withdrawn from the substance of the zona and the cells 

Fig. v.l. The apex of a rabbit Graafian follicle just after the moment of ovulation showing the 
newly released egg surrounded by granulosa cells. Eggs so arranged may aggregate to form a 
cumulus 'plug'. (Courtesy of Dr. M. J. K. Harper) 
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Fig. V.2. The morphological rearrangement of cells of the corona radiata around rabbit oocytes 
close to the time of ovulation. Note especially the elongated corona cell processes. (Courtesy 
of Prof. C. Thibault; after Hunter 1980) 

themselves assume a radially-arranged appearance with elongated processes (Fig. 
V.2). The surrounding granulosa cells, generally referred to as those of the 
cumulus oophorus, also show a progressive loosening and expansion (Chap. IV). 
Indeed, expansion of the cumulus mass has been used in echo-sonography studies 
of human Graafian follicles as a criterion of selection for laparoscopic puncture 
and oocyte aspiration (Bomsel-Helmreich 1985; Demoulin 1985). Progressive 
dispersal of cumulus cells in the Fallopian tube may be regarded simply as a con
tinuation of events commencing in the pre-ovulatory follicle, although at least one 
report has claimed that the bicarbonate ion in tubal fluid promotes the denuda
tion process (Stambaugh, Noriega and Mastroianni 1969). Further subtle bio
chemical activities doubtless also contribute to denudation, but a purely mechan
ical influence of interactions with cilia must not be overlooked, nor the constant 
squeezing and deformation by contractile activity in the myosalpinx during egg 
descent to the site of fertilization. 

The acceleration of oocyte denudation in the presence of spermatozoa refer
red to above concerns an action of sperm hyaluronidase on the hyaluronic acid 
cement substance that binds follicular cells. The enzyme is thought to be released 
physiologically as a result of membrane vesiculation around the acrosome (Austin 
1963 a), but dead or dying spermatozoa may also liberate their complement of 
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proteolytic enzymes which could then act to depolymerize the hyaluronic acid and 
so disperse the follicular cells. At least one report proposes a release of hyaluroni
dase after an initial swelling of the acrosome but before the vesiculation reaction 
is detectable (Szollozi and Hunter 1978); this observation concerned boar sper
matozoa, and it may therefore be relevant to emphasize the extensive cumulus 
plug around freshly-shed pig eggs (Hancock 1961). 

In the context of fertilization, one suggestion of long standing is that the 
follicular cells surrounding the secondary oocyte serve to increase the surface area 
and thus the potential target for spermatozoa (Chang and Pincus 1951; Austin 
and Walton 1960; Austin 1961). This would be especially valuable in the absence 
of any chemotactic mechanism, for the follicular investment could be viewed as 
a means of trapping motile spermatozoa. If this line of reasoning is correct, the 
pattern of sperm transport within the Fallopian tubes may be related to the condi
tion of the egg(s) at ovulation: more spermatozoa might be expected to ascend 
the isthmus in species in which the egg is essentially denuded at ovulation. This 
would enhance the probability of sperm-egg encounters whilst still avoiding too 
great a risk of polyspermy. However, detailed studies in sheep and cattle reveal 
rather similar peri-ovulatory patterns of sperm distribution in the isthmus when 
compared with those in pigs. 

Discussions of denudation usually focus on the oocyte and neglect the fact 
that liberated follicular cells are not necessarily becoming redundant or being 
destroyed; they may have important functions in the tube after release from the 
egg surface. Since follicular cells can be successfully cultured in vitro as granulosa 
cells, and actively synthesize steroid hormones when provided with appropriate 
substrates (Channing 1966), a similar role in vivo should not be overlooked. Not 
only may these cells synthesize steroids, but also they may retain an ability to 
secrete diverse peptides, thus influencing both the process of fertilization and the 
first stages of embryonic development. There is evidence, moreover, that isolated 
cumulus cells readily form pyruvate in the presence of glucose and lactate (Leese 
and Barton 1985), suggesting a specific role in embryonic nutrition. 

Fertilizin-Antijertilizin Reactions at the Egg Surface 

Evidence that a fertilizin-antifertilizin reaction is a critical step preceding the fer
tilization process of certain invertebrates (e.g. the sea-urchin Arbacia) is well ac
cepted (Lillie 1912; Austin 1961, 1965). A factor emanating from the egg coat (fer
tilizin) reacts with molecules on the sperm surface (antifertilizin) leading to ag
glutination and seemingly stimulating the acrosome reaction. Fertilizin is a 
glycoprotein and diffuses from the jelly coat of sea-urchin eggs. Sea water in 
which the eggs have been allowed to stand has the ability to agglutinate sper
matozoa, since the liberated fertilizin reacts with a sperm surface component 
termed antifertilizin - an acidic protein. Fertilizin-antifertilizin reactions are best 
regarded as molecular preliminaries to fertilization, underlying the recognition 
and attachment of homologous spermatozoa to the egg surface. 

The extent to which mammalian eggs possess a "fertilizin" associated with the 
surface membranes which requires a period of exposure to a putative anti fertilizin 
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in the .tubal fluids before spermatozoa can penetrate the zona pellucida remains 
uncertain. In a classical paper on mammals, Bishop and Tyler (1956) claimed 
analogies with the fertilizin reaction in invertebrates, suggesting that a substance 
diffused from the zona pellucida to react with spermatozoa and increase their 
tendency to auto agglutinate. However, the in vitro studies of Thibault and 
Dauzier (1960) offered a rather different viewpoint. They noted that washing rab
bit eggs in a physiological medium before addition of a sperm suspension resulted 
in a significantly higher incidence of in vitro fertilization, inferring that a sub
stance was removed from or neutralized on the egg surface in the Fallopian tube. 
A subsequent study in the rabbit failed to find any evidence for a specific fertilizin 
emanating from the egg surface which might be involved in initiating the 
acrosome reaction, thereby facilitating a higher incidence of sperm penetration 
(Overstreet and Bedford 1975). In longer essays, Bedford (1982, 1983) argues from 
various points of view against the existence of a fertilizin in mammals but, as al
ready remarked, there may be time during egg transport to the site of fertilization 
for subtle changes in the egg surface corresponding to the influence of washing 
in vitro. 

Binding Sites jor Spermatozoa on the Zona Pellucida 

Whereas the evidence for fertilizin-anti fertilizin reactions in mammalian eggs re
mains equivocal, there are now compelling observations to indicate development 
of specific receptor or binding sites for spermatozoa on the surface of the zona 
pellucida (Gwatkin 1977; Yanagimachi 1981; Dunbar 1983; Hartmann 1983). At 
first reading, this may appear surprising, since the zona pellucida is an accessory 
acellular layer quite distinct from the plasma membrane surrounding the 
cytoplasm of the egg. Moreover, the outermost portion of the zona is sufficiently 
loose, spongy and uneven (Fig. V.3) for it to arrest motile spermatozoa - in 
which case other more specific forms of contact interaction might seem un
necessary for penetration to proceed. Nonetheless, the zona is known to be a bio
chemically complex glycoprotein matrix (Dunbar 1983; Sacco, Yurewicz and 
Subramanian 1986), and its surface develops specific sugar residues which can be 
demonstrated as receptors by their ability to bind lectins, a group of plant and 
invertebrate proteins (Nicolson and Yanagimachi 1972; Nicolson et al. 1977). 
These sugar residues on the zona have a special affinity for carbohydrate moieties 
on the anterior portion of the sperm head and in one sense, therefore, chemical 
binding of the sperm head to the zona pellucida can be viewed as the first func
tional contact between the two gametes. Species-specificity of fertilization is 
thought to reside in part in the zona binding and subsequent penetration 
mechanisms, there being only extremely rare reports of inter-specific sperm 
penetration after experimental insemination in vivo or in vitro when the egg is in
tact (see Dickmann 1962). 

The binding reaction between male and female gametes must be remarkably 
avid, because viable spermatozoa reaching the surface of the zona pellucida are 
usually exhibiting a high degree of progressive motility and might thus be ex
pected to lose contact with the surface of a sphere. Perhaps, after all, a degree 
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Fig. V.3. A scanning electron micrograph of a pig egg denuded of granulosa cells to show the 
uneven, loose and spongy outer surface of the zona pellucida. Such a surface may facilitate con
tact reactions between the spermatozoon and egg. (Courtesy of Dr. J. E. Flechon; after Hunter 
1980) 

of physical entrapment of the sperm head between corona cells or by the uneven 
surface of the zona is important whilst the binding reaction is being initiated. Two 
related points are worth mentioning. First, there are not preferential regions on 
the zona for sperm attachment: rather, the binding sites are apparently distributed 
over the complete surface of the sphere. This seems an essential prerequisite since 
the portion of the sphere first contacted by a competent spermatozoon is proba
bly at random. Second, formation of the zona pellucid a is not completed in small 
Graafian follicles; on the contrary, material is added to the zona right up to the 
moment of ovulation in several species of mammal and especially the large farm 
animals (Fig. VA), suggesting a comprehensive distribution of binding sites. 

Various research groups have devoted specific attention to the "zona binding" 
of spermatozoa, and have especially studied gametes of the golden hamster under 

86 



Fig. V.4. Thin sections of a portion of the zona pellucida of a pig egg to show the spongy and 
porous nature of the outer surface, suggesting a final peri-ovulatory addition of zona material. 
(Courtesy of Dr. D. Szollosi) 
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in vitro conditions (Hartmann 1983); the zona binding is suggested to occur in 
two stages: an initial weak attachment of the sperm head to the zona surface 
followed by a more compact bonding as actual penetration commences. It is 
uncertain to what extent the same reaction is involved in the two somewhat ar
bitrary stages. Bonding might simply represent a more advanced form of attach
ment. Nor is it clear precisely how (or when) a distinction is drawn between at
tachment and the initial stages of zona penetration - that is entry of the tip of 
the sperm head into the substance of the zona. As stated succinctly by 
Yanagimachi (1981): "To understand the molecular mechanisms of sperm-zona 
interaction, we must fully understand the chemical characteristics of both the 
sperm surface and the zona pellucid a;' 

Capacitation of Spermatozoa, the Acrosome Reaction and Hyperactivation 

The capacitation of mammalian spermatozoa has been a favoured topic of 
research since the phenomenon was first specifically identified by Austin (1951) 
and Chang (1951). These two biologists were working independently with dif
ferent species on different continents, and examining chronological aspects of the 
early stages of fertilization in rats and rabbits. Although their experimental tech
niques were not the same, the essential finding in both studies was that a delay 
appeared necessary between the time of spermatozoa entering the female repro
ductive tract and actual penetration of the egg membranes - a delay not ac
counted for by the transport or migration of spermatozoa. This period of delay 
was regarded as one in which spermatozoa underwent physiological and biochem
ical changes and finally achieved the capacity to fertilize - hence the choice of 
the word "capacitation" by Austin (1952) to describe the ripening process. Many 
relevant observations have been made in the last 35 years, but it is only since the 
early 1970s that an especially critical feature of the capacitation process has been 
recognized: i.e. a change in the sperm surface that enables a specific influx of 
calcium ions which, in turn, lead to alterations in the configuration of the sperm 
head membranes (Yanagimachi and Usui 1974). The membrane changes on the 
sperm head, culminating in the acrosome reaction (Fig. V.5), are paralleled by 
changes in motility generated in the mid-piece mitochondria and expressed in 
movements of the flagellum. These head and mid-piece modifications together 
confer on the sperm cell an ability to penetrate to the egg surface. 

A distinction has been drawn between capacitation and these subsequent 
changes: indeed, as long ago as 1970, capacitation was being viewed as a physio
logical change or series of changes in the sperm cell that precedes and permits 
a coordinated acrosome reaction (Austin 1967; Bedford 1970; Chang and Hunter 
1975). As inferred, a more recent definition would also include reference to the 
closely coincident or simultaneous changes in motility. Descriptive detail abounds 
on the process of capacitation, derived from studies in vivo and in vitro in a num
ber of mammalian species, so it is perhaps worth attempting to place the process 
in a biological perspective before highlighting some of its many facets. 

Because spermatozoa can be viewed as fragile and potentially unstable cells 
with very limited reserves of energy (negligible cytoplasm) and a finite comple-
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a b c 
Fig. V.5. Diagrammatic representation of the acrosome reaction in a mammalian spermatozoon 
to show the multiple fusions between the outer acrosomal membrane and overlying plasma 
membrane. This vesiculation on the anterior portion of the sperm head permits release of lytic 
enzymes. (Courtesy of Dr. 1. M. Bedford; after Hunter 1980) 

ment of lytic enzymes in the acrosome, it seems vital to preserve these components 
until spermatozoa are in the vicinity of an egg at the site of fertilization. Exhaus
tion of spermatozoa in the lower reaches of the female tract or loss of their com
plement of acrosomal enzymes at this point would render the cells non-func
tional. There is thus a physical requirement to maintain sperm integrity until entry 
into the Fallopian tubes. There is also a chronological requirement, in the sense 
that mating may precede ovulation by many hours in laboratory species or several 
days in pigs, dogs, horses and primates; with such timescales, there would be no 
conceivable value in achieving full capacitation and hyperactive motility shortly 
after semen deposition in the female tract, for spermatozoa would simply not re
main functional until ovulation. Nonetheless, inspection of many of the establish
ed texts suggests that capacitation is a process requiring only a small number of 
hours irrespective of the time of mating before ovulation (Table V.l). Indeed, 
Fraser (1984) stated that capacitation is "a time-dependent phenomenon, with the 
absolute period being species-dependent". 

A frequently-offered explanation for the continued availability of capacitated 
cells many hours after mating invokes the heterogeneous condition within the vast 
numbers of spermatozoa in the ejaculate (i.e. immature, ripe, moribund and 
dead). Small populations of initially immature cells would pass sequentially up 
a "curve of ripening" during the pre-ovulatory interval (Fig. V.6), so that there 
should always be some competent cells available at the time of ovulation (see Bed
ford 1970, 1982, 1983; Dziuk 1970; Chang and Hunter 1975). If this interpretation 
retains any validity in the light of the previous remarks, then at best it seems likely 
to represent a secondary mechanism. Certainly, it is important to note that 
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Fig. V.6. 'Curves' of sperm maturation to correspond with the hypothetical and sequential 
achievement of capacitation in different populations of spermatozoa within the ejaculate. 
(Redrawn after Bedford 1982) 

Table V.l. Approximate values for the capacitation time of 
mammalian spermatozoa in vivo available in a number of 
established textbooks. (After Hunter 1987b) 

Species 

Sheep 
Pig 
Rat 
Hamster 
Cow 
Rabbit 

Interval (h) 

1-1.5 
2-3 
2-3 
3-4 
4-5 
5-6 

classical studies of capacitation, both in vivo and in vitro, have invariably been 
performed in a "post-ovulatory environment" - that is in the presence of eggs 
and/or their investments, and this may have contributed to a proposed misunder
standing (Hunter 1986, 1987 a, b). In fact, tables of specific (fixed) values for the 
timing of capacitation may not be biologically meaningful. 

A more realistic interpretation in eutherian mammals may be associated with 
the pre-ovulatory physiology of the Fallopian tubes and the endocrine activity of 
the Graafian follicle - the structure that also releases the female gamete. Here, 
the suggestion derived from studies of sperm distribution in the tubes of farm 
animals is that physiological control of capacitation is obtained via a peri
ovulatory transfer of follicular hormones to the tissues of the distal isthmus, the 
region in which viable spermatozoa are largely arrested and stored in the pre
ovulatory interval (see Chap. IV). For example, ovarian follicular hormones such 
as prostaglandins increase dramatically in concentration just before ovulation 
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(Tsafriri et al. 1972; LeMaire et al. 1973; Ainsworth et al. 1975; Hunter and Poyser 
1985) and may act directly on the sperm cells (Kelly 1981; Aitken and Kelly 1985), 
or a local transfer of ovarian hormones may prompt the release of catecholamines 
into the lumen of the tube. Sperm cells are known to have receptors for such 
molecules, and to respond to appropriate catecholamine stimulation by changes 
in motility and membrane configuration (Bavister and Teichman 1976; Bavister, 
Chen and Fu 1979; Meizel et al. 1980). The underlying strategy would be to 
achieve full capacitation and hyperactivation of spermatozoa just as the egg was 
being released into the tract rather than many hours before ovulation. Thus, the 
endocrine activity of the Graafian follicle would serve to integrate the final phase 
of sperm transport to the site of fertilization with the process of capacitation 
(Hunter and Nichol 1983; Hunter 1984, 1986, 1987 a, b). 

In brief, therefore, this hypothesis proposes that instead of components deriv
ed from eggs being the principal stimulus to the final maturational changes in 
spermatozoa - as in marine invertebrates - eutherian mammals may have 
developed a strategy of ovarian endocrine regulation of events within both the re
productive tract and, indirectly, the sperm cell itself. Such an interpretation would 
argue strongly that capacitation times do not correspond to the rigid figures 
presented in Table V.l. Evidence obtained in vitro is of considerable interest and 
may support such estimates, but the evidence probably says more about the poten
tial rate of induction of capacitation in unselected populations of spermatozoa 
in relatively large volumes of culture fluid than it clarifies the subtle and remark
able control mechanisms in the specific fluids of the Fallopian tubes. Completion 
of capacitation may best be thought of as an ovulation-related event (Hunter 
1987a, b). 

Details of the capacitation process have been discussed comprehensively in 
numerous reviews (Bedford 1970, 1983; Austin 1975; Chang and Hunter 1975; 
Chang et al. 1977; Gwatkin 1977; Rogers 1978; Yanagimachi 1981; Fraser 1984; 
Hunter 1987 a, b); since the following treatment is relatively brief and selective, 
readers are referred to these reviews for a full coverage. An essential preliminary 
to capacitation is liberation of the sperm cell from the seminal plasma in which 
it is suspended at ejaculation. It must be recalled that seminal plasma represents 
the secretions not only of the male accessory glands but also of the epididymal 
duct, in which portion of the tract spermatozoa may have been stabilized and 
stored for as long as 2 to 3 weeks. As already discussed in Chapter IV, most of 
the seminal plasma is removed from the sperm cells during passage through the 
cervix and/or the utero-tubal junction. Components of the seminal plasma that 
are more intimately associated with the sperm surface are progressively leached 
or metabolized as spermatozoa are resuspended in female genital tract fluids dur
ing passage towards the site of fertilization. Chang (1957) demonstrated that sper
matozoa presumed to be capacitated could be decapacitated by addition of 
seminal plasma, such spermatozoa then requiring a further period in the female 
tract before they were capable of fertilization. Although this experiment indicates 
the necessity of removing seminal plasma, it is doubtful whether fully-capacitated 
spermatozoa could be rendered functionally immature once more by exposure 
to male fluids: irreversible changes in the cell would almost certainly have occur
red. 
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Several studies have now demonstrated a sequential and coordinated action of 
compartments within the female tract on the rate of capacitation, in the sense that 
spermatozoa passing through the uterus into the Fallopian tubes are capacitated 
more rapidly than a suspension of ejaculated spermatozoa deposited directly into 
the tubes (Adams and Chang 1962; Bedford 1968a; Hunter 1969; Hunter and 
Hall 1974). The principal explanation here may be that seminal plasma would ini
tially still be in contact with spermatozoa deposited into the tubes, whereas it 
would have been largely removed during exposure to preceding compartments of 
the female tract. However, a population of spermatozoa introduced surgically into 
the tubes would undoubtedly be numerically greater than that entering it after 
mating, and there is evidence from rabbits (Bedford 1968 a) and pigs (unpublished 
observations) that the Fallopian tubes may capacitate only limited numbers of 
spermatozoa at one time. Subtle biochemical forms of synergism could therefore 
be at play. 

Escape from the seminal plasma may be associated with loss of specific in
hibitors of acrosomal enzymes and perhaps also of mitochondrial enzymes. Such 
inhibitors may be acquired by the cells during passage through the epididymis, 
as appears to be the case in boar spermatozoa (Hunter, Holtz and Herrmann 
1978). Increased metabolic activity can be detected as capacitation proceeds, 
underlying in part the increase in sperm motility. In the golden hamster, the ef
fects of the tubal environment on stimulated metabolism and achievement of the 
capacitated state are so distinct that they can be monitored in vivo through the 
thin wall of the ampulla in terms of a massive increase in sperm motility 
(Yanagimachi 1970); this has also been reported for the mouse (Suarez 1987). In
fluences of female tract fluids on sperm metabolism and capacitation have been 
reviewed elsewhere (Bedford 1970; Chang and Hunter 1975; Gwatkin 1977; Har
rison 1977; Fraser 1984). Gonadal fluids in the form of ovarian follicular fluid 
may also contribute to capacitation in species such as the golden hamster 
(Yanagimachi 1969 a, b). If changes promoted by follicular fluid are part of the 
spontaneous in vivo mechanism of capacitation, then the inference is that 
capacitation is not completed until the time of ovulation - rather than 
3 -4 hours after mating in hamsters. 

A major focus of the capacitation process appears to be an alteration in the 
lipid and/or protein domains in the plasma membrane such that Ca2+ can enter 
the cell and lead to changes expressed as both the acrosome reaction and a 
dramatically enhanced swimming activity termed hyperactivation (Yanagimachi 
1981) . .The calcium binding protein, calmodulin, may serve to regulate calcium 
fluxes. There is a view that, given an appropriate fluid environment, progressive 
destabilization changes in the plasma membrane may be largely under intrinsic 
control of the sperm cell rather than promoted by female tract fluids (Bavister 
1969; Austin and Bavister 1974). If this were so, it would explain why capacitation 
can be obtained in various in vitro systems containing suitable concentrations of 
electrolytes, metabolic substrates, and serum albumin as the sole added protein. 
On the other hand, this view would reduce or deny the importance of specific 
ovarian influences on the rate of capacitation which, as inferred above, may be 
critical in species with a relatively long interval between the gonadotrophin surge 
and ovulation (e.g. sheep, cow, pig, horse). 
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As already indicated, the acrosome reaction occurs as a consequence of 
capacitation. It is thus a distinct process and stems from a destabilization of the 
plasma membrane around the sperm head. But the extent to which the mam
malian egg or its investments promote the acrosome reaction has still to be resolv
ed in the physiological situation (Szollosi and Hunter 1978). Analogies with the 
events of fertilization in marine invertebrates are attractive, and there is striking 
evidence from fertilization of human eggs in vitro, but these do not permit 
statements on the site and causes of the reaction in vivo. However, relevant obser
vations are available for the large farm species (Crozet and Dumont 1984; Herz 
et al. 1985) and the hamster (Cummins and Yanagimachi 1982). 

The acrosome reaction of mammalian spermatozoa has been widely described 
as a vesiculation reaction involving extensive points of fusion between the plasma 
membrane and the underlying outer acrosomal membrane (Austin 1963 b, 1965; 
Barros et al. 1967; Bedford 1967, 1968b, 1970; Piko 1969; Yanagimachi and Noda 
1970a). In this regard, one crucial function of capacitation may be to arrange a 
specific distance between these two membranes so that vesiculation can proceed. 
Actual vesicles are formed by the rounding off of small portions of plasmalemma 
and the outer acrosomal membrane, and this spreads in three dimensions over the 
sperm head (Fig. V.5). Formation of such vesicles was initially thought to be spon
taneous and simultaneous once capacitation had occurred, but Flechon (1985), 
using the technique of freeze-fracture coupled with scanning electron microscopy, 
has demonstrated that the acrosome reaction in ram and/or rabbit spermatozoa 
proceeds anteriorly from the region of the equatorial segment (Fig. V.7). 

Although the acrosome reaction may promote specific changes in surface 
characteristics of the posterior part of the sperm head (Yanagimachi 1981; Bed
ford 1983), its primary function is still seen as a means of releasing proteolytic 
enzymes from the acrosomal sac to facilitate penetration of the egg investments. 
As a modified lysosome, the acrosome is derived from the Golgi apparatus and 
contains a large number of enzymes, but the two invariably considered in essays 
on fertilization are hyaluronidase and acrosin. As already noted, hyaluronidase 
acts to depolymerize hyaluronic acid, the cement substance between the cumulus 
cells, thereby giving the sperm access to the surface of the zona pellucida. 
Acrosin, a trypsin-like enzyme, formerly referred to as the hypothetical zona lysin 
(see Austin 1961), may digest a pathway through the substance of the zona (Fig. 
V.8), but controversy exists on this point and also on whether acrosin is largely 
membrane-bound or freely released during the acrosome reaction. One argument 
for the enzyme being membrane-bound is that the penetrating sperm leaves a 
discrete slit in the zona - which would not be expected if a lytic enzyme was free
ly diffusing from the sperm head. What is seemingly not controversial is the pro
position that acrosin exists in a zymogen form, proacrosin, which needs to be ac
tivated to acrosin during the acrosome reaction (Hartree 1977; Brown and Har
riso~ 1978; Harrison, Flechon and Brown 1982). Indeed, such enzymatic 
modification may itself be involved in promoting the membrane fusion reaction 
(Meizel 1984). The contribution, if any, of the remaining complement of 
acrosomal enzymes in the events of fertilization awaits systematic study. 

A dramatic increase in the rate of flagellar beat causing a much enhanced pro
gressive motility is a second functional expression of capacitation in many mam-

93 



Fig. V. 7. Freeze-fracture preparation of a sperm head in which the acrosome reaction proceeds 
in an anterior direction from the equatorial segment. (Courtesy of Dr. J. E. Flechon) 
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Fig. V.8. Segment of the zona pellucida of a newly-fertilized pig egg to show a portion of the 
sperm penetration pathway in the substance of the zona. (After Szollosi and Hunter 1973) 

mals. The configuration of the beat of the tail changes to an "S-shaped" or 
whiplash condition (Yanagimachi 1981; Fraser 1984), and the propulsive forces so 
engendered have been calculated (Katz, Yanagimachi and Dresdner 1978). Hyper
activation is the term now used to describe this form of motility in capacitated 
spermatozoa which, clearly, must soon lead to exhaustion. As already emphasiz
ed, an influx of Ca2+ ions is important in the hyperactivation phenomenon, as 
is also a modification to the ATP status of the cell - events presumably focussed 
on the mid-piece mitochondria. 

In recent years, there has been a trend amongst biologists studying fertiliza
tion, (as distinct from biochemists), to question the extent to which acrosomal en
zymes are involved in penetration of the zona pellucida. Two of the considerations 
have already been discussed: the discrete sperm penetration slit and the condition 
of hyperactivated whiplash motility with its attendant propulsive forces. A third 
is the physical condition of the sperm head expressed as a very considerable rigidi
ty. During the phase of maturation in the epididymis, the nuclear chromatin of 
testicular spermatozoa is stabilized and more tightly condensed by the formation 
of disulphide bridges between adjacent strands of chromatin (Calvin and Bedford 
1971). Upon incorporation into the vitellus at the beginning of fertilization, a 
breakdown of the bonding and a decondensation of the sperm nuclear chromatin 
are two of the earliest detectable changes. This could suggest that sperm head 
rigidity is important during transit in the female tract and/or for actual penetra
tion of the egg investments, especially for traversing the zona pellucida. Arising 
from these observations is the possibility that sperm penetration of the zona is 
primarily mechanical due to the incisive nature of a rigid head linked to the pro-
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pulsive force of a hyperactivated flagellum (Bedford 1982, 1983). Until conclusive 
evidence is presented for one view or the other, a more balanced position would 
be to invoke a rOle for both the enzymatic and mechanical components (see 
Hunter 1979, 1980). 

Penetration of the Zona and Fusion of Gametes 

Irrespective of the precise mechanisms of penetration of the zona pellucida, the 
form of the pathway through this egg coat has been described repeatedly since 
the studies of Dickmann (1964, 1965). Spermatozoa commence penetration from 
a tangential position, effectively lying flat on the outer surface of the zona and 
then they pursue a pathway of ever increasing steepness towards the perivitelline 
space. The angle of passage through the innermost portion of the zona may ap
proach the perpendicular. Explanations for the form of the pathway could be 
related in part to differing densities within the substance of the zona. As in
dicated, the flagellum remains hyperactive during penetration, but once the sperm 
head has entered the perivitelline space and made a functional contact with the 
egg plasmalemma, movement of the flagellum rapidly ceases. Incorporation of 
the sperm mid piece and tail into the vitellus then becomes dependent upon the 
egg surface rather than on forces in the sperm itself. 

The actual mode of sperm incorporation has been studied by transmission and 
scanning electron microscopy, using various models and/or degrees of polysper
my to increase the chance of obtaining gametes at the appropriate stage of in
teraction (Bedford 1968b, 1972; Yanagimachi and Noda 1970b). A consistent 

Fig. V.9. Diagrammatic representation of a mammalian sperm head at the moment preceding 
incorporation by the egg plasmalemma. The equatorial segment (E) and post-acrosomal region 
(Pa) are designated, whereas the numbers refer to characteristics of the surface membranes. 
(Courtesy of Dr. R. Yanagimachi) 

96 



finding in all these studies is that the anterior portion of the sperm head, now 
bounded by the inner acrosomal membrane, is not the portion to be incorporated 
first. Rather, it is the region of the equatorial segment itself that is apparently at
tractive to the egg plasmalemma, and it is here that the first signs of fusion are 
noted (Fig. V.9). One current interpretation is that the events of the acrosome 
reaction and the resultant establishment of membrane continuity in the equatorial 
region lead to a change in surface charge in this region and around the post
nuclear cap (yanagimachi 1981). The underlying molecular events have yet to be 
clarified, but freeze-fracture studies indicate considerable intra- and sub-mem
branous movement of particulate matter at this stage (Flechon 1985). 

Whilst the ultrastructural studies of Piko and Tyler (1964) suggested that 
vitelline incorporation of the sperm head was closely analogous to phagocytosis, 
involving formation of a vesicle, it is now widely accepted that sperm-egg fusion 
in mammals leads to the constitution of a mosaic membrane at the egg surface 
due to insertion of the sperm plasma membrane. Such membranous modification 
in mammals was first indicated by the study of Szollosi and Ris (1961), and could 
have significant immunological implications. 

Activation of the Egg and Block to Polyspermy 

The responses of the egg (secondary oocyte) to functional contact with a sperm 
cell are generally referred to as activation. The best-known response to sperm 
penetration is completion of the second meiotic division, but there are also 
modifications to the cortical organelles, the cytoskeleton, and various biosyn
thetic processes. 

As discussed in Chapter IV, a primary oocyte resumes meiosis in response to 
the gonadotrophin surge shortly before ovulation and enters the Fallopian tube 
as a secondary oocyte. The fertilizing spermatozoon stimulates completion of the 
meiotic division, with extrusion of the second polar body and arrangement of the 
haploid group of female chromosomes as a compact lump of chromatin. The lat
ter becomes more diffusely arranged and initiates formation of a pronuclear 
membrane (Fig. V.l0). The second polar body is a redundant structure, has few 
organelles, and fails to form a nuclear membrane. The male pronucleus is in
variably larger than its female counterpart, seemingly because male elements 
commence pronuclear formation whilst anaphase and telophase of the second 
meiotic division are still proceeding. In fact, immediately upon incorporation at 
the vitelline surface, the chromatin of the sperm head starts a characteristic 
decondensation and swelling, this originating in the region beneath the post
nuclear cap (Bedford 1968b; Yanagimachi and Noda 1970b). A new unit mem
brane appears around the chromatin as the pronucleus forms. Male and female 
pronuclei migrate towards the centre of the egg. 

Completion of the second meiotic division is essential if the penetrated egg 
is to avoid an abnormal chromosome constitution. Equally important is instiga
tion of a defence mechanism against multiple sperm penetration into the vitellus: 
this is referred to as the block to polyspermy (Austin and Braden 1953; Braden, 
Austin and David 1954). Although it has an electrical component (see Miyazaki 
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Fig. V.lO. Thin section of a recently-activated pig egg to show the microtubules of the spindle 
apparatus at the completion of the second meiotic division. Note that a membrane fails to form 
around the chromatin of the second polar body. (After Szollosi and Hunter 1973) 

and Igusa 1981), its basis resides principally in an action of the contents of the 
cortical granules (Austin 1956; Szollosi 1962, 1967; Flechon 1970; Gulyas 1980), 
the latter being vesicles of approximately 1 !lm diameter located immediately 
beneath the plasma membrane in the newly-ovulated egg. They are derived from 
the Golgi apparatus and migrate towards the egg surface, their peripheral disposi
tion being especially noticeable after the pre-ovulatory gonadotrophin surge. 
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Activation of the cortical granules leads to a process of membrane fusion be
tween the organelles and the overlying plasmalemma, such that escape ports are 
formed and the contents of individual vesicles are released into the perivitelline 
space. Since this cortical reaction is also a membrane vesiculation reaction, Ca2+ 

ions are presumed to playa key role in the process of exocytosis. The contents of 
the granules are thought to be enzymatic in nature (Gwatkin and Williams 1974; 
Guraya 1983), and diffuse across the still quite narrow and fluid-filled 
perivitelline space. In most mammalian species so far studied, the contents act on 
the proteins or glycoproteins of the zona pellucida to prevent complete penetra
tion by further spermatozoa. This enzymatic action appears to be restricted to the 
innermost region of the zona, since accessory spermatozoa can continue to 
penetrate outer portions but cannot traverse completely across the zona. Struc
tural changes in the zona in response to cortical granule material have so far not 
been distinguished by microscopy. On the other hand, cortical granule material 
obtained from unfertilized eggs by sonication and centrifugation can be used to 
treat the zona pellucid a of fresh unfertilized eggs, and can render them im
penetrable to capacitated spermatozoa (Barros and Yanagimachi 1971; Gwatkin 
et al. 1973). Whilst the precise mechanism of action of cortical granule material 
is not fully understood, it may antagonize a lytic role of acrosomal enzymes 
within the zona, thus preventing sperm penetration. 

Formation of a block in the zona pellucida is the most common form of 
defence against polyspermy, but this block does not exist in rabbit eggs. Here, pro
tection against polyspermic penetration is at the level of the vitelline membrane, 
so large numbers of spermatozoa may accumulate in the perivitelline space 
(Braden et al. 1954). 

Other forms of activation in the newly-penetrated egg include (1) contraction 
of the vitellus, a change which infers modifications to the cytoskeleton, perhaps 
involving the proteins actin and tubulin; and (2) initiation and/or reprogramming 
of synthetic processes in the cytoplasm and the pronuclei themselves. A clear 
demonstration of the latter is found in both the male and female pronuclei which 
replicate their DNA complement during migration to the centre of the egg 
(Oprescu and Thibault 1965; Szollosi 1966). DNA replication is required during 
this migratory phase because a resting nucleus is not formed when the pronuclei 
meet: instead the chromosomes condense at metaphase of the first mitotic divi
sion and proceed directly to anaphase and telophase followed by the cleavage divi
sion. 

Synchrony of Penetration and Cleavage 

In polyovular species such as rabbits, rodents and pigs, an estimate can be made 
of the time required for all the eggs released at one mating period to be penetrated 
and activated (e.g. Austin and Braden 1954). However, actual observations on the 
stages of egg development do not distinguish between a spread in the time of 
ovulation of individual Graafian follicles and variation in the time needed for 
competent spermatozoa to reach the surface of the zona pellucida. As a general 
remark, though, spontaneous ovulation in a group of follicles appears closely 
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"Synchronous, presumably because mature follicles are responding to the same 
surge of gonadotrophic hormone. In part due to this synchrony, freshly-released 
eggs in rabbits, hamsters and pigs usually aggregate within a cumulus plug (Han
cock 1961; Harper 1961) and proceed to the site of fertilization in that condition. 

Actual observation of the process of ovulation in domestic pigs suggested 
periods of between 1-5 h for its completion (Pitkjanen 1958; Ito, Kudo and Niwa 
1959; Betteridge and Raeside 1962), but almost certainly the observational tech
niques led to a protracted sequence of changes. On the other hand, pig ovaries 
exposed through mid-ventral laparotomy just before the anticipated time of 
ovulation have been noted to undergo follicular collapse within 1-5 min (un
published observations). Likewise, in several hundred pairs of pig ovaries examin
ed at autopsy around the expected time of ovulation, either pendulous follicles 
on the verge of collapse or recent ovulations were seen; seldom « 15010) were the 
two conditions present together in the same ovaries, suggesting a closely syn
chronous ovulation of the 1 0 -18 mature follicles. Observations in laboratory 
species using an abdominal window technique (Blandau 1955) have also suggested 
that ovulation is relatively closely synchronized. This synchrony may not 
necessarily be found in women whose ovaries have been stimulated with 
gonadotrophins to enhance the number of pre-ovulatory Graafian follicles; it is 
certainly not found in superovulated cows (Rowson 1951; Betteridge 1977). 

As to the timing of sperm penetration of individual eggs, there is evidence of 
a spread here, possibly extending to several hours or more (Braden and Austin 
1954; Dziuk 1965; Gates 1965; Thibault 1967; Hunter 1972). Explanations for 
such a spread would include the small number of spermatozoa initially reaching 
the site of fertilization, and the physical arrangement of the cumulus mass within 
the lumen of the tube. The rate of penetration of the cumulus investment to the 
surface of the zona would probably vary between oocytes, and the time required 
for actual penetration of the zona could introduce further variation (Yanagimachi 
1981). Together, these influences might introduce a spread of a few hours into the 
timing of activation of all eggs in a group, and this would then be seen in the tim-

Table V.2. Chronology of preimplantation development in five mammals, and stage of em
bryonic passage into the uterus from the Fallopian tubes. Preovulatory mating or insemination 
has been assumed, and the stages are therefore presented as times after ovulation or sperm 
penetration of the eggs. (Modified after Hunter 1980) 

Species 

Rabbit 
Cow 
Sheep 
Pig 
Horse 

First 
cleavage 
(h) 

20-24 
20-24 
16-18 
14-16 
24 

Second 
cleavage 
(h) 

25-32 
32-36 
28-30 
20-24 
30-36 

Entry into uterus 

Time Stage of de-
(h) velopment 

60-76 Morula 
72-84 8 -16 cells 
66-72 8 -16 cells 
46-48 4 cells 

140-144" Blastocysts 

" Approximate figure for fertilized eggs; unfertilized eggs remain and degenerate in the Fallo
pian tube. 
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ing of the first cleavage division. Certainly, single-cell fertilized eggs and two-cell
ed embryos can be recovered from the Fallopian tubes of the same animal after 
natural mating and spontaneous ovulation. A greater range in cleavage stages of 
embryos recovered from the same Fallopian tube or uterine horn may be noted 
as development proceeds, but this may be at least as much an expression of inter
nally programmed rates of cleavage as a carry-over effect of variation in the tim
ing of sperm penetration. 

Some generalized figures for the rates of early embryonic development are 
presented in Table V.2. 

Abnormalities of Fertilization 

Abnormalities arising around the time of fertilization are of considerable 
significance in domestic livestock, and are presumed also to be so in women, since 
they constitute a major source of embryonic loss. In the absence of any specific 
pathology, two of the principal abnormalities of fertilization are associated with 
post-ovulatory ageing of eggs in the Fallopian tubes before sperm penetration; 
these are (1) digyny (retention of the second polar body) and (2) polyspermy 
(penetration of the vitellus by more than one spermatozoon). They arise due to 
malfunction of the egg organelles. Disorganisation of the microtubules of the 
meiotic spindle by a form of rotation may cause both groups of female 
chromosomes to remain within the vitellus at telophase. If pronuclei then develop, 
there is the potential for formation of a triploid at syngamy. Other forms of spin
dle anomaly arising at the time of activation, such as non-disjunction of one or 
more pairs of chromosomes, could lead to disturbance of haploid complements 
and thereby to aneuploids. 

The cortical granules also undergo modification with post-ovulatory ageing, 
although this is initially one of location rather than structure. These vesicles 
wander from just beneath the vitelline membrane, a position assumed at the time 
of ovulation (see above), and become scattered in deeper portions of the cortex 
(Szollosi 1975). Such a distribution prevents the liberation of their contents by 
membrane fusion with the plasmalemma at the time of egg activation, and a 
block to polyspermy is therefore not established. In fact, the polyspermic condi
tion may be enhanced in this situation of ageing, since regulation by the isthmus 
of sperm numbers passing to the site of fertilization will be progressively less ef
fective as the post-ovulatory interval increases. The incidence of polyspermy rises 
both with ageing of the eggs (Hancock 1959; Thibault 1959; Hunter 1967 a) and 
with elevated numbers of spermatozoa at the site of fertilization (Polge, Salamon 
and Wilmut 1970; Hunter 1973). Viable lifespans of the gametes have been refer
red to in Table IV.6 and the consequences of post-ovulatory ageing on fertilization 
and embryonic loss are illustrated in Table V.3. 

The fertilizing spermatozoon itself may give rise to chromosomal anomalies, 
since diploid spermatozoa have been recorded and, on occasions, are known to 
be capable of penetration (Fechheimer and Beatty 1974; Mortimer 1978). Ir
respective of the route of their formation, triploid or polyploid embryos are in
variably lethal conditions in mammals (Beatty 1957, 1961; Austin 1963a, 1965; 
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Table Vo3. The influence of post-ovulatory ageing of pig eggs in the Fallopian tubes on fertiliza
tion and on embryonic survival at 25 days after insemination. Eighteen animals were in
seminated in each group. (Compiled from Hunter 1967a,b) 

Estimated age Eggs fertilized Viable embryos at 25 days 
of eggs at normally 
fertilization OJo±(S.E.) % survival±(S.E.) Mean number 

0 90.8 (4.5) 87.9 (2.9) 12.0 
4 92.1 (2.7) 72.9 (14.9) 11.7 
8 94.6 (2.3) 60.5 (13.2) 8.7 

12 70.3 (7.8) 53.3 (15.7) 6.8 
16 48.3 (8.4) 27.9 (14.5) 4.8 
20 50.9 (7.5) 32.3 (15.2) 5.0 

Thibault 1972), and normally die at an early stage of development (Bomsel
Helmreich 1965, 1971). Aneuploids, on the other hand, may progress to an ad
vanced stage of gestation or to term. Suspected abnormalities of the chromosome 
complements in young embryos can be revealed by karyotyping, a classical 
microscopic technique applied to metaphase spreads. As a more recent advance, 
abnormalities of the sperm's karyotype may be revealed using the zona-free 
hamster egg to incorporate the gamete and decondense the nuclear chromatin 
(see Chap. IX). 

This brief discussion has focussed on gross genetic errors, i.e. at the level of 
the chromosomes, that can be revealed by appropriate microscopic techniques. 
However, there is little doubt that more subtle errors involving individual genes 
or groups of genes are also associated with early death of embryos. Indeed, an 
elegant thesis linking putative genetic errors in the gametes with subsequent em
bryonic death was published by Bishop (1964). 

Fate oj Redundant Gametes 

Spermatozoa entering the female genital tract suffer a number of fates (Cohen 
and Adeghe 1987). A privileged few gain the site of fertilization and become as
sociated with the egg investments, leading to entrapment in the zona pellucida 
(as a result of the block to polyspermy) or incorporation in follicular cells. Whilst 
these processes may account for several hundred spermatozoa, this represents 
only a tiny proportion of the cells in the ejaculate. The great majority of sper
matozoa are lost from the female tract by leakage or voiding within a short inter
val of mating; of those gaining the uterus, significant numbers are phagocytosed 
by polymorphonuclear leucocytes (Austin 1964; Lovell and Getty 1968). There 
is controversy as to whether phagocytosis of spermatozoa occurs in the Fallopian 
tubes, at least while the embryo resides there. Excluding situations of infection, 
this is thought not to be the case in farm animals but there is some evidence to 
the contrary in rodents (Austin 1959). Considerable numbers of spermatozoa 
may traverse the length of the Fallopian tubes and enter the peritoneal cavity; 
this has long been known to occur in the absence of an ovarian bursa, and in 
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women has permitted a clinical test of tubal patency. Samples of peritoneal fluid, 
preferably aspirated from the pouch of Douglas, are monitored for their sperm 
populations (e.g. Templeton and Mortimer 1980). Finally, there is some evidence 
that those spermatozoa in the isthmus of the tubes no longer capable of interac
ting with the egg are moved passively into the uterus at the time of embryo des
cent, where they may be incorporated by elements of the proliferating trophoblast 
(Hunter 1978). 

Unfertilized eggs show a progressive degeneration of the cytoplasm, which 
may include a phase of fragmentation (Dziuk 1960). They also show a gradual 
softening and distortion of the zona pellucida, but this remains around the egg 
whilst in the Fallopian tube. In most mammals so far examined, unfertilized eggs 
enter the uterus on the same time-scale as fertilized eggs, but this is not so in 
horses (van Niekerk and Gerneke 1966; Betteridge and Mitchell 1974) and certain 
species of bat (Rasweiler 1972). Here, the unfertilized eggs are retained for pro
longed periods in the tube, even whilst fertilized eggs progress past them to the 
uterus. The physiological basis for this differential retention has yet to be 
clarified. Degenerating eggs can be flushed from the uterine lumen as late as 15 
days after ovulation in sheep (Bindon 1969), but such eggs are probably expelled 
from the uterus before the next period of oestrus. The presence of a zona 
pellucida may protect the degenerating cytoplasm from phagocytosis. 
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Introduction 

That the normally fertilized egg undergoes two or more cleavage divisions 
(mitotic divisions) in the Fallopian tube before passing to the uterus has been 
widely recognized for many years (Thble V.2); indeed, classical nineteenth century 
studies recorded this fact, which was to be endorsed and given considerable detail 
in the early part of the twentieth century (see Austin 1961). Perhaps a high point 
of this phase of morphological study was the publication of a monograph entitled 
The Eggs of Mammals (Pincus 1936), with much of the information being subse
quently reviewed by Chang and Pincus (1951). Professor o. W. Corner, in whose 
Rochester laboratory the steroid hormone progesterone was first isolated, was 
also well aware of the cleavage divisions of the fertilized egg from extensive 
studies in domestic animals and primates. But, rather than interpreting such de
velopment as a carefully orchestrated event occurring within a specialized fluid 
environment, his view was that the embryo - at least in one sense - was biding 
its time until the glandular epithelium of the uterus and its secretions had 
developed under the influence of ovarian progesterone; uterine secretions were 
needed in order to stimulate and sustain the cleaving embryo (Corner 1942). Since 
the late 1960s, however, it has been appreciated that the mammalian embryo is 
internally programmed by its genome to follow a strict chronological sequence of 
development and externally programmed by the availability of substrates in the 
luminal fluids of the Fallopian tube. Detailed information on different substrates 
and the patterns of metabolism in pre-implantation embryos has been derived 
from culture studies in chemically-defined media, initially using large numbers of 
rodent embryos (Brinster 1965, 1973), then with smaller numbers of embryos 
from species such as sheep (Tervit et al. 1972; Tervit and Rowson 1974; Wright 
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~d Bondioli 1981}, and more recently still with human embryos obtained by 
means of in vitro fertilization (Edwards and Purdy 1982; Beier and Lindner 1983; 
Wood and Trounson 1984; Thstart and Frydman 1985; Leese et al. 1986). 

This chapter attempts to summarize some significant points in development 
of the mammalian embryo, and especially to consider possible influences of the 
cleaving embryo upon maternal physiology. Appropriate reviews of the literature 
are referred to in the pages that follow; a useful starting point would be McLaren 
(1982). 

Developmental Stages in the Fallopian 'lUbe 

The most advanced stage of development achieved during passage of embryos 
along the Fallopian tubes seems not.to be directly related to the gestation length 
of the species under consideration, but it may reflect the rate of passage to the 
uterus. In laboratory species such as rats, mice, guinea-pigs and rabbits, embryos 
remain for approximately 3 days in the tubes and enter the uterus as young 
morulae of 8 - 16 cells. Similarly, the embryos of ruminants such as the sheep and 
cow enter the uterus approximately 3 days after ovulation at the stage of 8 -16 
cells. By contrast, those of the pig take only 2 days and are still at the 4-cell stage 
when leaving the tubes (Assheton 1898; Pomeroy 1955). Estimates for the rate of 
embryo passage in the horse suggest some 6 days, with the uterine lumen being 
reached at the late morula or blastocyst stage (Oguri and Tsutsumi 1972; Bet
teridge, Eaglesome and Flood 1979). The embryos of certain carnivores, such as 
ferrets and mink, may spend equally long or even longer in the Fallopian tube, 
perhaps remaining there for some 5 - 6 days and 8 days, respectively, until they 
have developed into blastocysts (Hansson 1947; Chang 1969, 1973). 

As to the rate of egg passage in primates, figures currently available suggest 
that a 3 - 4-day sojourn in the Fallopian tubes is most common in rhesus monkeys 
and women, with morulae of 8 - 16 cells passing to the uterus (Harper and 
Pauerstein 1976; Edwards 1980; Biggers 1981; Hearn 1986); these estimates agree 
with the earlier values of Hertig, Rock and Adams (1956). It is worth remarkihg 
here that although the time of ovulation in women can now be gauged with ac
curacy by means of real-time echo sonography of the ovarian structures (see 
Chap. IV), there is as yet no comparable means of judging precisely when the em
bryo has passed from the Fallopian tube to the uterus. 

Fertilized and unfertilized eggs of nearly all placental mammals so far examin
ed have been thought to proceed to the uterus on a similar time scale. This is not 
the case, however, in the horse and certain other equids in which unfertilized eggs 
remain in the Fallopian tube for a protracted period of time. Various species of 
bat may also exhibit this distinction (see Chap. V). Recent work in hamsters has 
noted differences between fertilized and unfertilized eggs in their rate of transport 
to the uterus (Ortiz et al. 1986), leading to consideration of locally mediated 
signals: early pregnancy factors, as discussed below, may be of relevance here. 

Conclusions not to be drawn from the preceding data on developmental stages 
are: 
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a) that the duration of the 2-cell, 4-cell and 8-cell stages is similar; this is not so. 
As is known, for example, from studies in pigs, the 2-cell stage is relatively 
short, lasting for only 5 - 6 hours, whereas the 4-cell stage requires 24 h or more 
(Hunter 1974; Polge 1982); 

b) that cleavage proceeds evenly through the stages 2-cell, 4-cell, 8-cell etc; this 
is not always the case, and embryos composed of 3, 5 and 7 blastomeres are 
frequently observed; 

c) that all embryos recovered from the same tube in polyovular species will be at 
similar stages; this is seldom so, as is revealed grossly by the number of 
blastomeres or, using phase-contrast microscopy, by the number of nuclear 
structures. 

The mammalian oocyte is a remarkably large cell (approximately 80-120 J.lm 
in diameter with the zona pellucida), but cleavage divisions of the embryo pro
gressively reduce the size of the component blastomeres and increase the ratio of 
nuclear to cytoplasmic material. By the 8 -16-cell stage, morulae are being form
ed in which component cells undergo a modification from spherical- to wedge
shaped, thereby achieving a more intimate contact between individual cells as flat
tening occurs. This process of compaction gives the cells an orientation or polari
ty which is considered vital for elaboration of different cell types (see Johnson 
1979). 

The stage of development at which differentiation commences has long been 
of interest, but there is sound experimental evidence from farm and laboratory 
animals indicating that blastomeres can express totipotency until the 2- or 4-cell 
stage and sometimes one cleavage division later. This has been demonstrated 
either by microsurgical destruction of individual blastomeres or, more elegantly, 
by microsurgical separation of such blastomeres and the subsequent development 
of the separated cells under appropriate conditions involving transplantation into 
recipient animals (Moore et al. 1968, 1969). In fact, this has been the means of 
producing identical twins, triplets or even quadruplets in farm animals (Trounson 
and Moore 1974; Willadsen 1979, 1981), although the extent to which the tech
nique has been applied to human embryos - if at all - remains unknown. 
Totipotency as demonstrated in the above manner does not necessarily mean that 
differentiation has not yet commenced by the 4-cell stage, but it does indicate that 
the process has not reached an irreversible stage. Even so, a predetermination of 
cell lines can frequently be demonstrated after the 2-cell stage in mouse embryos 
(Johnson 1981). 

With the notable exception of some species of bat (Rasweiler 1979; van der 
Merwe 1982), the cleaving embryo remains within the zona pellucid a whilst in the 
Fallopian tube of nearly all eutherian mammals so far examined. This relatively 
thick non-cellular coating doubtless protects the embryo in diverse ways, not least 
in preventing contact of the true embryonic surface with other embryos or with 
the tubal epithelium which might lead to adhesion and thereby to interference 
with transport. Whether there is also a component of immunological masking of 
cell surface antigens remains uncertain. However, a major function of the zona 
pellucida appears to be the purely physical one of holding the blastomeres 
together until sufficient intercellular bridges have developed to anchor the cells 
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in a suitable relationship with each other. Edwards (1964) found that liberation 
of 2-cell rabbit embryos from the zona pellucida by pronase dissolution followed 
by a period of culture in vitro led to disaggregation of cleaving embryos, a situa
tion also recorded for 8-cell sheep embryos (Moor and Cragle 1971). Mintz (1962) 
had similarly noted abnormal cleavage patterns in mouse embryos in vitro after 
pronase removal of the zona pellucida. As a related observation after 
microsurgery on 2- and 4-cell embryos for the purpose of producing identical off
spring in farm animals, the resultant individual blastomeres required to be install
ed in 'host' zonae sealed with agar in order for embryos to proceed successfully 
through the early cleavage stages (Willadsen 1979). 

A further function of the zona pellucid a, all too often overlooked and yet 
especially relevant to human fertility, is to protect the embryo from subsequent 
penetration by spermatozoa. Exposure to viable spermatozoa may continue long 
after the initial stages of fertilization, either by contact of the embryo with sperm 
cells migrating from reservoirs in the caudal portion of the isthmus (Chap. IV) 
or because of a subsequent bout of coitus. It may be inferred, therefore, that the 
block to polyspermy has a protracted stability, and this has been demonstrated 
by surgical insemination directly into the Fallopian tubes of pigs when embryos 
were already at the 2- and 4-cell stages (unpublished observations). 

In normal circumstances, escape of the embryo from the zona pellucida -
sometimes referred to as hatching - is a uterine event which usually occurs at 
the blastocyst stage of development and precedes implantation or attachment. In
deed, significant growth of the embryo can take place only after escape from the 
zona pellucida, this being particularly true in a number of species of ungulate 
(e.g. cow, sheep, pig) in which dramatic elongation of the embryo into a structure 
termed a conceptus is found prior to attachment. 

Evolution from the spherical to the elongated or filamentous form is associat
ed with a specific cellular remodelling in the endoderm and trophectoderm. The 
surface of the zona pellucida may have become coated with a layer of mucin dur
ing passage along the Fallopian tube, as in the rabbit (Adams 1958; Greenwald 
1958), so the rOle of this layer both in the tube and at the time of hatching needs 
also to be considered. 

Nutritional Aspects of Embryonic Development 

As already noted, mammalian oocytes are large cells and the cytoplasm of the 
freshly-ovulated egg contains substrates for use in metabolic activities: many of 
these accumulate during growth of the primary oocyte. Other constituents, and 
especially a broad spectrum of proteins, become apparent after the pre-ovulatory 
gonadotrophin surge and shortly before ovulation (Warnes, Moor and Johnson 
1977; Moor and Warnes 1978). In the eggs of farm animals, and most con
spicuously in those of the pig, there are considerable reserves of lipids -
sometimes referred to as yolk or deutoplasm - and these give the cytoplasm a 
dense and relatively dark appearance. But, despite the presence of nutritional 
reserves in the newly-shed mammalian egg, these unique cells may depend critical
ly upon energy substrates in the fluids of the Fallopian tube, this being so even 

112 



before the occurrence of sperm penetration and egg activation. In several species, 
the requirements of oocytes and embryos in vivo have been deduced from culture 
studies using relatively simple chemically defined media. However, in other 
species, progression through the early cleavage stages has been possible in vitro 
only in the presence of tissue dissected from the Fallopian tube (reviews by Whit
ten 1971; Biggers and Borland 1976). 

Due principally to detailed studies of mouse eggs in vitro, it is now known that 
maturation of pre-ovulatory oocytes can take place in a basic salt solution with 
pyruvate as the sole energy source (Brinster 1965). If glucose is substituted for 
pyruvate as the energy substrate, maturation of oocytes in vitro will not occur in 
the absence of surrounding follicular cells which elaborate pyruvate from the 
glucose and transmit it to the oocytes (Donahue and Stern 1968; Leese and Barton 
1985). Energy metabolism of unfertilized eggs is thus seen to be highly specializ
ed, and parallel evidence has been produced for the zygote, suggesting a crucial 
rOle for the Fallopian tube fluids in the nutritional support of the developing em
bryo. As again observed with in vitro studies on mice (Biggers, Whittingham and 
Donahue 1967; Brinster 1973), the zygote can divide only when pyruvate or ox
aloacetate are present in the culture medium whereas phosphoenolpyruvate and 
lactate can also be used as substrates after the 2-cell stage has been reached (Fig. 
VI. 1 ); glucose cannot be used until the 8-cell stage. The concentration of pyruvate 
in tubal fluid increases considerably after ovulation (see comment below concern
ing follicular cells) but, significantly, changes in lactate concentration are the 
most striking. These are limited examples, the essential point being that the nature 
of the substrates available in tubal fluid is regulated by the prevailing balance of 
ovarian hormones, and is therefore changing in step with the embryos' require
ment for and ability to use the substrates (see Hunter 1977). This observation is 
supported by the results of egg and embryo transplantation studies in laboratory 
and farm animals: optimum survival of the transplanted egg requires a close syn
chrony in the stage of the oestrous cycle between donor and recipient (Chang 
1950), inferring critical changes in the fluid medium of the free-living embryo. 

The potential rOle of the granulosa cells liberated from the egg surface should 
not be overlooked in a discussion of nutrition of the embryo (see Biggers et al. 
1967). Because these somatic cells (1) are involved in growth and metabolism of 
the oocyte before ovulation, (2) can be cultured in vitro and show synthetic activi
ty, and (3) in some species, at least, remain in the Fallopian tubes in the vicinity 
of the embrvos (Hunter 1978), their contribution to the fluid microenvironment 
should certaInly be considered. The ability of granulosa cells to synthesize and 
secrete steroids from appropriate substrates could modify the epithelium of the 
tube, and their potential for converting glucose into pyruvate may be significant 
(Leese and Barton 1985). In any event, it is difficult to imagine that the fate of 
the liberated follicular granulosa cells is signalled at the time of ovulation. 

The content of bicarbonate, amino acids and diverse minerals (cations) in 
tubal fluid has now been examined in some detail (see Chap. III), but a specific 
involvement of such constituents in individual cleavage stages is less well 
documented. Culture media usually contain bicarbonate - in conjunction with 
a CO2 gas phase - for regulation of pH, and blood serum or serum albumin are 
invariably present as a protein source. Fluids for culture are classical tissue culture 
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media, such as TC 199, Ham's FlO or Earle's solution with appropriate sup
plementation, but a medium has been formulated based upon actual analysis of 
Fallopian tube fluid (Menezo and Laviolette 1972). 

A local influence of the embryo on the synthetic activity of the tubal 
epithelium was suggested by Stone and Hamner (1975) and Hunter (1977), but 
the evidence remains equivocal. The report by Roblero, Biggers and Lechene 
(1976) that the ionic compositions of ampullary and isthmic fluid are dissimilar; 
and that both are very different in composition from blood plasma, could be in
terpreted in support of such local effects (Chap. III). Likewise, differences in com
position of the microenvironment surrounding cleaving mouse embryos and that 
in other portions of the tubal lumen suggest a local influence of the embryo 
and/or the liberated cumulus cells (Borland et al. 1977). Nonetheless, the critical 
question remains as to when the pre-implantation embryo first dictates or 
modifies, (if at all), the pattern of nutritional substrates available from the 
mother. Use of increasingly-sophisticated technology to examine microen
vironments in the vicinity of the embryo may reveal an embryonic influence short
ly after completion of fertilization. 

The energy requirements of human oocytes and embryos in vitro have yet to 
be documented in detail, although published results on the culture of embryos are 

114 



now accumulating (Edwards 1980; Fishel, Edwards and Purdy 1983; Mohr and 
Trounson 1984; Leese et al. 1986). Adequate numbers of eggs will be required 
before appropriate conclusions can be drawn, and yet obtaining such material and 
undertaking the culture studies raise considerable problems, not least those of an 
ethical nature. In any case, up to the time of writing, culture studies appear to 
have been more concerned with promoting normal cleavage of embryos in quite 
elaborate culture media, such as modified Whitten's or Ham's F1O, rather than 
in determining optimum energy sources or amino acid requirements. One of the 
earliest reports was that of Edwards, Steptoe and Purdy (1970) documenting in 
vitro cleavage of in vitro fertilized human eggs up to the blastocyst stage, using 
Ham's FlO medium supplemented with foetal calf and human serum. However, 
it certainly remains questionable whether there are specific secretions of the Fallo
pian tube necessary for development of the primate embryo. Transfer of human 
oocytes and spermatozoa directly into the uterus followed by successful establish
ment of pregnancy (Craft et al. 1982) infers, at the very least, a considerable 
degree of interchangeability between tubal and uterine secretions although, of 
course, essential components of tubal secretions might have entered the uterus 
from the intramural portion. With the same qualification, earlier studies by 
Marston, Penn and Sivelle (1977) involving autotransplantation of pronucleate 
eggs and young zygotes of the rhesus monkey into the uterus suggested flexibility 
in the fluid environment of the primate embryo. 

Early Pregnancy Factors 

That the embryo might influence the maternal endocrinological and/or im
munological systems whilst still in the Fallopian tube has long seemed possible, 
and indeed diagrams of the kind portrayed in Fig. VI.2 have been used for 
teaching purposes in Edinburgh since the early 1970s. Under normal cir
cumstances, the embryo contains a full diploid complement of genetic informa
tion and thus the point at issue is just how soon instructions in the genome are 
expressed for trophic purposes. It could be argued from several points of view that 
it would be biologically prudent for the embryo to influence the mother at an ear
ly stage of development. Consideration of the extremely intimate apposition of 
the zona pellucida and the tubal epithelium - perhaps best appreciated in scann
ing electron micrographs (Fig. VI.3) - also suggests the possibility of a mutual 
exchange of signals. Even so, one of the earliest recorded responses to a develop
ing embryo has, until recently, been the change in permeability of the capillary 
bed of the uterus that precedes implantation in rodents: this can be demonstrated 
by the Pontamine blue reaction, a series of bands of dye in the uterine wall cor
responding to the location of individual embryos, and is detectable in rats on the 
fourth day after mating (Psychoyos 1960, 1973). 

In the domestic farm animals, a trophic influence of the embryo(s) upon 
ovarian function has not been reported during the 'tubal' stages, nor indeed have 
differences in blood flow to the capillary bed in the myosalpinx been noted in the 
region of the embryos. On the other hand, expression of the embryonic genome 
has been documented at the earliest cleavage stages in the mouse in the form of 
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a paternally-derived protein (Sawicki, Magnuson and Epstein 1981) and in other 
distinct control mechanisms imposed by the paternal genome (Szollosi and Yot
suyanagi 1985). Thus, the extent to which synthetic products might influence 
maternal tissues in the large domestic species and primates is certainly worth con
sidering. Pregnancy-associated proteins can be detected in the maternal circula
tion of mice, but this is not until Day 7 of gestation, with maximum levels appear
ing between Days 12 and 14 (Waites and Bell 1984). In rabbits, there have been 
reports that embryos may elaborate a chorionic gonadotrophin-like substance by 
the blastocyst stage of development (Haour and Saxena 1974; Asch et al. 1979) 
or indeed by the morula stage (Asch et al. 1978), in which case a trophic influence 
upon luteal function would be expected. Endorsement and extension of these 
observations by other laboratories have so far not been forthcoming, so the 
evidence must remain tentative. 

Possible immunosuppressive effects arising from the young embryo in the 
Fallopian tube are thought to have been revealed by a rosette inhibition test. On 
the basis of such a test, alterations to the maternal lymphocytes in mice are found 
before the time of implantation and may be occurring within 6 h of fertilization 
(Morton, Hegh and Clunie 1976), a response presumed to be due to the influence 
of developing embryos. However, the nature and biological significance of the 
putative changes remain ill-defined (Whyte and Heap 1983), and there is also con
cern over the lack of specificity in the assay. A low molecular weight factor releas-
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Fig. VI.3. A scanning electron micrograph of a portion of the pig Fallopian tube to show the 
extremely intimate contact between the epithelium of the isthmus and the developing embryo, 
still encompassed by the zona pellucida. (Adapted from Hunter, Flechon and Fh!chon 1987) 

ed from the embryo and termed zygotin is thought to be a peptide and one com
ponent of early pregnancy factor (Nancarrow, Wallace and Grewal 1981). It can 
be detected in maternal blood by its synergistic action with anti-lymphocyte 
serum in reducing rosette formation in a rosette inhibition test, and may be reveal
ed by the first day of embryonic life in sheep and by the fourth day in cattle (Nan
carrowet al. 1981). Zygotin was suggested to act directly on the ovary or via an 
intermediary substance released by the Fallopian tube (Fig. VI.4). Ovum factor 
is another term applied to this or a similar substance (Cavanagh et al. 1982), 
although it is thought to stimulate production of an ovarian component of early 
pregnancy factor. 

Whilst investigating whether other features of maternal physiology might be 
modified in response to the presence of pre-implantation embryos, O'Neill 
(1985 a) also reported that mouse embryos stimulate maternal changes within 6 h 
of fertilization. The changes concern populations of platelets and are expressed 
as an increased vascular demand for these bodies, resulting in a significant reduc
tion in the splenic reserves and in peripheral blood platelet concentrations; this 
condition can therefore be referred to as early-pregnancy-associated thrombo-
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cytopenia (O'Neill 1985 a). Not only was this extremely early response shown to 
be a direct consequence of the presence of fertilized eggs, but a correlation could 
also be demonstrated between the degree of such thrombocytopenia and the num
ber of embryos present in the Fallopian tube on the second day of pregnancy. This 
was therefore considered as an initial expression of maternal recognition of 
pregnancy, and of course long before the onset of implantation (O'Neill 1985 a). 
In subsequent in vitro studies of embryos, coupled with injection of the culture 
medium into splenectomized mice, early-pregnancy-associated thrombocytopenia 
was shown to be caused by the production of platelet-activating factors by the fer
tilized eggs (O'Neill 1985b). Further characterization of the embryo-derived 
platelet-activating factor has been reported (O'Neill 1985 c). 

Turning the focus once more to ovarian events, inhibition of further matura
tion of Graafian follicles might be an expected response to fertilization, even 
though morphological observations of the ovaries of farm animals do not support 
such a proposition. But embryos of the golden hamster, a species with a short 
(4-day) oestrous cycle, apparently produce a tetrapeptide as early as the 2-4-cell 
stage of development, and this substance has been implicated in prevention of 
ovulation (Kent 1975). 

As far as primate embryos are concerned, demonstration of one or more early 
pregnancy factors might form the basis of an early pregnancy test and would be 
invaluable in studies of early embryonic loss, either in the spontaneous situation 
or after transplantation procedures. Embryonic loss is frequently stated to assume 
a remarkably high incidence in humans (Boue, Boue and Lazar 1975; Edwards 
1980; Biggers 1981; Edmonds et al. 1982; Short 1984). Using a modified rosette 
inhibition test, a serum factor has been claimed in women soon after fertilization, 
with activity being lost upon surgical abortion or apparently declining before 
spontaneous abortion (Morton et al. 1977; Smart et al. 1981). But it is not easy 
to imagine that the putative serum factor emanating from the zygote soon after 
fertilization would correspond precisely with a factor released by a young foetus. 
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As of writing, one of the earliest specific influences of the primate embryo on 
the maternal system that is fully accepted is that of its HCG secretion and the 
consequent stimulation of the corpus luteum; this occurs by the sixth day of em
bryonic development in women when the blastocyst is already in the uterus (review 
by Sauer 1979). Tentative evidence has been published for a platelet-activating fac
tor in the peripheral blood of marmosets in very early pregnancy, and on occa
sions also in the culture medium used for incubating pre-implantation marmoset 
embryos (Hearn 1986; Hearn et al. 1986), but a more persuasive set of results is 
awaited. O'Neill and Saunders (1984) reported a strong correlation between a 
human embryo-derived platelet-activating factor and the viability of embryos -
that is their potential to establish pregnancies (Fig. VI.5). Moreover, monitoring 
of this factor was suggested to provide a quantifiable, non-invasive means of 
determining which embryos are viable before transfer, and could lead subsequent
ly to monitoring of in vivo development (O'Neill et al. 1985). 

Despite the fact that much of the evidence on early pregnancy factors is less 
than rigorous, observations accumulating from a number of species together 
strongly suggest that the embryo is able to influence various components of 
maternal physiology whilst still in the Fallopian tube; embryonic peptide or prote
in molecules may provide the principal messenger system(s). Characterization of 
these molecules and of their maternal influences would be invaluable, and might 
help to explain why experimental by-passing of the Fallopian tube - by means 
of embryo transplantation directly into the uterus of virgin recipients - can lead 
to the establishment of full-term pregnancies. Although early embryonic in
fluences within the tubal environment may be beneficial for the establishment of 
pregnancy, they are clearly not essential for promoting individual 'experimental' 
pregnancies (Chap. IX). Perhaps their contribution is best assessed in the overall 
breeding success of a population of mammals. 
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Experimental Modification of TUbal Development 

With the notable exception of the situation in certain primates (see Chap. VIII), 
embryos that are artificially arrested in the Fallopian tubes by means of ligatures 
or other forms of surgical interference seldom progress beyond the blastocyst 
stage; frequently, they degenerate as young morulae. This experimental situation 
has been examined in rabbits, rodents and farm animals (e.g. Alden 1942; 
Wintenberger-Torres 1956; Adams 1973); several interpretations of the findings 
are possible. There may be insufficient or inappropriate substrates in the decreas
ing volume of tubal fluid for normal development (Chap. III) or, as a related 
point, the embryo may have a specific requirement for uterine secretions being 
elaborated under the influence of increasing concentrations of plasma pro
gesterone: in farm animals, the embryo has a rather tightly programmed require
ment for interactions with the endometrium and its secretions (Miller and Moore 
1976; Wilmut, Sales and Ashworth 1986). Uterine factors may be required for 
normal hatching from the zona pellucida (McLaren 1970), but degeneration of 
the embryo is visible well in advance of the hatching phenomenon. 

In the light of these remarks on the limitations of the tubal environment in 
non-primate species, it is perhaps surprising to note that the ligated Fallopian 
tube of rabbits can be used as a holding site for the cleaving embryo of a number 
of species. Using this system of in vivo culture, cattle, sheep and pig embryos have 
been supported for up to 3 days, frequently during long-distance transfer ex
periments such as those involving intercontinental flights. Examples of the use of 
this technique include the pioneer studies of Averill, Adams and Rowson (1955), 
who reported that sheep embryos could survive for at least 5 days and develop 
to the early blastocyst stage in the genital tract of rabbits, and Hunter et al. (1962) 
who used this approach to transport 4-8-cell sheep embryos from Cambridge, 
UK, to Natal, South Africa. Sreenan, Scanlon and Gordon (1968) also used the 
pseudopregnant rabbit successfully as a culture system for cow embryos: they 
recorded a maximum cleavage stage of 64 blastomeres following storage of an 
8-cell egg for 4 days. Lawson, Rowson and Adams (1972) have retransferred cow 
embryos after periods of storage in the rabbit Fallopian tube of 2 to 4 days, and 
have recorded the birth of a number of viable calves. As far as pig embryos are 
concerned, Polge, Adams and Baker (1972) have cultured the 1-4-cell stages for 
2 days in rabbit tubes, and horse embryos have similarly undergone short-term 
culture in the rabbit, in due course yielding a viable foal upon transfer to an ap
propriate recipient mare (Allen et al. 1976). 

Organization of the Embryo: Some First Steps 

Progression through the first mitotic divisions is frequently presented - as above 
- as a series of cleavages involving reduction in the size of individual cells, with 
little hint being given as to the specialization that can be revealed so precociously. 
Although blastomeres may retain totipotency up to the 4-cell stage or even later, 
there is now persuasive evidence that differentiation - that is establishment of 
distinct cell lines - may already be commencing from the 2-cell stage in laborato-
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Fig. V/.6. Schematic portrayal of a blastocyst to illustrate the distinction between the inner cell 
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ry rodents. Indeed, analysis of the earliest steps in formation of the embryo and 
the programming of cell lineage has reached a remarkably sophisticated level, 
largely due to the techniques of pronuclear and nuclear transplantation. The topic 
has been the subject of an excellent review (Surani, Barton and Norris 1987), in 
which the functional differences between the parental genomes received strong 
emphasis. In a sentence, the origin of chromosomes determines their influence 
during embryogenesis; the experimental evidence is cited in detail. Future analysis 
should be even further refined by the insertion of cloned genes rather than by the 
modification of haploid contributions. In the words of the above review, studies 
in mammals should soon progress from experimental (i.e. largely physical) to mo
lecular embryology. 

A critical functional change in the mammalian embryo after three to four 
cleavage divisions is a tighter bonding and stabilization of individual blastomeres 
by means of extensive intercellular junctions. Compaction of the embryo leads to 
formation of a morula, with a flattening of the outer cells and then the gradual 
appearance of fluid within the embryo. Fluid accumulation gives rise to the 
blastocoele; the surrounding cells of what is now a blastocyst have differentiated 
into those of the trophoblast or trophectoderm, and an inner cell mass or em
bryonic disc located at one pole (Fig. VI.6). The latter group of cells is destined 
primarily to form the embryo (and thus foetus), whereas cells of the trophec
toderm give rise to embryonic membranes of the placenta. Apparently, the first 
cell to divide from the 2-cell mouse embryo contributes a disproportionately 
larger number of its progeny to the inner cell mass and fewer to the trophectoderm 
(McLaren 1982). The topic of early differentiation is complex, but several elegant 
reviews are available (Johnson 1979, 1981). 

Evidence once more from the mouse indicates specific morphological changes 
following cleavage to the 8-cell stage, in the form of a major reorganization of 
the cytoplasm and cell membranes with a polarization becoming apparent in both 
these compartments. The microvillous attachment sites of cells become located 
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Table VI. I. Criteria for differentiating inner cell mass from trophectoderm in the 3+-day 
mouse blastocyst. (After Johnson 1979) 

Structural 

Physiological 

Biochemical 

Behavioural 

Inner cell mass 

Focal gap junctions, no 
desmosomes 
Distinctive mitochondria 
Few microvilli 

Adherent surfaces, stimulate 
trophectodermal proliferation, 
sensitive to cytotoxic drugs and 
high temperature 

Distrinctive polypeptides, an
tigens and enzymes 

Forms all endoderm, mesoderm 
and embryonic ectoderm 

Trophectoderm 

Cellular polarity, zonular tight 
junctions and desmosomes 
Distinctive mitochondria and 
cytoplasmic inclusions 

Phagocytic, transport ions and 
macromolecules, secrete fluid, in
duce decidual response 

Distinctive polypeptides, antigens 
and enzymes 

Forms primary and secondary 
trophoblastic giant cells, ectoplacen
tal cone, extraembryonic (chorionic) 
ectoderm 

at the apical surface and the nucleus assumes a basal position. By the following 
cleavage (the 16-cell stage), there will be recognisable subpopulations of polar and 
apolar cells, and it is considered that these subpopulations furnish the inner cell 
mass and trophoblast, respectively. Biochemical and immunological differences 
exist between these two cell types. Table VI.1 is taken from Johnson (1979), and 
presents diverse features distinguishing the inner cell mass from the trophec
toderm. 

Such specialized features of early differentiation have almost certainly not yet 
been examined in any detail for the primate embryo. However, based largely on 
the outcome of in vitro fertilization and embryo culture, a concise review of 
histological features of the early human embryo is available (Mohr and Trounson 
1984). Because in vitro fertilization can give rise to viable embryos, there is no 
reason to suppose that the in vitro organization of embryos that develop subse
quently in vivo will differ significantly from that occurring spontaneously. If in 
vitro techniques involving microinjection of cells, nuclei or DNA sequences are 
one day to be applied to primate embryos, then experimental information concer
ning the first steps of differentiation would seem an important prerequisite. 
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Transport of Embryos to the Uterus: 
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Introduction 

The fact that the timing of entry of embryos into the uterus from the Fallopian 
tubes is critical for subsequent survival in most species suggests that the 
mechanisms regulating this transport process must themselves be programmed 
with accuracy. Although the primate embryo may be a notable exception in this 
context of critical timing, evidence from farm and laboratory species indicates 
that premature or belated entry into the uterus compromises survival of the em
bryo. Some of the most persuasive findings are drawn from embryo transplanta
tion studies, such as those of Chang (1950) and Adams (1979) in rabbits involving 
the use of donors and recipients at differing stages after ovulation. When seeking 
control systems that underlie timing of such remarkable sensitivity, it is worth 
recalling that (a) the egg is released from the ovary at approximately the start of 
corpus luteum formation - this gland being the principal ovarian source of pro
gesterone - and (b) there is abundant evidence dating back to the 1930s in
dicating that 'the rate of passage of eggs or embryos from the tubes to the uterus 
can be grossly disturbed by systemic treatment with oestrogens or progestagens 
or, alternatively, by means of bilateral ovariectomy. In the first instance, therefore, 
a reasonable assumption might be that mechanisms that regulate passage of em
bryos to the uterus are strongly influenced by the prevailing secretion of ovarian 
steroid hormones. 

From the above remarks, it will be apparent that inappropriate control 
mechanisms due, for example, to inadequate development of the corpus luteum 
or other sources of endocrine imbalance could constitute significant reasons 
leading to embryonic death. A clearer understanding of embryo transport 
mechanisms might therefore enable some causes of infertility to be alleviated 
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(Croxatto et al. 1979). Until recently, however, the reciprocal argument featured 
more widely in written reviews and especially in applications to grant-awarding 
authorities, i.e. that a disturbance imposed on the normal mechanisms of egg 
transport in the Fallopian tubes might be a valuable approach to contraception 
in women. In the light of evidence presented in this and subsequent chapters, such 
a viewpoint no longer seems fully tenable. 

Progression of Embryos Within the Fallopian 1ltbe 

Specific remarks concerning passage of the unfertilized egg have been made in 
preceding chapters, especially in Chapter IV. As a generalization which seems to 
hold true for most mammals so far examined, the site of fertilization is at the am
pullary-isthmic junction, and a rather rapid passage of newly-shed eggs occurs to 
this region of the tube (Fig. 11.1). The ampullary-isthmic junction is less distinct 
in primates than, for example, in rabbits or pigs, and there is growing evidence 
that the primate egg lingers longer in the body of the ampulla (see Chap. IV; 
Pauerstein and Eddy 1979). But progress from the site of fertilization to the uterus 
is really the topic of this section, and it can be broadly summarized as follows. 

The newly-penetrated egg remains in the vicinity of the site of fertilization for 
much of its tubal sojourn, and only progresses a substantial distance along the 
isthmus shortly before this change of environment occurs; in other words, a slow 
descent at first followed by a final rapid transit through the distal isthmus into 
the uterus. A reasonable interpretation here would be that the patency of the 
isthmus is gradually increasing under the overall influence of changing ovarian 
steroid secretion, and that progressive relaxation in the myosalpinx and mucosa 
enables ab-ovarian displacement of the embryos. When the extreme constriction 
of the isthmus that serves to control sperm transport in the pre-ovulatory phase 
is considered (Chaps. IV and V), and likewise the relative dimensions of eggs and 
spermatozoa, the change required in the patency of the isthmic lumen before eggs 
can pass is readily appreciated. A vital part of the strategy in regulating descent 
may be to avoid exposing embryos to reserves of viable spermatozoa still resident 
in the distal portion of the isthmus (Hunter 1977, 1987 a). 

As indicated, the above remarks are of a general nature, but there have been 
systematic studies in various mammals describing progress of embryos in the 
Fallopian tubes in relation to the interval elapsing from ovulation; for obvious 
reasons, the more abundant information concerns the polytocous species but 
none of it is comprehensive. This situation stems in part from technical problems, 
and especially reflects the difficulty of visualizing the denuded egg through the 
thick muscular coating of the isthmus. Accordingly, observations have invariably 
been post mortem or within in vitro culture systems, and thus there is always the 
possibility of artefacts. Nonetheless, a helpful viewpoint at this stage is that egg 
transport through the isthmus may take one of two forms, according to species: 
either a slow and more or less continuous progression or, alternatively, a relatively 
prolonged arrest at the ampullary-isthmic junction followed by a rapid progres
sion to the uterus (Rousseau, Levasseur and Thibault 1987). 
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Fig. VII.J. Diagrammatic represen
tation of the rabbit Fallopian tube 
to indicate the location of eggs at 
increasing intervals after ovulation. 
Note that most eggs remain close to 
the ampullary-isthmic junction for 
most of their tubal sojourn. (After 
Greenwald 1961) 

In rabbits, the eggs are thought to be retained close to the ampullary-isthmic 
junction for much of their stay (Fig. VII.1), whilst the mucin layer is deposited 
around the zona pellucida, whereas passage through the distal isthmus into the 
uterus is rapid (Greenwald 1961). Entry of eggs into the uterus occurs approx
imately 72 h after ovulation. Turning to the large farm species, Assheton (1898) 
correctly inferred that pig eggs enter the uterus about 2 days after ovulation, 
although the erroneous figure of 3 days has since been quoted extensively (e.g. 
Corner 1921; Andersen 1927; Nalbandov 1964). However, the figure of 46-48 h 
for the tubal sojourn agrees well with the estimates of Pomeroy (1955) and Ox
enreider and Day (1965); the latter authors provided evidence for a relatively slow 
initial descent of the isthmus and then a rapid transport through the terminal por
tion into the uterus. Although the time of entry of the sheep embryo into the 
uterus is approximately one day later, an essentially similar pattern of transport 
has been noted (Wintenberger 1953; Wintenberger-Torres 1961), with the further 
suggestion that antiperistaltic activity of the isthmus for some 48 - 60 h after 
ovulation may contribute to the arrest of eggs at the ampullary-isthmic junction 
(Wintenberger-Torres 1961). H0lst (1974) found that sheep eggs pass to the uterus 
some 66 h after ovulation, and that embryos recovered from the uterus at 68 - 72 h 
after ovulation were at the 8-cell stage. In cows, persuasive evidence exists for an 
arrest of eggs close to the ampullary-isthmic junction until shortly before descent 
to the uterus (Black and Davis 1962), at the stage of 8-16 cells. Whilst the period 
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of 5 - 7 days for passage of the horse embryo to the uterus is generally accepted, 
the actual form of progression and its consistency between animals require further 
definition. 

Brief reference to the timing of egg entry into the uterus of certain primates 
is made in the reviews of Pauerstein and Eddy (1979) and Hearn (1986); they cite 
the customary range of 3 - 4 days after ovulation. Concerning egg transport in 
women, retention in the ampulla is apparently prolonged for up to 72 h, followed 
by a rapid transit through the isthmus to the uterus (Croxatto and Ortiz 1975; 
Croxatto et al. 1978). As suggested above, this pattern may function in part to 
avoid exposure of the embryo to relatively high concentrations of viable sper
matozoa in the intra-mural portion of the tube (Hunter 1987 b), and may be asso
ciated with a relatively tenacious column of mucus within the lumen of the 
isthmus (Jansen 1980). The human embryo is thought to have entered the uterus 
within 80 h of ovulation (Croxatto and Ortiz 1975; Pauerstein 1978; Pauerstein 
and Eddy 1979), probably at the 8-12-cell stage when mucus is no longer ap
parent in the lumen of the isthmus. A rather similar timing exists in the rhesus 
monkey and baboon (Eddy et al. 1975, 1976; Pauerstein and Eddy 1979). More 
extensive comparative data for diverse mammalian species are presented in the 
review of Wimsatt (1975). 

Mechanisms Regulating Passage of Embryos 

The principal mechanisms regulating the passage of embryos into the uterus in
volve activity of the myosalpinx and cilia, the reduction of oedema in the mucosa, 
and the direction of fluid flow in the tubal lumen. Some authors have also sug
gested a role for the mesenteries supporting the Fallopian tubes and uterus (Blan
dau 1969), but a directly-transmitted influence of contractions in the mesosalpinx 
and mesometrium on the transport of embryos is not easy to envisage. For the 
majority of species described in the literature, there is no clear distinction between 
the timing of entry of fertilized and unfertilized eggs into the uterus. Because this 
is not the situation in equids (Van Niekerk and Gerneke 1966; Betteridge and Mit
chell 1974), various species of bat (RasweiIer 1979) and even golden hamsters (Or
tiz et al. 1986), it raises the important question as to whether embryos can in some 
manner influence their own rate of passage to the uterus; the answer is increasing
ly becoming yes for an increasing number of species. 

In the hours before ovulation in animals that exhibit a distinct behavioural 
oestrus (e.g. rabbits, pigs, sheep), waves of contraction in the isthmus proceed 
largely from the uterine end towards the ampullary-isthmic junction (i.e. in an ad
ovarian direction). This predominant direction of muscular activity fades after 
ovulation and, by the time the embryo is scheduled to enter the uterus, spon
taneous waves of contraction are seen to be essentially ab-ovarian. As an example, 
the study of Rodriguez-Martinez, Einarsson and Larsson (1982) involving 
pressure micro transducers placed in pig Fallopian tubes noted strong peristaltic 
waves of contraction in the isthmus at the time when eggs would be passing to 
the uterus. This would therefore suggest an active role of smooth muscle in 
displacing the eggs, at least in this portion of the duct system. 
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The muscular coats constrict the tubal lumen under the dominance of pre
ovulatory oestrogen secretion from the Graafian follicle but, as the concentration 
of circulating progesterone increases, so the myosalpinx becomes progressively 
more relaxed. One means of physiological control here involves the very rich 
adrenergic innervation of the isthmus (Brundin 1965). a-Adrenergic receptors in 
the smooth muscle cells are potentiated under the influence of oestrogens and 
promote contraction of the myosalpinx, especially in the layers of the circular 
coat, thereby providing a form of physiological sphincter. p-Adrenergic receptors, 
by contrast, are potentiated under increasing titres of progesterone, and they in 
turn promote gradual relaxation of the smooth muscle coat. Thus, critical events 
in the wall of the tube are being regulated by the change from pre-ovulatory 
oestrogen dominance to one of post-ovulatory progesterone (see Hunter 1977). 
Moreover, in the context of regulating the passage of eggs or embryos through the 
isthmus, the very rich adrenergic innervation of this portion of the tube enables 
it to act incisively in the manner just described. 

Analysis of precise interactions between the prevailing balance of circulating 
steroid hormones and the content of available catecholamines in the wall of the 
tube is still awaited. However, limited information does exist on steroid hormone 
interactions with the prostaglandin content of Fallopian tube tissues which may 
influence the pattern of contractile activity, probably by release at nerve terminals 
(Harper et al. 1980). In simplified terms, prostaglandins of the F series are 
thought to promote contraction in the isthmus under oestrogen dominance, 
whereas those of the E series lead to relaxation and are activated under pro
gesterone dominance. Oestradiol treatment significantly increases the PGF levels 
in the wall of the tube whereas progesterone treatment depresses them to basal 
levels in rabbits (Saksena and Harper 1975). 

This proposed role of tissue prostaglandins is open to debate, since there is 
some contradiction between the action of specific prostaglandins on tubal func
tion in vivo and that recorded in vitro, and likewise due to differential effects of 
specific prostaglandins on the longitudinal and circular layers of muscle. 
Nonetheless, prostaglandins of the F series may assist retention of eggs in the 
isthmus by virtue of their occlusive action, whereas those of the E series would 
facilitate passage by diminishing the occlusive effects (Spilman and Harper 1973; 
Spilman 1976). The relationships between these two prostaglandins in regulating 
egg transport in rabbits have been discussed (Raj kumar, Garg and Sharma 1979). 
There may be regional effects of prostaglandins within the isthmus, with the 
uterine quarter tending to contract whilst the remaining three-quarters relax. In 
both rabbits and humans, however, prostaglandin F2a activates tubal contractility 
while prostaglandin E induces relaxation (Maia, Barbosa and Coutinho 1976; 
Barbosa et al. 1980). Overall, therefore, prostaglandins of the F series work in 
conjunction with a-adrenergic activation to constrict the smooth muscle coat of 
the tube and reduce the dimensions of the lumen during the pre-ovulatory phase 
of oestrogen secretion, a situation that is reversed as the corpus luteum develops 
and its secretion of progesterone increases. 

Tracts of cilia are conspicuous in the isthmus of only a few mammals (Fig. 
VII.2), but they have been clearly documented for rabbits and pigs (Blandau and 
Gaddum-Rosse 1974; Wu, Carlson and First 1976; Flechon and Hunter 1981), 
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Fig. VIl.2. A scanning electron micrograph of a portion of the isthmus prepared from a pig 
Fallopian tube to illustrate the extensive tracts of cilia on the surface of the longitudinal folds. 
(Adapted from Hunter, Flechon and Flechon 1987) 

and to a lesser extent in women (Ferenczy et al. 1972; Patek 1974; Jansen 1980). 
As noted in Chapter IV, the cilia that line the isthmus of pigs and rabbits beat 
principally towards the site of fertilization in the pre-ovulatory interval and are 
thought to assist in the passage of spermatozoa. Thereafter, they may also assist 
the transport of embryos to the uterus, both directly by means of contact with 
the egg surface and indirectly by propagating specific currents of fluid flow 
(Chap. III). Transport of embryos through the isthmus of cows and sheep may 
also be aided by cilia which, in these species, are said invariably to beat towards 
the uterus (Gaddum-Rosse and Blandau 1976), and a similar situation has been 
reported for the human isthmus (Fdwards 1980). But the extent to which tubal 
cilia playa vital role in women has been questioned from several lines of evidence, 
not least the finding that patients with the 'immotile cilia syndrome' may be fer
tile (Pauerstein and Eddy 1979). But this observation has received a qualifying 
comment in Chapter IV. Even so, the effectiveness of cilia in promoting egg trans
port will presumably be related to the size of the tubal lumen, which will reflect 
not only the condition of the myosalpinx but also the extent of oedema in the pro
minent and much-folded mucosa (Fig. VII.3). The condition of this layer of the 
tube is again an expression of the prevailing balance of gonadal steroids and, in 
the domestic pig, for example, it is extremely oedematous at oestrus (Andersen 
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Fig. VII.3. A scanning electron micrograph of a portion of the isthmus prepared from a pig 
Fallopian tube close to the time of ovulation showing the prominent condition of the 
longitudinal folds due to oedema in the much-folded mucosa. (Adapted from Flechon and 
Hunter 1981) 

1928). This oedema is markedly reduced by the time of egg passage into the 
uterus, and can be reduced by systemic (Day and Polge 1968) or, more specifically, 
by local microinjections (Hunter 1972) of a solution of progesterone in oil. 

Overall, therefore, the regulatory influence of ovarian steroids on the process 
of egg transport appears to be exerted mainly through the excitability and conduc
tion properties of oviductal smooth musculature and the morphology of the 
mucosa. 

Pharmacological Disturbance of Egg Transport 

An observation of long standing in laboratory animals is that the expected rate 
of progress of eggs through the Fallopian tubes to the uterus can be disrupted in 
the presence of anomalous levels of ovarian steroid hormones, be these en
dogenous or exogenous in origin (review by Bennett 1970). This disruption may 
be in the form of 'tube locking' of eggs, as upon oestrogen administration in 
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mice, hamsters, guinea pigs and rabbits (Burdick and Pincus 1935; Greenwald 
1967; Humphrey and Martin 1968) or, alternatively, an accelerated tubal passage 
of eggs to the uterus following progestagen administration in rabbits (e.g. Chang 
1966). Both forms of anomaly compromise development of the embryo and tend 
to be lethal in farm animals and laboratory rodents. As noted above, the time of 
entry into the uterus is critical for subsequent development and implantation in 
most mammals examined. Historical evidence for an influence of steroid hor
mones on the contractile activity of the Fallopian tubes dates at least from the 
studies of Corner (1923) and Seckinger (1923). More direct demonstrations of 
steroid hormones perturbing tubal egg transport come from the induction of 
ovulation in the presence of active corpora lutea (Wislocki and Snyder 1933; 
Hunter 1967) or specific injection of steroid hormones close to the time of ovula
tion (Day and Polge 1968). Passive immunization against ovarian steroids can also 
be used to clarify the contribution of individual steroid hormones to the process 
of egg transport (Bigsby, Duby and Black 1986). 

Across species, it is difficult to state categorically whether exogenous 
oestrogens will cause 'tube locking' and progesterone an acceleration of descent. 
This is not least since the underlying processes are influenced by (1) the dose of 
hormone (which is invariably pharmacological), (2) the actual oestrogenic or pro
gestational compound administered, and (3) most critically, the time relationship 
between treatment and ovulation. As a general rule, however, oestrogen treatment 
retards tubal transport of eggs, whereas progesterone treatment facilitates a more 
rapid descent. But treatment with progesterone may only cause such a response 
when acting on oestrogen-primed tissues of the tube (Boling and Blandau 1971). 
A further point of detail is that whilst 'tube locking' of eggs is a classical response 
to appropriate doses of oestrogens in mice, hamsters and guinea pigs, it could not 
be demonstrated in rats (Greenwald 1967). 

As would be expected from remarks in the preceding section of this chapter, 
systemic administration of various prostaglandins can also be used to disturb egg 
or embryo transport to the uterus, although it must be questioned whether such 
a result is obtained solely by a direct action on the Fallopian tube or if the pattern 
of ovarian steroid secretion is modified as a consequence. Nonetheless, pro
staglandin F2a has been reported to accelerate egg transport in rabbits (Chang 
and Hunt 1972; Ellinger and Kirton 1974; Spilman et al. 1976), whereas inhibitors 
of prostaglandin synthesis such as indomethacin may act to retard the initial 
stages of egg transport (Hodgson 1976). Endotoxin likewise accelerates egg trans
port in rabbits if administered close to the time of ovulation, and this influence 
has been shown to be prostagl::-.ndin-mediated and to be reversible by in
domethacin (Harper et al. 1981). 'furning to primates, there may be species dif
ferences in the response to prostaglandins, although a comprehensive range of 
studies has yet to be completed. Even so, prostaglandin F2a acts to increase tubal 
contractility in marmoset monkeys and women, especially shortly after ovulation, 
although its action in rhesus monkeys may be more sensitive to the stage of the 
menstrual cycle (Spilman 1974; Barbosa et al. 1980). Whether treatment with ac
ceptable doses of prostaglandins will lead consistently to accelerated egg trans
port in women remains under debate, for Croxatto et al. (1979) and Pauerstein 
and Eddy (1979) have noted that stimulation of tubal contractility does not 
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necessarily accelerate egg transport. There is the additional consideration that 
such a procedure may not be contraceptive in its effect, an aspect which is discuss
ed in Chapters VIII and IX. 

Again, drugs that modify the function of the autonomic nervous system, such 
as a- or p-adrenergic blockers, might be expected to alter normal tubal function 
so that egg transport is blocked or accelerated. However, pharmacological in
terference with the adrenergic system has been stated not to disturb egg transport 
in several species of mammal (Pauerstein and Eddy 1979), indicating - along 
with evidence from microsurgical studies (Chap. VIII) - that such innervation 
is not a primary control mechanism for regulating egg passage through the tubes. 

Preliminary data bearing on interference with neuro-endocrine programming 
of human Fallopian tubes were briefly reviewed by Croxatto et al. (1979). Stimula
tion of p-adrenergic receptors was known to relax the circular muscle of the tubal 
isthmus but ritodrine, a p-adrenergic agonist given orally at a dose of 10 mg, had 
little detectable influence on the myosalpinx in terms of egg transport (Coutinho, 
Maia and Filho 1974). Pharmacological approaches of this kind in women would 
seem to be fraught with difficulty and/or danger, not least because of the risk of 
undesirable side effects for the patient - or indeed for the embryo should the 
treatment prove unsuccessful as a contraceptive measure. It is at this point that 
the value of non-human primate models is traditionally urged in experimental 
programmes but, ultimately, a critical decision has to be made as to whether to 
commence specific trials in women. 

Delayed Transport in the Aetiology of TUbal Pregnancy 

Whilst the subject of ectopic pregnancy is discussed more extensively in Chapter 
VIII, it is worth considering briefly here whether treatments that modify the rate 
of egg transport in women might promote an enhanced incidence of tubal 
pregnancies. Unfortunately, there is no satisfactory animal model in which to 
assess the risk of an ectopic pregnancy. The evidence linking modified rates of egg 
transport with tubal pregnancy is equivocal but should be taken into account, not 
least before embarking on further clinical trials that aim to modify the rate of 
tubal egg transport as a possible approach to contraception. It is of some 
relevance that in a series of ten patients treated with oestrogens as a possible post
coital contraceptive, Coutinho (1971) reported two ectopic pregnancies. Morris 
and van Wagenen (1973) reported a 10070 incidence of ectopic pregnancy after 
post-ovulatory treatment with oestrogens. Endocrine imbalances, possibly asso
ciated with an inadequate development of the corpus luteum and secretion of pro
gesterone, may be sufficient to disrupt the normal passage of the embryo into the 
uterus. Of course, the contribution of 'spontaneous' tubal spasm to this condition 
remains unknown, but presumably such spasms could be associated with en
docrine and/or psychosomatic disturbances. 

A related hypothesis has been offered by Rousseau et al. (1987). They argue 
that in species such as our own showing discontinuous transport of the egg 
through the Fallopian tube, peristaltic waves of contraction are required to 
displace the embryo along the isthmus to the uterus. A diminished intensity 
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~d/or frequency of peristalsis might therefore underlie the elevated proportion 
of ectopic pregnancies found in the ampulla compared with the isthmus (Chap. 
VIII), or indeed induced after non-surgical introduction of human embryos into 
the uterus on Day 2 (Chap. IX). 

Whilst such speculation is of considerable interest, it also serves to emphasize 
that much remains to be learnt of the interacting factors that promote transport 
of the human embryo along the Fallopian tube. If the embryo usually acts locally 
to influence its own displacement, then a delayed or defective release of com
ponents from the zygote could well be involved in the aetiology of tubal pregnan
cy under some circumstances. Such reasoning would be strengthened if embryos 
located ectopically were shown to be intrinsically abnormal, perhaps - for exam
ple - containing a preponderance of tissues derived from the syncytiotropho
blast. 
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Introduction 

Much of the text so far has considered normal physiological processes in the 
Fallopian tubes, especially as they concern progression and fusion of the gametes 
and the first steps in development of the embryo. Whilst the emphasis is thereby 
- and perhaps appropriately - placed on the condition of fertility, problems in 
the female duct system that are associated with infertility, if not complete sterility, 
cannot be overlooked. The intention of this chapter is not to divert the reader 
from perusing suitable clinical texts on many of these matters, but rather to offer 
informed comment on clinical topics in the light of studies in experimental 
animals. It goes without saying that the scope for relevant experimentation is 
greater in domestic animals than in our own species, and the same is true in terms 
of the latitude for examining embryos to establish morphological normality and 
potential viability. Some of the paragraphs that follow assume a historical per
spective, not only in tneir own right but also in view of the material contained 
in Chapter -IX. However, it would be rash to predict the response of future 
societies to technical advances in vitro, and therefore the limitations of earlier 
techniques are certainly worth reviewing. 

Involuntary tubal infertility remains a major problem in women. The follow
ing figures may help to give a sense of proportion; they are taken from the review 
of Fergusson (1982). Thbal factors account for approximately 200/0 of all cases of 
infertility and, of these, 70% remain incurable. In round figures, this means, for 
example, that 20000 women in the United Kingdom and 90000 women in the 
United States, will suffer from permanent tubal sterility. 
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Al}Omalies of the Fallopian Tubes 

Anomalies of the tubes have frequently been documented in domestic animals 
and humans, and detailed descriptions are to be found in appropriate clinical 
texts (e.g. Novak and Rubin 1952; Nalbandov 1964; Novak and Woodruff 1967; 
Woodruff and Pauerstein 1969; Laing 1979; Chamberlain and Winston 1982). 
The range of anomalies is wide, and extends from a congenital absence of the 
tubes or portions thereof to major diverticula in the ducts and, on occasions, to 
duplication of individual tubes; bizarre deformities have been noted in all por
tions of the ducts, as well as occlusion at all levels. In addition to congenital pro
blems, there are conditions that arise during the reproductive lifespan such as 
hydrosalpinx, fimbrial, peri-tubal and peri-ovarian adhesions, and even gross 
kinking or torsion of the tube(s), again sometimes associated with adhesions. 
These and other adverse conditions may also develop as a sequel to pelvic surgery. 
It is not helpful to generalize here on the extent to which treatment or remedial 
surgery will be beneficial in individual instances, although it is worth remarking 
that most of the above conditions in women have been subjected to some form 
of intervention. A new light is thrown on such problems by advances in the tech
niques of laparoscopy and egg recovery, and the associated procedures of in vitro 
fertilization and embryo transplantation. 

Pathology is not the subject of this text but a brief comment will not be out 
of place. Inflammatory diseases are the most important cause of tubal disorders 
because of their frequency and the probability of serious consequences. Moreover, 
the anatomical siting of the Fallopian tubes between the ovaries and uterus 
renders them susceptible to the diseases and afflictions of both (Novak and Rubin 
1952). Inflammatory disorders of the uterus may frequently extend into the tubes, 
for any ad-uterine current caused by the tubal cilia is a weak means of protection, 
and the narrow lumen of the intra-mural portion is itself an ineffective barrier. 
A related problem is that swelling of the mucosa in the region of the utero-tubal 
junction can completely occlude the duct lumen, thereby preventing drainage of 
inflammatory secretions into the uterine cavity. The diverse forms and conse
quences of salpingitis are well illustrated in the major review of Novak and Rubin 
(1952). 

Perhaps less widely known, but of considerable research interest, is the condi
tion of underdeveloped Fallopian tubes associated with differing degrees of in
tersexuality. The pr';sence of testis-like tissue in the gonad(s) of genetic females 
may lead to poorly-developed or even vestigial Fallopian tubes (which are prox
imal portions of the Mullerian duct system - see Chap. II); proliferation of the 
neighbouring male duct as an epididymis (part of the Wolffian system) is usually 
found in this situation. Recent studies on intersexuality in pigs have highlighted 
such anomalies and focussed on their possible aetiology (Hunter, Baker and Cook 
1982; Hunter, Cook and Baker 1985). Whereas testicular tissue in an XX ovotestis 
does not show spermatogenesis or even contain detectable germ cells, Sertoli-like 
cells are abundant and apparently synthetically active. It is these somatic cells of 
the seminiferous tubules that secrete Mullerian-inhibiting hormone (Josso et al. 
1979; Vigier et al. 1984), which acts locally to inhibit development of the Fallo
pian tube whilst Leydig cell androgens promote elaboration of the epididymal 

140 



duct. Although the uterus shows normal development, the isthmus of the tube is 
poorly defined and the ampulla scarcely visible macroscopically (Fig. H.4). Such 
intersex animals are now proving invaluable for experimental studies on modifica
tions to the duct systems. 

Ectopic (TUbal) Pregnancy 

As is widely known in clinical circles, potential sites for an ectopic pregnancy are 
not restricted to the Fallopian tubes proper; human embryonic tissue may also im
plant and embark upon a vigorous form of development in the distal extremity 
of the intramural portion of the tube, or in ovarian tissue, or in other abdominal 
sites (Benirschke 1969). However, this section of the chapter will be specifically 
concerned with development of embryos within the tube (Fig. VIII.1), and 
especially with the question as to why ectopiC pregnancies are apparently peculiar 
to primates. Attempts to develop non-primate models of extra-uterine pregnancy 
have not met with success, whilst the reported incidence of this condition in sub
human primates is extremely low (Adams 1977). 

The scope for intra-tubal development of the primate embryo seems to be 
limited principally by the precise site of implantation. There is clearly more scope 
for development in the proximal portion of the ampulla than in the distal portion 
of the isthmus. Over and above the relative dimensions of these portions of the 
tube, there is a different potential for stretching the musculature. Flexibility exists 
in the ampulla to a significantly greater degree than in the isthmus, due to the 
much thicker muscular wall of the latter. This difference in the ability to stretch 
can be demonstrated in post-operative samples simply by injecting liquid through 
the fimbriated end and occluding both extremities: the ampullary portion will ex
pand very considerably before rupturing. Nonetheless, short of clinical interven
tion or spontaneous death of the embryo, the most probable sequel to ectopic im
plantation is rupture of the wall of the tube irrespective of precisely where devel-

Fig. VIII.l. Diagrammatic representation of the genital tract to indicate the more commonly ob
served location and incidence of tubal ectopic pregnancies. The numbers refer to the percentage 
of such pregnancies in the fimbriated extremity of the tube (a), ampulla (b), isthmus (c) and 
the intra-mural portion (d). (Courtesy of Prof. C. J. Pauerstein) 
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Fig. VIII.2. A classical depiction of an ectopic tubal pregnancy appearing in Mauriceau's (1675) 
Traite des Maladies des Femmes Grosses. (Courtesy of the Bibliotheque Nationale, Paris) 

opment commenced; the structure of the wall is much weakened by the very inva
siveness of the trophoblast. The associated problems of pain, haemorrhage, vas
cular collapse, shock and fainting are grave. Indeed, the 1979 -1981 Report on 
Confidential Enquiries into Maternal Deaths in England and Wales noted that ec
topic pregnancy accounted for 11.4070 of all maternal deaths, being the fourth ma
jor cause after hypertensive diseases, pulmonary embolism and anaesthesia (Ran
dall 1986). 

As to the stage of gestation that can be attained by a human tubal pregnancy, 
there are well-documented records of 3 months or beyond dating from the nine
teenth and early twentieth century but haemorrhagic ablation of the placenta or 
rupture pf the tube, or both, usually occur in the first 2 to 3 months (Benirschke 
1969). More advanced pregnancies (Fig. VIII.2) were found before the advent of 
modern intensive medicine and sensitive radioimmuno-assays for pregnancy hor
mones, especially those for human chorionic gonadotrophin. However, on most 
occasions, development is primarily of extra-embryonic tissues rather than of the 
embryo itself. All clinicians would earnestly hope for an early diagnosis, not only 
to protect the life of the patient but also to avoid irreversible damage to the tube 
itself. Apart from the necessary skills and alertness, diagnosis can be assisted by 
the techniques of ultrasonic scanning and/or laparoscopy. A majority of deaths 
from ectopic pregnancy (64%) in the Report referred to above were considered 
avoidable, the most frequent problem being a delayed detection. 
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Co-ilditions that promote the occurrence of ectopic pregnancy would seem 
most logically to arise from those that retard passage of embryos to the uterus. 
Pelvic infection is traditionally viewed as a starting point, with salpingitis due to 
Chlamydia trachomatis being a principal cause of progressive tubal occlusion 
(Henry-Suchet and Loffredo 1980; Sweet 1982; Brunham et al. 1985; Tuffrey et 
al. 1986). Gonococcal and tuberculous infection may also be involved, and com
plications can arise following septic abortions. Scarring and subsequent occlusion 
of the tube tend to be frequent sequelae to the inflammation arising from 
bacterial infection. A recent review suggests that about 15070 of women will 
become sterile after one episode of salpingitis (30% after two infections), 15% 
will develop chronic pain necessitating subsequent surgery, and the incidence of 
ectopic pregnancy in those who do conceive will be ten times greater than in 
women without infection (Eschenbach 1985). In this context, Pauerstein (1974) 
also mentions the presence of diverticula in both the ampulla and isthmus of the 
tube, i.e. salpingitis isthmica nodosa. The structures were thought to arise as a se
quel to disease, and may have acted to trap the descending embryo. But Pauerstein 
states that no gross or microscopic evidence of salpingitis was found in a majority 
of women who suffer ectopic pregnancy. Nevertheless, he concedes that earlier 
episodes of infection may have acted adversely to modify the tubal epithelium. 
The condition of the ciliated epithelium should certainly be questioned. 

Somewhat paradoxically, two completely different means of contraception 
may be associated with an enhanced incidence of ectopic pregnancy. Orally-active 
preparations of steroid hormones, especially oestrogens when taken post-coitally 
as an emergency measure, may cause delayed or arrested transport of the embryo 
in the Fallopian tube, thereby promoting the possibility of an ectopic implanta
tion (see Coutinho 1971). As has been noted in previous chapters, normal func
tioning of the tubal musculature and cilia is extremely sensitive to the balance of 
circulating gonadal steroid hormones, and the post-coital treatment undoubtedly 
leads to disruption in these structures. There is evidence also of an association 
between the use of intra-uterine devices and the relative incidence of ectopic 
pregnancies. It is possible that the device occasionally acts to repel embryos from 
the cavity of the uterus towards or into the intra-mural segment; a changed pat
tern of myometrial contractions may be involved, and these in turn may be 
transmitted to the myosalpinx. The precise shape of the intra-uterine device and 
its location in tte uterus at the time of ovulation could thereby have an important 
bearing on egg transport through the tubal lumen. 

One other route to ectopic pregnancy can be mentioned here. Steptoe and Ed
wards (1976) first reported a tubal pregnancy after in vitro fertilization and 
transcervical transplantation of an embryo into the uterus and, with the increas
ing use of this approach to alleviating infertility, several other groups have since 
noted an elevated frequency of ectopic pregnancy after non-surgical transfer into 
the. uterus. This is all the more remarkable since a deliberate attempt to instil an 
embryo into the Fallopian tube by the cervical approach would be deemed ex
ceedingly difficult. Once again, an explanation for this experimental finding may 
be associated with an induced contractile activity in the myometrium and 
myosalpinx. But consideration should also be given to the abnormal state of the 
Fallopian tubes in women receiving such transfers: the absence of a full range of 
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physiological functions, including cilial beat and fluid flow, may have rendered 
the tubal epithelium as receptive - to the transplanted embryo - as that of the 
uterus. Moreover, there may be some dilatation of the isthmus and intra-mural 
segment if secretions cannot escape into the peritoneal cavity. 

Advice as to management of tubal pregnancies is, of course, beyond the scope 
of this text, but the overall objectives must clearly be (1) to remove the potential 
risks to the patient, especially those associated with rupture and haemorrhage, (2) 
to conserve as much of the tube as possible, and (3) to avoid compromising the 
function of the adjoining ovary, by striving to prevent the development of adhe
sions. However, with points (2) and (3) in mind, it is worth noting that most forms 
of tubal surgery are generally accepted to increase the risk of ectopic (or repeated 
ectopic) pregnancy. Nonetheless, conservation of as much of the tube as possible 
is receiving increasing emphasis in the North American literature (McComb 
1986). 

Many previous discussions as to why ectopic pregnancies should be peculiar 
to primates have focussed on (1) the invasive mode of implantation, with some 
emphasis on the properties of the syncytiotrophoblast and (2) the nature of the 
tubal epithelium. Because of the simplex uterus and the adjoining intra-mural 
portion of the tube, a continuity of epithelial types has been inferred. Further
more, the absence of a specific utero-tubal junction would enable admixture of 
tubal and uterine secretions. This lack of a clear distinction between the uterine 
and tubal environments was frequently held to facilitate the initiation of tubal 
pregnancies. Yet other views have concentrated on subtle differences in the timing 
of egg transport in humans, especially on the relatively prolonged stay in the am
pullary portion compared with egg passage in farm and laboratory animals (see 
Chap. IV; Croxatto et al. 1978). And finally, in women, if not sub-human 
primates, there has been consideration of emotional disturbances and the 
possibility of tubal spasm arresting passage of the embryo en route to the uterus. 

In terms of physiological explanations for the existence of ectopic pregnan
cies, by far the most attractive one concerns modes of regulation of the lifespan 
of the corpus luteum. Whereas in farm and laboratory animals, hysterectomy 
leads to prolonged maintenance of the corpus luteum or corpora lutea (Anderson, 
Bland and Melampy 1969; Anderson 1973), due to removal of the tissues that 
elaborate the luteolytic hormone prostaglandin F2a , the cyclic lifespan of the 
primate corpus luteum is not compromised by this operation. The current 
understanding is that ovarian factors rather than a uterine luteolysin are the prin
cipal ip.itiators of regression of the cyclic corpus luteum, at least below the level 
of the pituitary gland and withdrawal of its trophic support. Because of the 
luteolytic potential of the uterus in farm and laboratory species, it is necessary 
that the embryos enter the uterus in order to exert an anti-Iuteolytic influence and 
thereby permit maintenance of the ovarian secretion of progesterone. By contrast, 
since this requirement seemingly does not exist in primates, development of the 
embryo in an ectopic site is possible in the sense that the non-gravid uterus will 
not be acting to promote luteal regression. A hypothesis to this effect was 
presented by Levasseur (1983). 

Numerous studies have been performed in an attempt to develop an ex
perimental model for ectopic pregnancies in laboratory and farm animals. These 
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have been repeatedly unsuccessful, in part due no doubt to the reasons presented 
above, although it is worth noting that mouse trophoblastic tissue can proliferate 
in extra-uterine sites (Kirby 1965). The techniques for attempting to initiate ec
topic pregnancies have usually involved placing ligatures around the Fallopian 
tubes at differing intervals after fertilization to prevent passage of embryos to the 
uterus. Development seldom proceeds beyond the early blastOcYst stage (e.g. Mur
ray et al. 1971; Pope and Day 1972), and diverse reasons could be invoked for 
failure of the embryo at this stage. It is not clear to this author, however, whether 
such models have been appropriately tested by means of transplantation of a 
separate set of embryos into the uterus of the same animal to prevent any 
precocious programming of luteolytic activity. At the very least, this approach 
would be worth testing and/or that of hysterectomy soon after mating of a 
polytocous animal, whilst leaving the Fallopian tubes and ovaries in situ. Devel
opment beyond the blastOcYst stage might thereby be obtained. 

Intra-Uterine Fertilization and Estes' Operation 

Although fertilization of mammalian eggs normally takes place in the ampullary 
region of the Fallopian tube, various studies have examined the possibility of ob
taining fertilization at sites in the reproductive tract other than the ampulla. 
Perhaps the earliest experimental evidence along these lines came from clinical 
studies in patients with obstructed Fallopian tubes. In these, a small number of 
pregnancies was reported following transplantation of the ovary into the uterus 
- Estes' operation (Fig. VIlI.3) - and subsequent bouts of coitus. Reviews of 
such operations were presented by Estes (1909), Estes and Heitmeyer (1934), 
Preston (1953) and von Ikle (1961), with the overall incidence of pregnancY being 
approximately 100/0 (Thble VIlL1). A more detailed quantitative analysis of suc-

Table VIII.I. A geographical survey of the success of Estes' operation 
as determined by the incidence of established pregnancy. (Modified 
from von Ikle 1961; Adams 1979) 

Hospital location No. of No. becoming 
cases pregnant 

New York 1 1 
New York 50 4 
Konigsberg 9 0 
Sofia 20 4 
Rio de Janeiro 7 1 
Stockholm 23 4 
Nairobi 10 3 
Groningen 16 0 
Helsinki 128 8 
Tarbes 5 3 
St. Gallen 1 1 

Total 270 29 
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Fig. VIII.3. Historical depiction of Estes' operation, in which the ovary is auto-transplanted 
into the uterus in instances of obstructed Fallopian tubes 
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cess rates following Estes' operation has been given by Adams (1979). But it is 
uncertain from this literature whether both tubes were obstructed and completely 
removed (bilateral salpingectomy) in every case or whether some pregnancies might 
have resulted from a tubal fertilization after the surgical manipulations associated 
with the operation (Hunter 1968). That a proportion of recently-ovulated human 
oocytes can be fertilized in the uterus and undergo normal development is no lon
ger in doubt (see below and Chap. IX), although the success of Estes' operation 
does raise other important questions, not least concerning the process of ovulation. 

As an approach to studying further the low incidence of pregnancy in humans 
following Estes' operation, Heitmeyer (1934) transplanted rabbit ovaries into the 
uterus of the same animal; he was successful in obtaining ovulation in 12 rabbits, 
as demonstrated by both the presence of corpora lutea and recovery of eggs from 
the uterine lumen but, despite copulation of these animals with proven males, no 
pregnancies resulted. Similar negative results had previously been obtained in 
guinea pigs (Mairano and Placeo 1928), although the continuity of oestrous cycles 
inferred that the grafts were functional. These findings do not preclude the 
possibility of successful fertilization with a subsequent degeneration of eggs in 
the uterus. The deleterious influence of asynchrony in rabbits between the stage 
of embryonic development and that of the endometrium has since become well 
known (Chang 1950; Adams 1979). As a different experimental approach from 
that of Heitmeyer, Chang (1955) reported that transfer of 26 recently-ovulated 
rabbit eggs into the uterus of a mated recipient resulted in fertilization of 12 of 
these eggs as determined at recovery some 6 h later. Bedford (1969) pursued this 
approach of transplanting freshly-ovulated eggs into the uterus of previously
mated does primarily to determine just how soon ejaculated spermatozoa might 
achieve capacitation in the uterus. Eggs were recovered and examined towards the 
end of their fertilizable life 6-7 h after transfer. Thirty-four eggs from seven ex
periments were fertilized (940/0) when the recipient does were mated some 
12-13 h before transfer. Hence, exposure of spermatozoa to the Fallopian tubes 
was not essential for the completion of capacitation. Subsequent development of 
eggs could not, of course, be commented upon but degeneration rather than for
mation of blastocysts would have seemed inevitable. 

In the golden hamster, an extensive series of experiments failed to obtain fer
tilization in the uterus. Recently-ovulated eggs in cumulus were transplanted from 
the tubes of 66 rlonors into the uterine horns of a similar number of mated or 
inseminated recipients at known stages of the cycle. None of 392 eggs was fertiliz
ed after periQds of 2 - 8 h in the recipient uterus, nor were spermatozoa attached 
to or within the zona pellucida. Signs of degeneration were evident, especially the 
formation of deutoplasmic globules in the perivitelline space (Fig. VIllA); this 
suggested an adverse influence of the tonicity of the uterine fluids upon the egg 
membranes (Hunter 1968), as previously postulated for the rabbit (Chang 1955). 
The possibility of failure to complete sperm capacitation in the hamster uterus 
wa~ raised by this work, and a related study emphasized the synergism between 
uterus and Fallopian tubes in expediting this process in hamster spermatozoa 
(Hunter 1969). However, in an even larger series of transfers in the golden 
hamster, a small proportion of fertilized eggs has been obtained in the uterus 
(Cuasnicu; personal communication). 
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Fig. VIIL4. Eggs of the golden hamster recovered from the uterine lumen, into which they had 
been transplanted in an unsuccessful attempt to obtain fertilization in that site. Note the exten
sive formation of deutoplasmic globules in the perivitelline space (Hunter 1968) 

Attempts to fertilize pig eggs in the uterus (another species in which the 
ejaculate is propelled through the cervix into the cornua) were reported by Baker 
and Polge (1973). Pre-ovulatory oocytes removed from follicles shortly before the 
anticipated time of gonadotrophin-induced ovulation were used in part of the 
study, whilst recently-ovulated eggs in cumulus were transplanted in another 
series. Only a small proportion (- 5 0/0) of such follicular and ovulated oocytes 
was fertilized in the uterus, and a possible contribution of the Fallopian tubes to 
sperm capacitation could not be ruled out in these instances. Sperm penetration 
of eggs in utero was not obtained when the tubes were ligated at their junction 
with the uterus before transplanting eggs to the latter site (Baker and Polge 1973). 
Again, perhaps of relevance here is the reported synergism between uterine and 
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tubal environments in promoting capacitation of boar spermatozoa (Hunter and 
Hall 1974). 

In stark contrast to the findings in experimental animals, recent studies in 
women have shown that secondary oocytes recovered just before ovulation can be 
introduced into the uterus with a suspension of ejaculated spermatozoa and give 
rise not only to fertilization but also to full term pregnancies (e.g. Craft et al. 
1982). Because this approach avoids the steps of in vitro fertilization and culture 
of the embryo, it presents a number of technical advantages, although its overall 
incidence of success remains to be evaluated in diverse laboratories. The research 
breakthrough which pointed the way to these clinical achievements was the work 
of Marston and colleagues using rhesus monkeys. In a series of transplant studies, 
Marston, Penn and Sivelle (1977) questioned the dogma based on results from 
laboratory rodents and farm animals that primate embryos would also require a 
close synchrony between their stage of development and that of the endometrium 
for successful reception and growth. Marston further showed that young pro
nucleate eggs could be transplanted into the uterus of the same animal and give 
rise to viable pregnancies (Thble VIII.2). As a group, therefore, primates may not 
require a strict synchrony between embryonic and uterine development, although 
overall pregnancy rates would doubtless be enhanced by embryos entering the 
uterus on a physiological timescale. 

Table VII!.2. The results of transplanting embryos of the rhesus mon
key from the Fallopian tube to the uterus. (Data courtesy of Dr. J. H. 
Marston) 

Stage of Number of Number of 
embryonic transplants successful 
development pregnancies 

Pronucleate 4 2 
2-cell 3 3 
4-cell 3 0 
5 -6 cell 11 4 
7 - 8 cell 8 1 

1ltbal Resection and Reconstructive Surgery 

The objectives of this section are, once again, not to cover clinical procedures in 
detail but rather to discuss experimental studies in domestic animals and to com
ment on their relevance to primates. Some of these experimental studies have been 
critically and concisely reviewed by Pauerstein (1978) and Pauerstein and Eddy 
(1979). 

The aim of our own work involving tubal surgery was to clarify the role of 
the isthmus in the events of fertilization, there already being circumstantial 
evidence that this portion of the tube influences the number of spermatozoa pro
gressing to the ampulla. Operating on both pigs and rabbits, most of the isthmus 
was resected from one of the tubes although a small proximal and distal stump 
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d 
Fig. VJIJ.5. Tubal reconstructive surgery in the domestic pig to examine the influence upon the 
normality of fertilization of resecting most of the isthmus followed by end-to-end anastomosis. 
(Modified from Hunter and Uglise 1971 a) 

remained in order to facilitate a satisfactory end-to-end anastomosis (Fig. VIII. 
5). This procedure was performed with the support of a Teflon or silastic splint 
which was subsequently removed without recourse to further surgery (Hunter and 
Uglise 1971 a, b). 

The striking finding from studies in both species was the significant increase 
in the incidence of polyspermic fertilization: 32"70 of the eggs recovered from the 
resected and anastomosed tubes of ten pigs showing this condition with usually 
two to three accessory male pronuclei clearly distinguishable in the vitellus. The 
eggs were prepared as histological sections, leaving no doubt as to the correct di
agnosis of nuclear structures nor, with hindsight, should the finding of polysper
my have occasioned surprise. The voluminous ejaculate of the boar bathes the ex
tremity of the Fallopian tubes by the completion of mating, usually with a suspen
sion of spermatozoa containing ~ 108 cells per ml, and the utero-tubal junction 
and isthmus serve to regulate the number of spermatozoa passing to the site of 
fertilization. That polyspermy (7%) should have occurred at all in the rabbit as 
a sequel to resection of the isthmus was not anticipated, for the cervix and uterus 
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are interposed between the site of ejaculation and that of fertilization. 
Nonetheless, the isthmus must contribute to the sperm gradient (Chap. IV), so 
the question arises from these findings as to whether a proportion of the failures 
to establish pregnancy in women after tubal reconstructive surgery might have 
been associated with abnormal fertilization (Hunter and Uglise 1971 a, b). 

A subsequent study in pigs examined foetal survival and presented evidence 
for reasonable fertility after microsurgical removal of the isthmus (Paterson et al. 
1981); in fact, the findings in this study and the earlier one described above are 
in close agreement. Reasonable fertility would still have been anticipated in our 
own experiments if the animals had been permitted to go to term for, whilst 32070 
of the eggs from the resected tube were polyspermic, 68% were normally fertiliz
ed, as were the eggs from the control tube. Such results would therefore parallel 
the 60% foetal survival reported by Paterson et al. (1981). 

Surgery has also been performed in experimental animals to determine the in
fluence, for example, of (1) removing the fimbrial extremity, on the effectiveness 
of egg capture at ovulation, and (2) reversing portions of the tube on the normali
ty of egg transport, and thus to comment on the role of the cilia and myosalpinx. 
In the former instance, eggs can enter the tube and be fertilized (Metz and 
Mastroianni 1979; Beyth and Winston 1981), whilst in women with appropriate 
surgical modifications, eggs from one ovary may be captured by the contralateral 
tube, the so-called phenomenon of trans-abdominal migration (First 1954; Ed
wards 1980). Clearly, the egg does not migrate in an active sense but rather is 
drawn by currents of fluid thought to stem from the action of cilia. In this situa
tion, the incidence of egg 'pick-up' from the pouch of Douglas is unknown. 

Surgical modification at the other extremity of the tube, in the form of com
plete resection of the utero-tubal junction in rabbits, may compromise fertility 
(David, Brackett and Garcia 1969). However, further studies in rabbits have sug
gested that the utero-tubal junction is not critical to reproduction (Pauerstein 
1978). The latter is also true of the ampullary-isthmic junction, for its removal 
in the rabbit does not interfere with normal fertility (Eddy, Antonini and Pauer
stein 1977). 

The functional involvement of specific regions of the Fallopian tube can be 
examined by surgical reversal rather than by actual removal. As far as the isthmus 
is concerned, reversal of 1-cm segments failed to interfere with fertility in rabbits 
(Eddy, Hoffman and Pauerstein 1976). By contrast, reversal of ampullary 
segments of similar length prevented pregnancy, seemingly due to the relatively 
dense array of cilia in the reversed portion beating the wrong way (i.e. in the 
original sense), thereby preventing an orderly progression of eggs to the site of fer
tilization at the ampullary-isthmic junction; eggs in cumulus are arrested at the 
interface with the reversed segment (pauerstein 1978). 

Evidence from human tubal surgery indicates that even when substantial por
tions of the isthmus are missing, re-anastomosis of the remaining tissues of the 
tube can lead to successful intra-uterine pregnancies. The need here may be pri
marily a question of mobility of the tube and its associated mesenteries at the 
time of ovulation. Hence, no absolute requirements for specific gamete or embryo 
interactions with this portion of the duct appear to exist, a conclusion that can 
be drawn from other lines of experimental evidence (see below). Likewise, after 
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Fig. VIII.6. The well-known Pomeroy sterilization technique involving ligation and resection of 
a portion of the human Fallopian tube 

sterilization by either the Pomeroy or Irving technique (Fig. VIII.6) and subse
quent surgical anastomosis, viable intra-uterine pregnancies have followed, so the 
region of the ampullary-isthmic junction in women is not essential to individual 
pregnancies (Gomel 1977). 

Many of the clinical reasons that might indicate resection of a portion of the 
Fallopian tube and reconstructive surgery have been referred to in earlier parts of 
this chapter. In instances of damaged, obstructed or malformed tubes presented 
bilaterally, surgery was traditionally viewed as the last approach towards 
establishing pregnancy in women with normal ovarian function. Technical 
developments in reconstructive surgery and the success of different approaches 
were pericdically reviewed up to the early 1980s (e.g. Stallworthy 1948; Green-Ar
mytage 1959; Palmer 1960, 1978; Shirodkar 1967; Woodruff and Pauerstein 1969; 
PalmCt', Madelenat and Mendels 1979; Chamberlain and Winston 1982). Despite 
a rigorous selection of patients, the overall success rate of these attempts was 
generally low, although with some notable exceptions. The use of indwelling 
splints during re-anastomosis was considered helpful in some reports, but the in
cidence of intra-uterine pregnancy changed little, whilst that of ectopic pregnancy 
remained a cause of serious concern. Although pages could be written on in
dividual techniques in an attempt to pin-point reasons for success or failure, a 
large element of speculation would remain. Moreover, techniques of tubal surgery 
may find little application in the future, even for reversal of sterilization. This new 
perspective arises from developments in the field of laparoscopic recovery of pre
ovulatory oocytes coupled with in vitro or intra-uterine fertilization (Chap. IX). 
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Resorting to a major abdominal intervention in the slender hope of establishing 
pregnancy no longer seems appropriate, necessary or justifiable. 

Microsurgery and Subsequent Pregnancy 

Microsurgical attempts to restore fertility within the human Fallopian tube receiv
ed careful consideration in Pauerstein's (1978) Upjohn lecture entitled From 
Fallopius to Fantasy. His views were more thoughtfully weighed than the 
somewhat provocative title might suggest, and the American gift of rigorously 
analysing a technical problem comes across clearly: microsurgery did not offer 
overwhelming attractions. Nonetheless, this approach has its protagonists, and a 
succinct review ofthe state of the art came with Winston's (1980) rejoinder entitl
ed Microsurgery of the Fallopian tube: from Fantasy to Reality. To this author, 
at least, Pauerstein's arguments carried the day, not least since Winston made on
ly the briefest of allusions to alternative methods for promoting fertility in women 
with obstructed Fallopian tubes. 

Before considering surgical details, there is scope for one or two observations 
that are intended to give balance to the discussion. In most current interpretations, 
microsurgery on blocked or damaged tubes would be deemed to involve an ab
dominal operation and therefore general anaesthesia; thus, the paradox that 
microsurgery of the tubes invariably requires macrosurgery on the abdominal wall. 
Assuming the greatest of skills, the success of an operation in terms of restoring 
a patent, functional tube cannot be predicted for an individual, even though success 
rates derived from a series of operations certainly give guidance. Added to the risks 
associated with a full abdominal operation, there is the risk of a subsequent tubal 
ectopic pregnancy - in fact enhanced by the very procedures themselves. Such a 
consequence would, in all probability, necessitate a further abdominal intervention. 
In fairness, however, the actual incidence of ectopics is said to be falling, in the 
hands of experienced microsurgeons (Winston 1980). 

Despite these remarks, microsurgery is still being performed, perhaps most 
frequently for attempted reversal of sterilization procedures (see Gomel 1977, 
1978, 1980; Brosens and Winston 1978; Paterson 1978; Winston 1980; Chamber
lain and Winston 1982). Within the body of results obtained at many centres, a 
general observalion would be that a reduced incidence of pregnancy is associated 
with a decreasing length of the reconstructed tube. Whether, as alluded to above, 
this represents primarily a question of mobility of the tube rather than a specific 
requirement of the gametes and embryos for the luminal environment is uncer
tain, although current interpretations would favour the former suggestion. Some 
3 - 4 cm of tube are thought to be essential for sufficient flexibility (see Winston 
1980). However, there is also the question of compatibility of diameter in the por
tions of the duct to be anastomosed. The highest incidence of pregnancy is said 
to follow from re-anastomosis of portions of the isthmus. Less than precise pro
cedures at sterilization, requiring anastomosis of the isthmus to the ampulla, gave 
a poorer incidence of pregnancy. Least satisfactory of all was the situation in 
which a major portion of the isthmus had been destroyed, requiring subsequent 
reconstruction by tubo-cornual anastomosis (Winston 1980). 
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Fig. VIII. 7. Two approaches to microsurgical reconstruction of the human Fallopian tube. Some 
principal steps in re-anastomosis of ampullary and isthmic portions with and without the sup
port of a splint. (Adapted in part from Gomel 1977, 1978) 
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Descriptions of clinical procedures can be sought elsewhere, but strict 
adherence to the principles listed below is a pre-requisite of success in 
microsurgery. The techniques aim to minimize trauma and injury to the delicate 
tissues surrounding and within the Fallopian tubes; avoiding haemorrhage in the 
mucosa is essential to restoration of a patent duct (Fig. VIII.7). 

The main principles are: 
1. A minimum handling of tissues, preferably with flame-polished glass rods. 
2. Prevention of tissue dehydration by means of careful irrigation with isotonic 

fluid. 
3. Meticulous preparation of the portions to be anastomosed, with unequivocal 

removal of all diseased tissue. 
4. Exact alignment of the opposing ends of the tube. 
5. Precise haemostasis of both the tube and the mesosalpinx. 
6. Use of extremely fine, non-reactive suture material. 
7. Placement of supporting sutures in the mesosalpinx to prevent tension in the 

anastomosed tissues. 
8. Avoiding residual areas of raw tissue and subsequent adhesions by careful 

reperitonization. 

Observations on the incidence of full-term pregnancies following such pro
cedures have been presented by Winston (1980). 

As already noted in this chapter, an alternative approach to problems of tubal 
infertility is that of laparoscopic oocyte recovery together with transplantation via 
the cervix; fertilization is attempted either in vitro or in vivo. Because the success 
of the laparoscopy and in vitro fertilization approach has gradually increased 
since the 1970s (see Chap. IX), and since these procedures avoid laparotomy, this 
approach must be seriously considered before opting for microsurgery. Indeed, 
some would argue that oocyte recovery and transfer now represents the method 
of choice. However, caution is advised before reaching a firm conclusion, 
especially if the incidence of ectopic pregnancies after trans-cervical egg transfer 
is of the order of 1 in 10, as some clinics are beginning to observe. 
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Introduction 

The fertilization of mammalian eggs outside the body, that,is penetration of the 
egg by a spermatozoon in some form of cell culture system, for many years re
mained a research target for physiologists and scientists in related disciplines. 
Because mammalian fertilization normally occurs within the confines of the 
Fallopian tubes, one much repeated argument has been that a system of in vitro 
fertilization would be a valuable analytical tool for examining biochemical and 
physiological factors that contribute to the successful union of gametes. Further
more, in the context of a technology that might one day be applied in the field 
of animal breeding, in vitro fertilization has also been suggested as a possible se
quel to in vitro maturation of large numbers of oocytes and as a means of fertiliz
ing eggs obtained from immature animals or after excessive responses to 
superovulatory treatments. And of course, in the case of human medicine, a tech
nique 6f in vitro fertilization is already being used to overcome problems of infer
tility due to blocked Fallopian tubes. There is no question here of the emotive test
tube baby, since the embryo is instilled into the uterus of the mother at an early 
stage of cleavage (4 - 8-cell). The subject of in vitro fertilization has been reviewed 
on numerous occasions, but reference to the works of Austin (1961 a), Chang 
(1968), Thibault (1969), Gwatkin (1977), Edwards (1980), Biggers (1981), Brackett 
(1981), Wright and Bondioli (1981) and Hartmann (1983) may be found helpful 
at the outset. 

Because in vitro fertilization must first depend on obtaining suitable prepara
tions of eggs and spermatozoa, it should be clear that fertilization itself will repre-
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sent orily one step in a sequence of manipulations, and that in order for an em
bryo formed in vitro to develop to term, some means of transplantation will have 
to be applied. The paragraphs that follow will not attempt to treat the subject ex
haustively, but will present many of the key details involved in bringing male and 
female gametes together under appropriate conditions of culture. Alternative ap
proaches to solving problems of infertility will also be discussed. 

Historical Aspects 

The history of attempted in vitro fertilization in mammals is a lengthy one, dating 
back at least to the work of Schenk (1878) with rabbit and guinea-pig eggs; many 
of the well-documented attempts are described by Austin (1961 b) and Thibault 
(1969). It is generally believed, however, that before the requirement for capacita
tion of spermatozoa was appreciated, presumptive fertilization of eggs in vitro 
with samples of ejaculated spermatozoa or those prepared from the male tract 
was either a chance occurrence or, more probably, an incorrect diagnosis. In the 
latter case, the most common pitfall was to regard eggs containing two pronuclei 
or other nuclear structures as penetrated and fertilized, whereas such a situation 
could have arisen by parthenogenetic activation, especially under less than perfect 
conditions of culture. The essential criteria for establishing fertilization in a 
recently penetrated egg should include the presence of first and second polar 
bodies, male and female pronuclear elements, and detection of some remnant of 
the sperm mid-piece or tail. Other misleading observations have been those on 2-
and 4-cell eggs that were in fact fragmenting, and the appearance of unswollen 
sperm heads seemingly within the cytoplasm of histologically-sectioned eggs 
when it is now clear that they must have been displaced by the microtome. Yet 
a further source of error, albeit leading to eventual fertilization, has been the 
transplantation of eggs to the Fallopian tubes of recipients soon after attempted 
fertilization in vitro in order to examine their development. The obvious danger 
here is of transferring spermatozoa in association with unfertilized eggs which 
then undergo successful penetration and cleavage in the recipient. Paradoxically, 
this very situation may now be used to overcome certain instances of human infer
tility (see below). 

Having strei>sed the more frequent sources of error in interpreting putative 
claims for in vitro fertilization, and inferred the need for caution in evaluating 
contemporary attempts, the first authentic successes and state of the art today can 
now be considered. Capacitation was recognized as a specific phenomenon by 
Austin (1951) and Chang (1951) (see Chap. V), and the first systematic studies 
of in vitro fertilization using spermatozoa recovered from the female tract (i.e. 
spermatozoa presumed to have been capacitated in vivo) were almost certainly 
those by Dauzier, Thibault and Wintenberger (1954) in the rabbit. In addition to 
the use of spermatozoa flushed from the tubes and uterus some 12 h after mating, 
these authors employed an incubator system with rotating glass tubes in which the 
recently-ovulated eggs were agitated for 30-120 min in a small volume of Locke's 
solution before introducing the sperm suspension. This washing treatment was 
held to improve the proportion of eggs fertilized due to removal of a fertilizin-like 
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substance from the egg or its investments (Thibault and Dauzier 1960, 1961). 
Although Thibault and his colleagues presented impeccable histological evidence 
of in vitro fertilization as shown in pronuclear and cleaved eggs, it was Chang 
(1959) who consummated the experimental procedure of the French workers by 
transplanting rabbit eggs after fertilization and cleavage in vitro to suitable reci
pients, in due course obtaining viable young. But these early achievements with 
the rabbit egg failed to point the way to a fruitful in vitro technique with the 
gametes of large domestic animals, even though Thibault and Dauzier (1961) 
recorded incidental successes for the sheep and pig. 

Whilst these first studies and much later work obtained sperm samples from 
the tract of mated females, more recent experiments - especially in rodents but 
also in humans - have obtained capacitation of epididymal or ejaculated sper
matozoa in vitro. The forerunners here were Yanagimachi and Chang (1963, 1964) 
who obtained in vitro fertilization of golden hamster eggs with suspensions of 
epididymal spermatozoa, this step forward being followed by fertilization in vitro 
of hamster ovarian oocytes using preparations of epididymal spermatozoa (Bar
ros and Austin 1967). Thus, capacitation of hamster spermatozoa together with 
any final maturation of the oocyte must have been obtained in the culture system, 
neither gamete being exposed to the fluid environment of the female tract. As far 
as spermatozoa of the golden hamster are concerned, Bavister (1969) has put for
ward the view that capacitation in this species may simply require provision of a 
suitable - albeit critically defined - fluid milieu in which this intrinsically 
regulated process will occur. Use of oocytes aspirated from follicles shortly before 
or at the moment of ovulation has proved valuable in the rabbit (Seitz, Brackett 
and Mastroianni 1970) and human (Edwards, Steptoe and Purdy 1970), and 

Table IX.I. Examples of species in which in vitro fertilization has been obtained. With the 
notable exception of the golden hamster, mouse and man, the results of individual attempts 
have been extremely variable and unpredictable. (Modified from Hunter 1980) 

Species Two or more reports 
of in vitro fertiliza-
tiona 

Rabbit + 
Rat + 
Mouse + 
Golden hamster + 
Chines& hamster + 
Guinea pig + 
Cow + 
Sheep + 
Pig + 
Man + 

+ indicates positive evidence; - indicates not determined. 

Foetuses and/or viable 
offspring produced 
after transplantation 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

a Sperm penetration of oocytes alone has not been considered sufficient evidence of fertiliza
tion, as this condition may be found in immature or atretic eggs. The criteria insisted upon in
clude activation of the second meiotic division with extrusion of the second polar body and 
formation of a female pronucleus together with development of a male pronucleus, or stages 
subsequent to these. 
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possibly gave impetus to subsequent experiments on in vitro fertilization of in 
vitro matured oocytes. 

Species in which in vitro fertilization has been obtained in at least several trials 
are listed in Table IX.I. In the pig, von Harms and Smidt (1970) recorded some 
apparent fertilizations using ejaculated boar spermatozoa, and more recently 
Iritani, Niwa and Imai (1978) have presented photographic evidence with which 
to support their own observations. In vitro capacitation of boar spermatozoa was 
improved by raising the culture temperature to 39°C, permitting subsequent in 
vitro fertilization (Cheng 1985). In vitro fertilization of sheep eggs has been re
ported by several groups, and the same is true of bovine oocytes (e.g. Ball et al. 
1983; Iritani et al. 1984). The birth of a calf as a sequel to such procedures was 
first reported by Brackett et al. (1982). An impressive fact in reviewing much of 
the data on in vitro fertilization is the enormous variability in the proportion of 
eggs fertilized between experiments in any given species, the only exceptions to 
date being the golden hamster and possibly the mouse, which may regularly yield 
an incidence of fertilization of 80-900/0 or more. Why should this variability ex
ist? Apart from differences in skills between individuals, and the possible advan
tage of working with certain strains of animal whose gametes may be particularly 
amenable to manipulations in vitro, the actual conditions in the culture system 
play a vital rOle. 

Experimental Conditions for In Vitro Fertilization 

As judged from extensive experimentation in laboratory animals, careful atten
tion to the following factors is an essential prerequisite of success; the list is by 
no means exhaustive. 

1. The source and condition of spermatozoa. Suspensions of spermatozoa 
recovered from the female tract several hours after mating featured in many ex
periments during the 1960s, but washed ejaculated or preincubated epididymal 
spermatozoa are nowadays used extensively in rodent and primate studies. The 
process of liquefaction must first be awaited in the human ejaculate, requiring 
a period of about 30 min (Mann 1964). A washing treatment usually implies 
mild centrifugation (300 g) to remove most of the free seminal plasma, follow
ed by a resuspension of the sperm cells in the culture medium. This is best 
achieved 'by the swim-up technique, in which highly motile spermatozoa 
migrate out of the centrifuge pellet into the medium above. 

2. The presence or absence of follicular cells and fluid around the eggs at the 
commencement of incubation. The majority of studies, especially in rodents, 
have used recently-ovulated eggs recovered within a plug of cumulus cells by 
perfusion or rupture of the Fallopian tubes. 

3. The choice of a medium, physiological salt solutions such as Locke's, Tyrode's 
or Krebs-Ringer being at first favoured. Recent studies have used more complex 
media such as TC 199, Ham's F-10 or Dulbecco's phosphate-buffered saline 
with HEPES. An osmolality of 290-310mOsmols and a pH of 7.4-7.6 are 
common, the latter frequently being maintained with a bicarbonate buffer and 
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a gas phase of 50/0 CO2 in humidified air. In addition to follicular or tubal 
fluid constituents, the medium usually contains a large molecular weight sub
stance such as serum albumin (concentration of 1-5 gil) or foetal cord serum 
or a synthetic substance such as polyvinyl pyrrolidone. In studies during the 
last decade, the presence of lactate and calcium ions in the culture medium has 
been considered desirable or essential. 

4. The volume of the microdrops used for culture and the concentration of the 
sperm suspension therein, respective figures often being of the order of 
40 -tOO III and 1-2 X 106 cells/mI. Although such sperm numbers would 
greatly exceed those reaching the ampulla at the time of fertilization, it is 
generally accepted that only a small proportion of the spermatozoa would be 
competent to penetrate the eggs (see Chaps. IV and V). 

5. The time relationship between placing the separate gamete preparations in 
culture, and then mixing the two. A period of preincubation of the sperm sus
pension, perhaps in a medium rich in ovarian follicular fluid, is usually found 
to be beneficial. 

6. The absolute minimization of temperature fluctuations during the in vitro 
manipulations; the avoidance of contamination of the cell suspensions with 
blood which may rapidly cause agglutination of the spermatozoa; and the 
strict observance of aseptic precautions. The culture system is normally held 
in darkness, except during periodic examination under the dissecting micro
scope. 

As to the actual system of culture, microdrops of medium in Falcon plastic 
Petri dishes have been most frequently used, with the advantage that the cell 
preparations can be inspected under the microscope without disturbance. But as 

Cumulus Components Epididymal Sperm 
( 20)J-1 ) 
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Fig. IXI. Diagrammatic represen
tation of a simplified sequence for 
obtaining in vitro fertilization of 
golden hamster oocytes. The first 
stages in the sequence permit ca
pacitation of epididymal sperma
tozoa. (After Gwatkin 1977; 
Hunter 1980) 



already mentioned, rotating glass tubes containing the medium between droplets 
of paraffin oil have been used by Thibault and Dauzier (1961), and others have 
used glass or plastic micro test-tubes, watch glasses or cavity slides. To avoid pro
blems of evaporation, a common practice with the Falcon dishes has been to place 
the micro drops of medium beneath a thin layer of paraffin or mineral oil, the oil 
having been previously equilibrated against a small volume of the culture medium 
to avoid subsequent osmotic disturbances in the microdrops. A laboratory se
quence for obtaining in vitro fertilization of hamster eggs is illustrated in outline 
in Fig. IX.1. 

Clinical Approach to In Vitro Fertilization 

As noted in the preface, studies on in vitro fertilization of human oocytes have 
expanded enormously since the report of a live birth from such a technique by 
Steptoe and Edwards (1978). This research activity has been reflected in an ever
increasing number of scientific meetings together with the publication of con
ference volumes and specialist journals. Some of the most recent books include 
those of Beier and Lindner (1983), Wood and Trounson (1984), Testart and Fryd
man (1985), Rolland et al. (1985), Jones et al. (1986) and Feichtinger and Kemeter 
(1987). Keeping abreast of all the latest experimental treatments and permutations 
is not easy, but the underlying principles can certainly be summarized. In fact, 
many of the most recent clinical approaches to infertility - such as intra
peritoneal or intra-uterine insemination - follow directly from studies in 
domestic animals, so the experimental ideas themselves are not new. 

Important steps in a clinical approach to in vitro fertilization (Fig. IX.2) in-
clude the following: 

Stimulation of ovarian follicles. 
Monitoring of follicular maturity (Le. size). 
Laparoscopic or ultrasonic-guided recovery of oocytes. 
Evaluation and maintenance of oocytes in culture. 
Preparation of the sperm suspension. 
Semination of an appropriate number of spermatozoa. 
Actual techr..:que at the bench. 

The classical approach to promoting growth of ovarian follicles is to inject 
either gonadotrophic hormones themselves or drugs such as clomiphene citrate 
that act to enhance release of endogenous gonadotrophins. Modern approaches 
to follicular stimulation that are proving valuable in farm animals, such as (a) 
modifying ovarian steroid feedback by passive immunization (Land et al. 1982), 
or (b) injecting or feeding drugs that interfere with steroid hormone biosynthesis 
or feedback (Webb 1987) or (c) injecting non-steroidal follicular fluid com
ponents such as inhibin to modify feedback (McNeilly 1985; Wallace and McNeil
ly 1986) appear not yet to have undergone widespread clinical tests. 

As to the timing of treatment, gonadotrophic hormones are best injected in 
the early follicular phase rather than in the presence of an active corpus luteum. 
A practical regime might be daily intra-muscular injections of 150 Lu. follicle 
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Fig. IX.2. Some principal steps in the procedure of recovery of follicular oocytes from 
stimulated ovaries and their subsequent fertilization in vitro. Although zygotes cultured to 
cleavage stages have usually been transferred, pregnancies have also been obtained by introduc
tion of malp and female gametes directly into the Fallopian tubes or uterus 

stimul-ating hormone and luteinizing hormone (Pergonal; Serono) from Days 4 
until 10 of the menstrual cycle or clomiphene stimulation from Days 5 - 9 of the 
cycle followed by 5000-10000 i.u. HCO intra-muscularly on Day 12, with 
laparoscopy and follicular aspiration scheduled 36 h later. The HCO injection 
acts to mimic the pre-ovulatory LH surge. Pulsatile intra-venous administration 
of gonadotrophin-releasing hormone (OnRH) or HMO by means of a perfusion 
pump has also been used, but this approach may seem less attractive to many pa
tients and more suitable for cases of anovulatory infertility. On the other hand, 
because the pulsatile treatment with OnRH simulates hypothalamic secretion and 
induces release of endogenous gonadotrophins, it is more controlled and less like
ly to result in problems of ovarian hyperstimulation. 
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Growth of Graafian follicles was traditionally monitored by the titres of 
urinary oestrogens or serum oestradiol, or by detecting the onset of the mid-cycle 
pre-ovulatory gonadotrophin surge (i.e. LH), but physical estimates of follicular 
number and maturity are currently in favour because of their rapidity and greater 
accuracy. Ultrasonic scanning of the ovaries to delineate follicular growth has 
been referred to in Chapters IV and V. The objective of the technique is to deter
mine the diameter of stimulated follicles: a measurement of 18-20 mm is con
sidered appropriate for oocyte extraction. Expansion and progressive dispersal of 
the cumulus mass surrounding the oocyte has also been monitored by echo
sonography, this giving a more sensitive estimate of the time for oocyte aspiration 
(Bomsel-Helmreich 1985; Demoulin 1985). The aim is to recover oocytes after 
completion of the first meiotic division, at which stage the first polar body would 
have been fully extruded with the oocyte chromosomes arranged at second 
meiotic metaphase - just as at spontaneous ovulation. 

The technique of laparoscopy has frequently been described in clinical texts 
(e.g. Steptoe 1977; Fergusson 1982; Steptoe and Webster 1982). Ultrasonic 
guidance of follicular puncture by the transvaginal route is now also well known 
(Wikland et al. 1983; Dellenbach et al. 1985). Whilst the aim is clearly to puncture 
the wall of the pre-ovulatory follicle and recover the oocyte within its cumulus cell 
investment, together with some follicular fluid, a requirement is also for the col
lapsed follicle to form a functional corpus luteum. Adequate secretion of pro
gesterone is needed to prepare the uterine epithelium for the transplanted em
bryo(s), otherwise enhanced embryonic mortality would be anticipated (Wilmut, 
Sales and Ashworth 1986). Accordingly, a minimum of trauma should be caused 
by the aspiration needle, and any excessive aspiration of granulosa cells avoided. 
There continues to be debate as to whether defective luteal phases arise from pro
cedures of follicular aspiration (Edwards et al. 1980; Garcia et al. 1981; Kerin et 
al. 1981; Frydman et al. 1982). Of some relevance may be the observation that 
the luteal phase is prone to endocrine disruption after hyperstimulation of human 
ovaries with pulsatile FSH, even without subsequent follicular aspiration 
(Messinis and Templeton 1987). 

In the physiological situation, oocytes change fluid environments quite 
dramatically at ovulation, passing from the follicular antrum in which they have 
resided for many weeks or months into the ampulla of the Fallopian tube. In labo
ratory and farm animals, there is some evidence that this change of fluid environ
ment corresponds to a phase of post-ovulatory maturation, at least as far as the 
oocyte surface and investing cells are concerned. But, apart from this putative 
phase of post-ovulatory maturation, oocytes obtained at laparoscopy will require 
a period of culture (e.g. 1-6 h) corresponding to the interval prior to spontaneous 
ovulation when they were removed from the follicle (see Trounson et al. 1982). 
They are maintained in droplets of medium under oil in Falcon plastic dishes 
before addition of the sperm suspension and their viability is assessed on mor
phological criteria. The physical· conditions of culture have been extensively de
scribed in the volumes cited earlier in this section, the prime requirements of tem
perature control, pH and osmolarity being discussed above. 

Reference has also been made above to sperm suspensions and their prepara
tion in experimental animals. Whereas epididymal spermatozoa have commonly 
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been used in laboratory species, the ejaculate would invariably be the source of 
spermatozoa used in human in vitro fertilization. Removal of seminal plasma by 
'washing' and mild centrifugation is therefore a prerequisite, and this may be 
followed by a period of preincubation in a hypertonic solution to promote the 
process of capacitation. Evaluation of sperm quality concentrates on both mor
phology and progressive motility. Sperm concentration needs to be reduced in 
procedures for in vitro fertilization, as occurs in vivo during ascent of the female 
genital tract, otherwise the problem of polyspermic penetration will arise. The in
cidence of polyspermy in human eggs in vitro was reported to decrease from 5.5070 
at a concentration of lOx 104 to 1.4% with 5 x 104 motile spermatozoa per ml. 
At 1 - 2.5 x 104 motile spermatozoa per ml there was zero polyspermy (Wolf et al. 
1984). At the time of writing, the number of spermatozoa introduced into the 
droplets of fluid containing oocytes (Le. seminated, to use the modern parlance) 
would be of the order of 50000 motile cells per ml in most laboratories. The num
ber of functional or competent spermatozoa is the critical aspect, but the com
petence of a spermatozoon can only be fully evaluated by the process of fertiliza
tion itself. Any suspicion of male sub fertility is compensated for by increasing the 
number of spermatozoa introduced in vitro. 

The actual bench technique is invariably addition of the sperm suspension to 
the culture dish containing the oocyte in modified Ham's F-10 medium plus 7.5% 
heat-inactivated human foetal cord serum or peripheral blood serum from the pa
tient. Individual oocytes are treated in separate dishes to facilitate microscopic in
spection and subsequent procedures. However, in cases of oligospermy, when the 
number of cells available for semination may be severely restricted, oocytes are 
cultured together in a single dish. As to the incubation period for the gamete mix
ture, this is conventionally some 12-18 h, which includes the overnight period. 
The oocytes are then inspected for penetration and pronuclear formation and 
transferred into fresh medium, thereby avoiding any deleterious influence of 
degenerating sperm products. Embryos judged to be viable are generally cultured 
for a further 24 h, so that they have embarked upon distinct mitotic divisions at 
the time of transplantation into the uterus. 

Embryo rulture and Transplantation into the Uterus 

The dogma from extensive studies in laboratory and farm animals is that survival 
of transplanted embryos depends on carefully timed procedures. Optimum results 
follow from transfer of embryos at a stage of cleavage matching the correspon
ding uterine environment. Thus, the requirement is for a so-called synchroniza
tion between stage of embryonic development and that of endometrial prolifera
tion (Chang 1950). Underlying this physiological constraint are (1) the changing 
substrate needs for development of the unattached embryo, obtained from the 
luminal fluids of the tract (Chaps. III and IV), and (2) the dynamic nature of 
secretions which are programmed both quantitatively and qualitatively by the 
ratio of ovarian steroid hormones (Chap. III). Synchronization is best understood 
by recalling that, under normal conditions of fertilization, formation of the em-
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bryo and formation of the corpus luteum commence at almost the same time after 
completion of ovulation. 

Successful transfer of pig embryos to the uterus requires them to be at the 
4-cell stage of development or later, and the corresponding stage for cow and 
sheep embryos is 8-16-cells (Polge 1972; Betteridge 1977; Hunter 1980). Because 
human embryos enter the uterus from the Fallopian tubes at the 8-16-cell stage 
(Chaps. VI and VII), preliminary studies involving fertilization in vitro naturally 
attempted to culture embryos to such stages before introducing them to the uterus 
(Edwards, Steptoe and Purdy 1970; Steptoe and Edwards 1976). This approach 
offered the advantage that the morphological state of the cleaving embryo could 
be assessed under the dissecting microscope before transplantation. As noted in 
the previous chapter, however, it was becoming clear by the late 1970s that primate 
embryos did not suffer from the constraints of synchronization portrayed above 
for domestic species: pronucleate embryos could be transplanted to the uterus of 
recipient rhesus monkeys and establish successful pregnancies (Chap. VIII). 

General remarks on the culture of embryos in vitro have been presented in Bet
teridge (1977), Daniel (1978) and Hunter (1980), together with specific comments 
on the culture of rodent and farm animal embryos (see also Wright and Bondioli 
1981). Whilst there are many variations and, at present, individual preferences in 
the actual techniques of culture, most studies have used either Falcon plastic Petri 
dishes containing the embryos in droplets of medium under oil or glass tubes 
(mini test tubes) with silicone rubber or glass stoppers. Others have employed 
glass cavity slides, embryological watch glasses, or even slowly rotating glass 
tubes. An exceptional technique for short-term storage (10 h) has been the use of 
a length of silicone rubber capillary tubing (dimensions: 50 cmx2.1 mm 00) by 
Baker and Dziuk (1970) to transport 2-8-cell pig embryos by air before successful 
transplantation into the uterus of a synchronized recipient. It is not clear from 
the report if a further cell division occurred in this in vitro situation in which the 
tubing was immersed in medium at 24 DC. General comments concerning media 
for culture, attention to pH and osmolarity, the use of equilibrated oil and other 
such details are, in principle, in line with those for in vitro fertilization. But use 
of a phosphate rather than bicarbonate based buffer has sometimes been 
favoured to avoid the necessity of the COz-enriched gas phase for maintaining 
pH. When blood serum is included as a component of a culture medium, it is 
essential that it be heat-treated (i.e. 56 DC for 30 min) to denature an ovicidal fac
tor first described by Chang (1949). 

In contrast to most reports for the embryos of domestic animals, human eggs 
fertilized in vitro seem to be able to continue development in culture at least to 
the morula or early blastocyst stage (Edwards, Steptoe and Purdy 1970), and 
some may develop further after retransfer to the uterus (Steptoe and Edwards 
1976) or indeed give rise to a healthy baby (Steptoe and Edwards 1978). Thus, the 
notion of there being at least one sensitive stage in the early cleavage of mam
malian embryos, as discussed for certain farm species (Hunter 1980), may not 
have a parallel in the primate. 

The overall objective of transplantation is clearly to introduce the embryo 
aseptically into the uterus suspended in a minute volume of culture fluid with the 
minimum of disturbance to the maternal tissues. Details of the various techniques 
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Table IX. 2. The increasing incidence of implantation with increasing number of human embry
os introduced into the uterus following various means of ovarian stimulation. (Adapted from 
Edwards 1984) 

Ovarian treatment No. of embryos replaced 

2 3 

Clomiphene/LH surge 59/380 601222 16/44 (36.4OJo) 
Clomiphene/HCG 18/137 40/157 16/68 (23.9OJo) 
Clomiphene/HMG/LH surge 5/52 10/39 15/43 (34.9OJo) 
Clomiphene/HMG/HCG 6125 10/41 42/117 (35.9OJo) 

Total 88/594 120/459 891272 
(14.8OJo) (26.1OJo) (32.9OJo) 

are available in many reviews (for domestic species: Polge 1972; Betteridge 1977, 
1986; Hunter 1980; for human embryos, the numerous volumes cited above 
together with Steptoe, Edwards and Walters 1986). The point is worth making 
that no matter how delicate the instrumentation, all transplantation procedures 
will be invasive to a degree and thereby modify the physiological state of the 
genital tract. A long-standing observation from animal studies is that dilating the 
vagina with a speculum and broaching the cervix with a catheter or pipette in
variably lead to a modified pattern of smooth muscle contractions. The contrac
tions, in turn, may rapidly displace the embryo(s) from the original site of deposi
tion. The result of such stimulated activity has been monitored in animals by 
means of radio-labelled artificial eggs (resin spheres) which may be ejected from 
the uterus back into the vagina within a few hours of transfer (Harper, Bennet 
and Rowson 1961; Rowson, Bennet and Harper 1964). A consequence of the 
manipulation in women could be the significant increase in tubal (ectopic) 
pregnancies (Chap. VIII). 

As to the number of embryos introduced into the uterus (Table IX.2), it is now 
widely accepted from many human studies that the incidence of pregnancy in-
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creases with the number of embryos transplanted (Fig. IX.3). On the other hand, 
consideration needs to be given to the obstetrical risks associated with multiple 
pregnancy and the high abortion rate, such as the 280/0 recorded in the com
prehensive survey by Steptoe et al. (1986). 

Alternative Approaches to Infertility 

Whilst procedures of in vitro fertilization have captured the headlines, there are 
a number of other approaches to infertility which require brief mention; an 
underlying assumption in these approaches is that an ovary and at least one of 
the Fallopian tubes are functional. 

The first is to transfer oocytes recovered at laparoscopy together with an ap
propriate sperm suspension directly into the ampulla of the tube via the fimbria 
- the so-called Gamete intra-Fallopian 'Ifansfer (GIFT). This procedure is also 
achieved by means of laparoscopy (Asch et al. 1984; Molloy et al. 1986). In one 
sense, at least, this concept is not new since surgical insemination of sperm 
suspensions into the lumen of the Fallopian tubes was performed nearly 40 years 
ago in laboratory animals (Austin 1951; Chang 1951). In farm species, unfertiliz
ed oocytes were already being transferred directly into the ampulla of inseminated 
animals by the mid 1960s (Hunter 1967; Hunter, Lawson and Rowson 1972), with 
fertilization occurring in many of the eggs. A notable observation with clinical 
use of the GIFT procedure - as with uterine transplantation of oocytes or em
bryos in women - is again that the incidence of pregnancy is dependent upon 
the number of eggs introduced into the ampulla. In the best hands and with a 
suitable selection of patients, some 30% or more may become pregnant as a se
quel to the GIFT technique (Asch et al. 1984, 1985). Not only have gametes been 
transferred to the tubes, but also young embryos, i.e. zygotes, which may here be 
a less emotive term. The risk of ectopic and/or multiple pregnancies after the 
GIFT procedure still awaits a rigorous assessment. 

A second approach that follows from experimental studies in animals is in
semination of a sperm suspension directly into the peritoneal cavity; this has been 
shown to be a route to normal fertilization in the cow (Skjerven 1955), rabbit 
(Dauzier and Thibault 1956; Hadek 1958; Rowlands 1958), guinea-pig (Rowlands 
1957) and domestic pig (Hunter 1978). Assuming a suitable quality of sperm sus
pension, the most critical factor influencing fertilization was found to be the tim
ing of insemination relative to the moment of ovulation. Intra-peritoneal in
semination was satisfactory in animals only when it was performed shortly before 
or at the time of ovulation, presumably because reservoirs of spermatozoa are not 
formed in the isthmus of the tube after this manipulation. However, the heighten
ed activity of the tubal musculature, fimbria and associated mesenteries at the 
time of ovulation, together with the direction-oriented beat of the cilia (see Chap. 
IV), may also be vital for displacing spermatozoa into the tubal ostium. 

In clinical studies, suspensions of spermatozoa washed free of seminal plasma 
have likewise been injected into the abdominal cavity close to the time of ovula
tion (35 h post-HCG injection after prior follicular stimulation). Imminent ovula
tion could be verified by ultrasonic scanning. The sperm suspension, diluted in 

171 



Ham's F-10 medium with 200/0 human albumin and prepared by the swim-up 
technique, was injected in 2 m1 fluid under sterile conditions through the posterior 
vaginal fornix into the pouch of Douglas using a 19 gauge x 2.2 cm needle (ForrIer 
et al. 1986 a). As to sperm numbers, 0.6 -18 x 106 cells were introduced and, ap
parently, at least 500000 motile spermatozoa had to be instilled if fertilization was 
to occur (Forrler et al. 1986b). This intra-peritoneal approach has been used in 
patients with periods of infertility ranging from 4-9 years (mean duration 6.5 
years), in which infertility was thought to be associated principally with the in
ability of spermatozoa to penetrate the cervical mucus. A pregnancy rate of 14% 
per treatment cycle has been reported in such instances (Forrler et al. 1986b). 

A third form of treatment for problems of unresolved infertility, especially 
when poor semen or mucus quality is suspected, has been that of intra-uterine 
insemination. Again, this route had been previously employed in animal ex
periments and indeed - by means of trans-cervical passage of a Cassou straw -
it is the most widespread method of artificial insemination in cattle. In patients 
with normal ovarian function but long-term infertility, intra-uterine insemination 
was performed when intra-cervical insemination had failed during a period of 
months (at least 6 months). In one series, ovarian stimulation involved injection 
of Pergonal: the intra-uterine insemination of spermatozoa washed free of 
seminal plasma followed 32-36 h after an ovulating injection of HCG or when 
the dominant follicle measured more than 18 mm in diameter as determined 
ultrasonically. At least six pregnancies have been recorded after superovulation 
procedures, representing a rate of 18% per cycle (Serhal and Katz 1987). 

Prior to this report, the results of several trials involving intra-uterine in
semination had been negative (e.g. Irvine et al. 1986; Thomas et al. 1986), despite 
the promising results first presented by Kerin et al. (1984) and the limited success 
of Yovich and Matson (1986) with repeated insemination. An useful historical 
survey from 1957 is presented in the paper of Toffle et al. (1985), and a critical 
review of intra-uterine insemination has also been published (Allen et al. 1985). 
But, even accepting a degree of controversy over the value of so-called high (deep) 
intra-uterine insemination, especially in the absence of ovarian follicular stimula
tion, repeated attempts with this route may be warranted before resorting to the 
more invasive procedures of intra-peritoneal insemination (i.e. culdoscopic in
semination) or GIFT or indeed in vitro fertilization. As a comment from studies 
in experiIr.::ntal animals with reduced numbers of spermatozoa, the timing of in
semination may be more critical than previously realized if fully-capacitated 
human- spermatozoa have a very short lifespan (see Hunter 1987). 

Sperm Penetration of Zona-Free Oocytes 

Although Dickmann (1962) reported penetration of a single rat egg by a rabbit 
spermatozoon, it is widely accepted that spermatozoa of one species cannot fer
tilize eggs of another, except perhaps when the species are closely related and 
mating compatibility exists (e.g. sheep x goat). The zona pellucida acts as a for
midable barrier to interspecific hybridization, primarily due to species specificity 
in its binding sites for spermatozoa (Chap. V), so removal of this acellular coat 
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might permit the interaction of heterologous gametes: i.e. spermatozoa from one 
species might be able to fuse with the plasma membrane of eggs from another. 
At present, this seems to be generally not the case, for zona-free eggs from most 
mammals examined still retain relatively strong species specificity (Yanagimachi 
1984). However, zona-free eggs of the golden hamster are peculiarly susceptible 
to interspecific gamete reactions and are able to incorporate spermatozoa of other 
mammalian species (Yanagimachi, Yanagimachi and Rogers 1976), even after 
cryopreservation and subsequent thawing (Fleming, Yanagimachi and Yana
gimachi 1979). The underlying physiology is not fully understood, but capacita
tion is necessary for fusion to occur, presumably since the vesiculation reaction 
of the acrosome that follows from capacitation renders the equatorial and post
acrosomal regions of the sperm head attractive to the egg plasmalemma (see 
Chap. V). Sperm heads incorporated in this manner undergo nuclear decondensa
tion and pronucleus formation in the egg cytoplasm, although only to a limited 
degree if there is excessive polyspermy. 

In the light of this observation on sperm nuclear decondensation, one of the 
first proposals for the zona-free hamster oocyte was to use it for karyotyping the 
human spermatozoon - that is to examine the haploid chromosome complement 
- in situations in which genetic screening was deemed prudent (Yanagimachi et 
al. 1976; Rudak, Jacobs and Yanagimachi 1978; Yanagimachi 1982). Refinements 
of the technique used in these first studies to display the sperm chromosomes have 
been published (Martin 1983) and Chaudhuri and Yanagimachi (1984), and many 
of the results summarised and tabulated (Yanagimachi 1984). 

Clinical applications of the zona-free hamster oocyte have been concerned 
with screening the male partner of infertile couples; there is evidence that the 
functional competence of human spermatozoa can be assessed to a limited extent 
by this method, as was previously suggested in the non-living, intact human 
oocyte test (Overstreet and Hembree 1976). As inferred above, spermatozoa to be 
screened need to be liberated from the seminal plasma by centrifugation and then 
capacitated and acrosome-reacted by preincubation in a suitable physiological 
medium. Freshly ejaculated human spermatozoa with intact acrosomes cannot at
tach to and penetrate zona-free hamster oocytes (Yanagimachi 1984). The propor
tion of oocytes penetrated by the prepared spermatozoa under defined conditions 
may give a useful measure of fertilizing ability, although this conclusion is not 
above controversy. Yanagimachi (1984) makes the point that because sperm 
penetration rates can be altered by changing technical procedures, negative results 
must be evaluated cautiously. He also notes that spermatozoa of some clinically 
infertile men can yield high rates of penetration. These limitations must remain 
a cause of concern. Again, whilst positive correlations exist between the ability 
to penetrate zona-free hamster oocytes on the one hand and intact human oocytes 
on the other (Overstreet et al. 1980), there are exceptions and they raise problems; 
it is, of course, individuals who are under consideration in the clinic. 

As to application in domestic animals, the technique has been used in at
tempts to predict the fertility of males standing at artificial insemination centres. 
Despite initial optimism, there is now no persuasive evidence for a bull selection 
policy based on the zona-free oocyte test. Fertility as judged under large-scale in
semination programmes does not correlate closely with measurements in the in 
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vitro test. It is important to keep a sense of perspective in these in vitro studies 
in humans and farm animals and not to be seduced by the techniques themselves. 
The ability of spermatozoa to fertilize in vivo is, after all, not only an expression 
of capacitation and the acrosome reaction but also a measure of the sperm's abili
ty to traverse the length of the genital tract and to survive the changing fluid en
vironments encountered en route. The latter are not evaluated by the zona-free 
oocyte test. 

Other Cellular and Nuclear Manipulations 

There is not scope in this final section to be comprehensive; rather, it will attempt 
no more than brief comments on a series of contemporary research topics and 
point the way to appropriate literature. The extent to which many of the tech
niques that follow may have relevance to our own species is uncertain at the time 
of writing, and the cause of measured debate amongst informed parties. But it 
is not the intention of this volume to enter into controversy. Whether today's sen
sibilities will appear a trifle indulgent tomorrow remains to be seen. 

In vitro maturation of oocytes is still the subject of intensive research in 
domestic animals (e.g. Moor and Crosby 1987), whereas the earlier work on 
human oocytes (e.g. Edwards 1965, 1966; Edwards, Bavister and Steptoe 1969) has 
been superseded by modern methods for estimating the maturity of follicles and 
pre-ovulatory oocytes. Because the ovaries contain their full complement of 
oocytes by the time of birth (Baker 1963, 1972), and since large numbers of prima
ry oocytes can be liberated physically from Graafian follicles, resumption of 
meiosis in vitro was initially viewed as a means of dissociating oocyte maturation 
from the events of ovulation. It might also enable substantial numbers of second
ary oocytes to be available for fertilization in vitro or in vivo, although the func
tional competence of many in vitro matured oocytes remains questionable (Leib
fried-Ruttledge et al. 1987). As of writing, however, studies of oocyte maturation 
seem to be more concerned with the nature of fundamental cellular changes, such 
as protein synthesis and membrane modifications, than with preparing oocytes 
for use in fertility studies. A notable finding in this work on oocyte maturation 
is the synthesis (or unmasking) of a cytoplasmic male pronucleus growth factor 
during tt~ pre-ovulatory interval. This substance is not available in primary 
oocytes, and therefore decondensation of the sperm head into a pronuclear struc
ture does not take place when immature eggs are exposed to spermatozoa in vitro 
(Thibault and Gerard 1970, 1973; Szollosi and Gerard 1983). 

Cellular manipulations that have attracted attention in experimental animals 
include the physical separation of blastomeres at the 2- or 4-cell stage enabling 
the formation of identical (monozygotic) twins, triplets or even quadruplets; this 
requires the insertion of naked blastomeres into a 'recipient' zona pellucida. 
Earlier studies and their limitations were summarized by Hunter (1980), 
Willadsen and Polge (1980) and Polge (1985). Perhaps the most recent dramatic 
example of the power of these techniques is the production of five identical (quin
tuplet) lambs from five blastomeres disaggregated from an 8-cell embryo 
(Willadsen and Fehilly 1983). Such a demonstration raises major questions con-
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cerning the stage to which totipotency is retained (or can be regained) by the 
nuclei of individual cells in the cleaving embryo. Irreversible differentiation had 
clearly not occurred in a majority of the blastomeres by the 8-cell stage. Tech
niques for producing monozygotic quadruplets in cattle have also been described 
(Willadsen and Polge 1981). 

Thrning to chimaeras - composite animals in which different cell populations 
are derived from more than one zygote either by aggregating denuded embryos 
or by injecting embryonic cells into blastocysts - these were first produced ex
perimentally in mice (Thrkowski 1961; Mintz 1962; Gardner 1968; McLaren 1976). 
The technique of chimaera formation is an elegant way of studying problems of 
differentiation and de-differentiation by examining the fate of the composite cell 
lines at different stages of development; it might also yield valuable information 
on malignancy and on possible ways of controlling the growth of tumours. As far 
as applications in farm animals are concerned, formation of chimaeras has been 
proposed as a means of incorporating desirable traits from one breed into 
another, in reality producing new strains or breeds of animal. Perhaps the most 
widely noted example to date has been the formation of a sheep-goat chimaera 
(Fehilly, Willadsen and Thcker 1984). Comments as to any possible clinical 
relevance of these techniques in human medicine would be out of place in this 
volume. 

This discussion so far has focussed on manipulations at the cellular level. 
Manipulations at the nuclear level include limited success in the formation of 
clones by means of nuclear transplantation (reviewed by Markert 1984; McLaren 
1982, 1984; Gurdon 1986), but the earlier work of Gurdon (1968) in amphibia was 
more fruitful than the studies so far reported in mammals. He introduced the 
nucleus of a differentiated somatic cell into the cytoplasm of an unfertilized egg 
whose own nucleus had been removed or destroyed, and was thereby able to ob
tain normal development. Whilst cloning could clearly be of value in farm 
animals (e.g. clones of high-yielding dairy cows), of much greater clinical 
relevance in the future may be the technique of microinjection of single sperm 
heads (i.e. essentially the sperm nucleus) directly into the egg cytoplasm (Markert 
1983). Whether this is viewed as a cellular rather than nuclear manipulation is 
open to debate. Such microinjection might offer a means of overcoming infertility 
in our own species due to severe oligospermy or extremely poor sperm motility. 
But much remains to be learnt about such techniques, not least the required state 
of the sperm head membranes at the time of injection that would enable egg ac
tivation and nuclear decondensation. More specifically, does the acrosome reac
tion need to be induced prior to injection in order for subsequent formation of 
a male pronucleus? 

Other uses of nuclear transplantation have been to examine compatibility of 
nuclear stage with that of the cytoplasm, by fusing nuclei taken from cells of dif
fer~nt developmental ages with enucleated blastomeres or even oocytes; the fusion 
is mediated by inactivated Sendai virus or dielectrophoresis. Studies along these 
lines have been successful in mice (e.g. Surani, Barton and Norris 1987), as had 
earlier studies with nuclear injection that were not combined with prior enuclea
tion of the recipient zygotes (Modlinski 1978). More remarkable were the ex
perimental findings of Hoppe and Illmensee (1977, 1982) in which removal of one 

175 



of the pronuclei and diploidization of the remaining pronucleus was reported to 
give a viable, homozygous, uniparental mouse. The inability of other groups to 
repeat these findings has caused concern (see Markert 1984). Nuclear transplanta
tion between sheep embryos has been achieved using the blastomere of an 8-cell 
embryo to effect nuclear combination with the cytoplasm of an unfertilized egg. 
Such reconstituted embryos can develop into viable lambs (Willadsen 1986). 

Whilst nuclear transplantation may enable control of the total genome, 
modification of the genetic status of an embryo by DNA injection has attracted 
the label of genetic engineering and can result in transgenic animals (Hammer et 
al. 1985). The technique involves microinjection of appropriate DNA fragments 
or constructs into one of the pronuclei during the early stages of fertilization; the 
male pronucleus is invariably chosen since it is larger than the female. DNA 
replication occurs within the migrating pronuclei (Oprescu and Thibault 1965; 
Sz6116si 1966) since, when the chromosomes condense at syngamy, they enter 
straight into the first mitotic division. DNA injected into a pronucleus may 
therefore be integrated into the genome and subsequently expressed. This was 
dramatically demonstrated to be the case when genes for growth hormone were 
injected into pronuclear mouse eggs, enabling generation of giant animals 
(Palmiter et al. 1982). The prospects for farm animals have also been reviewed 
(Wagner et al. 1984; Simons and Land 1987). Whether gene therapy proves to be 
a practical and reliable means of overcoming genetical errors in our own species 
is controversial, although there is little doubt that studies in experimental animals 
will continue to explore DNA therapy and, in due course, manipulation of 
specific individual genes. 

This chapter would not be complete without reference to methods of predeter
mination or selection of sex. Y-bearing spermatozoa may be identified by means 
of an appropriate DNA probe, giving the potential for selection of either X- or 
Y-bearing gametes; these might then be used through procedures of artificial in
semination or in vitro fertilization. As to pre-implantation embryos, males can be 
revealed by the use of a Y-probe and females can be recognized since one of the 
X-chromosomes of somatic cells becomes inactivated, giving rise to a lump of 
chromatin - the sex chromatin or Barr body. This can be detected in the nucleus 
upon staining. Embryos can therefore be screened by removing a small portion 
of trophoblast, a manipulation that does not compromise the viability of the em
bryo. This technique was first demonstrated in laboratory animals by Gardner 
and Edwards (1968), enabling successful prediction of sex in blastocysts subse
quently transferred to recipient animals. 

Finally, a word about freeze-preservation of cells, the science of cryobiology, 
which is very much a research field in its own right. Cryopreservation of gametes 
and/or embryos is a technology that has already conferred immense benefits in 
the breeding of livestock, both in terms of the artificial insemination industry and 
for the transplantation of embryos. The observation that glycerol could be used 
to protect sperm cells from the deleterious effects of freezing and thawing (Polge, 
Smith and Parkes 1949) led to detailed investigations by biophysicists also in
terested in the freeze-preservation of red blood cells. Intra-cellular formation of 
ice was identified as a major problem, causing disruption of the cell organelles 
and cytoskeleton during thawing, but cryoprotective agents such as glycerol or di-
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methyl- sulphoxide have since been used with great success. Many of the re
quirements of a system of freezing and thawing have been accurately defined, 
such as the concentration of protective agent in the medium, the time and temper
ature of equilibration, the nature of the cooling and thawing curves, and the 
means of removal of the protective agent. This technical background, based on 
studies of animal embryos (see Whittingham 1976; Leibo and Mazur 1978; Polge 
and Willadsen 1978) clearly facilitated the successful freeze-preservation and 
subsequent transfer of human embryos (e.g. Mohr and Trounson 1983; Zeilmaker 
et al. 1984). The latter steps have been practised upon what are termed spare em
bryos arising from mUltiple ovulations in women treated at fertility clinics. Once 
again, there are considerable misgivings concerning the application of cryopreser
vation techniques to human embryos. The arguments have been well rehearsed 
and do not require repetition here. 

In the field of animal conservation, deep-frozen storage of gametes and em
bryos represents an important method of genome conservation, and one which 
may be regarded as an insurance policy permitting the preservation and future 
reconstitution of unique genotypes (Polge 1985). Such reconstitution would 
necessarily require transplantation into the Fallopian tubes or uterus of suitable 
recipients as the final step leading to a fruitful outcome. 
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CHAPTER X 

Are the Fallopian Tubes Essential? 
A Biological Perspective 

These final pages are intended to be brief - in fact scarcely a chapter, just a few 
paragraphs. Their purpose concerns a meaningful interpretation of the overall 
function of the Fallopian tubes and, more specifically, the rOle of individual com
ponents of the tubal environment. Throughout the preceding text, the question 
has repeatedly arisen as to whether features that appear peculiar to the Fallopian 
tubes - or are highlighted therein - are essential to mammalian reproduction. 
Based upon experimental evidence from individual animals, the answer has all too 
often been an unequivocal no. For example, the contribution of the myosalpinx 
to the process of egg transport has been questioned in situations in which perturb
ed contractions have not prevented fertility. Similarly, a specific involvement of 
the cilia in egg transport has been questioned in instances where pregnancies have 
been established in the absence of such structures. The list of such potential 
divergences would be repetitive of the text if cited in full. However, the most 
dramatic example of usurping the normal physiological functions of the Fallopian 
tube remains that of in vitro fertilization of human ovarian oocytes and subse
quent transplantation of the embryo directly into the uterus; pregnancies can be 
established without any contact between gametes and the tubal structures. 

In searching for a biological perspective, to accept the above findings at face 
value is perhaps to miss the point. For most biologists, successful reproduction 
needs to be considered in population terms, and all features that contribute to the 
stability of a breeding population, and thereby to perpetuation of the species, 
need to be brou~ht to mind. It is in this light that the many specific contributions 
of the Fallopian tubes are best interpreted. Whilst individual morphological and 
biochemical components may not be of overriding importance in themselves for 
the establishment of single pregnancies, together they can be viewed as con
tributing to the successful maintenance of a breeding population. 

Analogous arguments can be mounted for the male. Classical studies in the 
1930s revealed that the accessory glands of the reproductive tract - the prostate, 
seminal vesicles and Cowper's glands - could be extirpated gland by gland and 
yet the surgically-modified male could still generate pregnancies, albeit at a much 
lower incidence than in the intact condition. The results from artificial insemina
tion of washed ejaculated spermatozoa or suspensions of epididymal sper
matozoa make a similar point, although insemination deeper into the female tract 
than occurs at mating tends to compensate and enable high conception rates to 
be obtained. Few would argue from this evidence that the secretions of the male 
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accessory glands had only a vestigial role in reproductive processes. Rather, such 
secretions would seem of value for promoting conception in the range of females 
expected to constitute a breeding population. 

These well-rehearsed arguments may be reasonable and appropriate as a con
ventional conclusion, enabling us to view the various specializations of the Fallo
pian tubes with some sensitivity. Nonetheless, the suspicion lingers that inter
pretation of reproductive processes in primates and, in particular, tubal function 
in women, may require an altogether different plane of thought. As reasoned in 
diverse texts for diverse audiences down the ages, the human embryo may indeed 
be unique both in features of its generation and expression of its constitution. 
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