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PREFACE

Early embryonic loss is a continuing social and economic global problem.
In human populations the estimates of interruptions early in pregnancy range
from 35-60%. In animal husbandry (swine, ruminants) fully 30% of pregnancies
fail to survive early events of gestation. The futility associated with this
persistant high risk is even more unsettling because of advances made in assisted
reproductive technology which, although this very selective methodology has
added to our knowledge of embryo-endometrial interactions, has resulted in a
live birth rate of only 14%. These studies have instigated comparisons of the
relative contributions of the embryo and the uterus to the outcome of pregnancy.
These analyses have shown that we have learned significantly less about the role
of the uterus in deciding the outcome of either natural or assisted pregnancies.

In 1979 a quotation by George Corner was used to set the tone of a
meeting that was devoted to discussion of the cellular and molecular aspects of
implantation. In spite of the proliferation in research activity which occurred in
the following 15 years our real understanding of the embryo transfer process has
fallen short of our expectations. We use the Corner quotation, once again, to
preface this symposium so that we may recall that the fundamental nature of the
process which regulates embryo-endometrial interactions still escapes us.

"It is characteristic of eggs and early embryos of lower animals that
they are prepared to develop without shelter and nutriment from
the mother. When the mammals evolved the phenomenon of
utero-gestation, the chosen place of shelter, the uterus, was
developed from the part of the oviduct, a channel that had for its
purpose the efficient transportation and discharge of eggs, not their
retention and maintenance. To fit it for gestational functions, the
endocrine mechanism of the corpus luteum was evolved. In the
light of this thought it is not surprising that the uterine chamber is
actually a less favorable place for early embryos than, say, the
anterior chamber of the eye, except when the hormones of the
ovary act upon it and change it to a place of superior efficiency for
its new function."

George W. Corner
The Hormones in Human Reproduction,
1947



This meeting was designated, by the Ninth International Congress of
Endocrinology, as the only satellite symposium to be charged with critically
examining current knowledge of the regulatory biology of the peri-implantation
period.

The conference was organized by an international committee of active
investigators who share an interest in experimental and applied research related
to embryo-endometrial interactions. Our organizing committee included J.
Findlay (Australia), F. Leroy (Belgium), C. Tachi, T. Mori (Japan), G. Zeilmaker
(The Netherlands), B.O. Nilsson (Sweden), S.C. Bell (United Kingdom) and S.K.
Dey, G. Gibori, Z. Rosenwaks and J. Strauss (United States of America). The
committee organized the symposium to provide a common ground that would
facilitate the exchange of technology and ideas. Realization of these goals was
optimized by inviting speakers and moderators from various disciplines who,
independent of their seniority, were selected on the evidence of their innovative
research and their commitment to constant redefinition of the state of their
science. To this end the program included a special M.C. Chang
Commemorative Lecture to recognize the long history of fundamental
contributions that M.C. Chang, together with Gregory Pincus, made to
reproductive science. These studies, initiated over a half-century ago, catalyzed
and redirected the research that is the subject of this symposium. Interaction
between all participants of the symposium provided the stimulus for free and
critical evaluation of current research, assessment of theories and methods and
would promote, if indicated, the development of new concepts and strategies.

The symposium focused on the biochemical and molecular mechanisms
that program the generation of reciprocal maternal and embryonic signals. The
transduction of these signals synchronizes the development of uterine receptivity
to the embryo and coordinately initiates the processes that follow. The papers
that appear in this volume critically discuss whether these signals (hormones,
growth factors, cytokines, etc.) act directly on the uterine epithelial cell and/or
indirectly via the uterine stromal cell/extracellular matrix compartment to
transform the uterus sequentially from non-receptive to ovoreceptive to
refractory. Interdisciplinary discussions of endometrial cell type responses to
blastocyst signals serve to identify the cell-cell, cell-substratum processes by
which the embryonic signals are translated and transduced in different species to
establish and maintain gestation. Discussion of in vitro models for comparative
studies of embryo (human, rodent, bovine)-endometrial relationships examined
the validity of methods that can clarify the fundamental mechanisms common to
the regulation of embryo-endometrial interactions in all species. After three days
in Bordeaux this symposium concluded by celebrating the 100th anniversary of
the description of lactational delayed implantation by Fernand Lataste in his
home community of Gradignan.

We were fortunate that our concern about the issues addressed by the
symposium were shared by others. The organizational resources required to
plan and arrange a conference which addresses complex issues were made
available by the Department of Cell Biology and the Center of Population
Research and Studies in Reproductive Biology at Baylor College of Medicine (Dr.

vi



Bert W. O'Malley, Chairman and Director). Enthusiastic intellectual and financial
support was provided by members of the Population and Research Branch of the
National Institute of Child Health and Human Development. The concept of
interdisciplinary and international communication was so provocative to
scientists who rarely have the opportunity to share so common a forum that it
was not difficult to attract the support of people and organizations committed to
the success of this congress. In addition to recognizing the support from NICHD
the Organizing Committee acknowledges. with gratitude the assistance provided
by the following organizations and companies: Naturalia and Biologia, Ares
Serono, Serono France, Organon, Syntex, Ipsen Biotech, Takeda, Besin-Iscovesco
and CCD.

There are no words, in any of the languages represented at our meeting,
that can properly acknowledge the debt owed by every participant at the
Symposium on the Endocrinology of Embryo-Endometrium Interactions tothe
members of the Local Committee. The time, effort and enthusiasm of these
friends and colleagues created a warm, a generous environment that gave rise to
spirit of personal and intellectual ambience that made this meeting in Bordeaux
(September 6-10, 1992) an indelible event in our lives. Our gratitude is due to R.
Canivenc, the Honorary President of this Symposium, J.L. Latapie, G. Mayer,
J.M. Meunier and, most notably, Alain Audebert, who chaired the local
committee. Thanks are due, in no small measure, to Patricia Vann and her
associates at Plenum Publishing Corporation, for the help, guidance and their
great patience that transformed all these efforts into a published book.

Stanley R. Glasser
Joy Mulholland
Alexandre Psychoyos
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ENDOCRINOLOGY OpF =SMERYO-EKDOMETRIAL INTERACTIONS:

A HUNDRRD YoAR

"J

Only a uundred years ago,when Fernand Lataste(18%1)
discovered ilactaticnal delayed implantation,no one was able to
suggest a raticnal expiasanation, Fifty years went by before
Kreholel (i94i7and Welchert(l94Zireported that this intriguing

phenomenon cculd be duse to 1cow estrogen secretion.

At the time 0t Lataste's discovery,Mathias Duval, known
for his =studiesz on the human placenta,described egg-implauta-
1101 and ovarianu invo-"menv in his book "Cours de Physiologie"
published in .He said,"The fertiiized ovum arriving into
the ulterus induc by its presence hyperirophy oi the uterine
mucosa from which results the decidua:at the same time there
o in the ovary,due *to an act of sympathy(in French:act
:,nua'hluue)or a refiex difficult to explain, the characteris-
3

C
-
+

Lic evolution of corpora lutea of pregnancy."

Theze few lines,summarize the background of knowiedge
from which the pioneers o0f our field started,at the beginning

t
af this century,tu add {urthe: information,answering two fun-
damental

Are the caorpora lutea necessary for the normal evolu-
tion of pregnancy?

A positive answer was ven by Ludwig Fraenkel who first
emonstrated the importance of corpora lutea,by a series of
iegant experiments.

— s tThe modification of the uterine mucosa observed
during pregnancy,dependent on the presence of a fertilized
ovum?

Endocrinology of Embryo-Endometrium Interactions
Edited by S.R. Glasser et al., Plenum Press, New York, 1994 1



The negative answer to this question was given by Fol
ﬂla:vaai WOork withn Ancel,in pseudopregnant
raboitsi by erimental induction in the
Guinea pipg o0 & deciduali transformation f(deciduoma’of the

Bouin, wiT
Lie 2

I wii: rtef=: apain Lo these main discoveries,while foilo-
wing tine aa?lway wihich from Mathias Duval's"sympathy"ied us to
the "hormenal" concept.

We alsc owe Lo E ernand Lataste (1892),the first descrip-
curing in the vaginal epithelium.

tion of the wyclic cb langes o
However, it LOCK s0ome - years until Charles Stockard and

George Fapanicolacu at Cornell University,rediscovered this
whenomencn ; nig, by a technigue, the vaginal

zZmear , the estrogenic hormone
W, 19172 . Joseph Long and Herbert
t California,inspirea by Stockard and
tarted To study vaginal cytology

st .
t,and published their findings in

ci a young instructior in Anatomy at
Washington i =ity, Bdgar Alien, to be inspired by the read-
cted foliicle fluid
ctomized mice.By

ing of Lonpg and Evans'monograph. He coll

e
ijected it into ov
ri

from 20w uvaries and ir

using the vaglinal =smear meq hou,u;,ra‘f
courd bl b
Allen net fdward
effourt to form a

reac

reporting his findings to Doiby.nad sSpec
svarian—-vaginal relationship he observed be of normonail
nature. The Twd young men decided to work : her. Doisy
started pori;ving the tollicular fluid, observed that the
found in the lipid fraction and
Ddrtlal purification of the estrogenic

this point we have to give credit to a Doctor of Medi-
Mai1tre de Conferences at the Sorbonne in Faris:Henri

H zu. In 1912 he had already reported to the Sociéte de

2i that one of the lipid Iractions he prepared from sow
@] -1 cuntained a substance which.injected into young
ravblts, caused marked growth of their uteri.In a ionger
article two years iatel,Lécovesco made known that the active
subztance was soluble in alcohol,ether and petroleum ether, but
not in acetone. He also reported that using this substance in
his gvnaeccliogicai: practice, he obtained satisfactory results
in dy’mehu::uea,amenorrhea and hypogonadism{IiIscovesco,
1i212:1914  Henrl Iscovesco must also be considered as a pio-

4

neer and precurs0r 0l modern times from ancther point of view,
ems chat he did a commercial use of his extrac

.na* he was the ifounder of the Fharmaceutical
bears his name today.

Iad

For Engiish-speaking scientists an invaluable guide had
appeared in 1910 in Cambridge:the book of Francis Marshall
"The Fhysioclogy of Reproduction".Marshall and Jolly<(l1%05),
then in Edinburgh, had injected an anoestrus bitch with a
saline extract of ovarian tissue from another pbitch that was



in heat,and observed that this treatment induced estrus in the
recipient.However they did not further pursue this study.

Already in 1900, Emil Knauer,a 29-year old Assistant in a
Gynaecological ciinic in Vienna, had prevented the uterine
atrophy that would have foilowed ovariectomy of adult rabbits,
by regrafting fragments of the removed ovaries and had
suggested that these fragments produce "=cmething" that is
transported to the uterus via the blood stream(Knauer, 1900, .
In the same year,another young Viennese gynaecologist Josef
Halban carried out a variation of these experiments.

Taking three infantile guinea pigs,he grafted fragments of
adult ovaries under their skin and found that their uteri grew
rapidly to aduit size.He also concluded that a substance
produced by the ovary and taken up into the blood was able to
exert a specific eftect upon the genital organs {Halban, 1900’.

In Vienna at the turn of the century,Gustav Klimt was
painting his masterpieces,Gustav Mahler was composing his
Symphonies and Sigmund Freud was analysing dreams.
However,a wideliy applied "therapy" for dysmenorrhea and
variocus neuroses was the surgical removal of the ovaries. It
was thus well xnown that Dva.lectomy leads to uterine
atrophy,an etffect described in animals aiready by Aristotle.
It iw difficult for us to realize today that up to Knauer and
Halban's demonstration, the uterine atrophy which followed
ovariectomy was explained by a nervous disconnection between
the uterus and the ovary.

At the same periovd,Louis—August Frenant in Paris and
Gustav Born in Breslau, bazed on histological criteria, were
suggesting an endocrine function for the corpus iuvteum. It
seems that Born was dyving,and in his last moments, ne asxed the
young and briiliant gynaec OLUbiat Ludwig Fraenxkel, to undertake
the experiments which he could not realize himself.He wanted
evidence for his hyyu Légia.namely,that the corpus luteum is
an organ of internal secretion,the function of which is rela-
ted to the prot tion 0t the embryo.

Fraenkel knew thatit the rabbit embryos implant 7-8 days
after coitua and decided to take out the corpora lutea before
this time,using either total ovariectomy or the selective
cauterisation 0f the corpora lutea.Pregnancy was arrested in
all cases.Fraenkel presented his results Iirst in 19035, and
faced only cri - years more to give the
definitive demnc Fraenkei, 1903; 1910 .

During these years ana probably without knowing
Fraenkel's experiments, Fol Bouin and Paul Ancel in Nancy, were
following their own studies,also published in 1210. They
discovered that the rabblt uterine mucosa exhibits,in early
pregnancy,a specific proiitferation which they named "dentelle
endometriaie"” . Furthermore, they demonstrated by an ingenious
experiment that this modification was related to the presence
of the corpora lutea and nout Lo the embryo.They had a
magnificent idea:to mate their females with males,which they
rendered sterile Ly iigation of the vas deferens.Ovulation
took place and iutea were formed, but in the absence of
pregnancy. Never! the uterus exhibited the typical
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",

progestational proliferation, the entelle endométriale" (Bouin

As the vaginal smear served as a key for the discovery
of ocestrogen,in the same way the "dentelle endomeéetriaie"of
Bouin and Ancel,was the key to the discovery of the iuteal
hormone. At Rocnester,some twenty years later,in 1929, George
Corner and a medical student named Wiliard Allen were able to
obtain this progestational change in ovariectomized rabbits by
extracts of corpora luteai{Corner and Allen, 1929).
el's,and Bouin and Ancel's
b was demonstrating in non
ationship between the presence
of corpora lutea and 5 i.e.the possibiiity of the
inductiocn of a 4 ction by the irritation of the
uterine muccsa during a limited period of the normal cycle
(Loeb, 1908> .1 don't consider it necessary to emphasize to you
the tremendous impact that this discovery had and continues to
have for the understanding of the multiple aspects of the
embryo-endometrial interactions and their hormonal control.

At the same time as
experiments, the amer r
pregnant guinea pigs

+

When =pea kinG 0f the ploneers in our field and their
cinating discoveries,we nave to give a prominent place to
Walter Heape in Camor idge. Heape was profoundiy influenced by
the writings of Fernand Lataste on the genital cycie. As
reported by Alan Parkes, he haa annotated every one of the 676
pages of the bDook,on the breeding habits of rodents,offered to
him by Latasle.Heape,in a paper published in 1900, redefined
the French terms oI Lataste,such as cycle genital etc,and
introduced the terms" reproductive pericd","sexual seasocon", and

150 the new terms "vestrus","pro-cestrus","dicestrus" etc.

fa

g

Heape is ,Juﬂ¢dezed to bLe the first cne to use the
transtfer of fertilized ova as a technique,during his studies
in the rabbit(H . He 13 aliso the first to observe that
ovulation in th is pencdant on,and happens 10 hours

H

after mating. Heape publishing his results in 1905, suggested
that ovarian activity was conditioned in this case by some
extragonadai substance to which he gave the name of “"genera-
tive ferment" Heape, 1905)

The first findings showing the origin and nature of
Heape's "generative ferment" appeared almost simultaneously
with the ation of the ovarian hormones. In 1927, Philip
Smith and at the Ceolumbia University, following
up their tions on hypouphysectomized rats, tried the
effect of smalii pleces cof anterior pituitary gliand
under the immature animais=(Smith and Engle, 1927).
Zondek and Aschheim<l9Z7)in Berlin, were searching for the
source of extragonadal control of the gounads by carrying out
identical experimenis. Their results showed cleariy that the

ntericor pituitary <ccntained substances which would cause in
the ovary,follicular maturation,uvulation and corpus luteum
furmation. However, the discavery of pituitary gonadf+ropins
which Iollowcu._ortebpundea only partially to Heape's
{ ment",

[ S
FeEer 211 Ve
Fener altive

II’
b J



nd

29sin England and JauquE’ Benoit and lvan
at tne Colliepe de France, to be dependant
on some hypothalamic substance,which should reach the pituita-
ry through the portal vessei:s.The experiments oif the French
investigators, published in 1953,were particularly
demonstrative. They were done in the duck.The advantage was
that in this species, lesions could be made in either the
portal vessels or the uerve fibers of the stalk which connects
the hypothalamus Lo the piltultary.Benoit and
Assenmacher (19520 found that cutting the portal vessels
resulted in atrcphy ul the testes, whereas section

of the nerve fibers of ihe pituitary stalk (leaving the portal
vessels intaci’? was compailiible with normally developed gonad

attempts 1o isolate the hypothalawic factor
Lhe 3 pitultary gonadotropins, were
at 1 vy Robert Courrier,

o
isz, BEdovard Sakiz,
cearly 060's(Courrier et al, %61y .They led,as it
imcovery of GnRH in the 70's and the award of
Roger Guillemin and to Andrew Schally.

and Aschheim's son

is kunown, to
the Nobeil

Th source of
DCrmona ly Y ame Josel
Halbau oi v;erna who wondered "How tlie uvar; kuows that there

evidence for such a placental

is pregnancy”. The exper_mental
function takes us back to 1927

Aschheim and Zondek,at this time still in D riin,disco—
vered that tne urine of pregnant women contain a product
which stimulated the ovarles 0f prepuberal mice and rats, and
Lthis observaliun was used {or a lung tim@ as a biolo51f51 test
for the early delection of preguan

m”

Zonder, 19257 . Ascnheim and Zondex 2URge

a
produci could Le released [1om the pituitary of the pregnant
womai. However | 11 was =soun epted that the source of t
Bonadotrophic factur wasz ioetal part of the plac a

Hirose in Japan bad already in 1920, prepared from human
p;a«entas an ajuedtus emulsion which induced the formation of
utea in rablblits. . Hirose's finding was confirmed and
a few years laler,als0 in Japan, by Murata and
T : luvestigators were able to iuduce, by such
placental exiracts,avarian maturation,ovulation and luteini-
“ation in ilmnature ravblis. Furthermore, they alsoc prepared
extracis from metastatic cheoriv-epithelioma and cbtained the
Same resulit.

Whatl au exciting decade of years, between 192% and

Within these years,estrogens, and
were 1s0labzd and charact

properties e&fEU:LVHLy
hypophyseal and

discovered.



Most of the actors of this heroic age of reproductive
Endocrinology met each other for the first time in Paris,at
the College de France, for a"Collogue International sur les
Hormones Sexuelles'",held in June 1937 and sponsored by the
Fondation Singer—-Polignac.In that meeting,which can be consi-
dered as the first truly international Endocrinology meeting,
Pol Bouin served as Chalrman,and the participants were:
E.C.Dodds, Ruth Deanesly, Robert Courrier, Alan FParkes, Edgar
Allen,Carl Hariman,Solly Zuckerman, Frederic Hisaw,Marc Klein,
Aura 3Severinghaus,Philip Smith,S. Aschheim,William Young,
Francis Marshall, Hane 3elye, Idwal Rowlands, among others.

By the end of the 40's,it was now clear, that estrogens
and progesterone had the possibility to promote or to inhibit
the various uterine functions,by their synergic or antagonis-—
tic interactions—a concept developed by Robert Courrier,a
former student of Pol Bouin.The classical book of Robert
Courrier "Endocrinologie de la Gestation"appeared in 1945.For
French-reading investigators this was a precious source of
inspiration and the stimulus for new discoveries,such as those
of Alfred Jost, Raymond Kehl, Yves Chambon, Gaston Mayer, René
Canivenc,Jean-Jacques Ailoiteau,
among others.

Two major observations were of prime importance for the
study of the functional relaticonships between progesterone and
estrogen during early pregnancy,in the next two decades:
a’)the possibility of suspending the egg-implantation process
in the rat and mouse by experimentally inducing a delay in
impiantation, b’the existence of a precise hormonal interplay
controlling the timing of uterine receptivity for nidation.

Ve owe to Yves Chambon(l9%49)the first demonstration that
delayed implantation in the rat can also occur after early
ovariectomy and to Rene Canivenc and his collaborators (19562,
to Bob Cohrane and R.K.Meyer (1957), the fundamental notion that
progesterone alone cannot induce implantation in early
ovariectomized rats.

During the 50's,another exciting finding came out,first
by the classical paper of M.C.Chang(1950)in the rabbit and
then that of Ann McLaren and D. Michie(l95%)in the mouse,and of
Bob Noyes and Zev Dickmann(l960>in the rat.Namely, the
importance of a synchronisation in the development of the
uterus and the embryo for successful implantation,after embryo
transfer.

It was in those years that I had the great chance to be
accepted by Robert Courrier,to join his"Laboratcire de
Morphologie Expérimentale et Endocrinologie”at the College de
France.Frofessor Courrier asked me to look into the possibi-
lity of transferring rat blastocysts in delay, to normal
pseudopregnant rats at various moments of pseudopregnancy. The
idea was that such blastocysts could be more resistant and
could implant independantly of a synchronized endometrium.



I must confess that I lost two months before 1 found a
rat Dblastocyst in uterine fiushings performed on Day 5 of
pregnancy. The rare papers available at this time,described
their size and shapela base-ball-like cellular mass,etciwith
no photos. It also happened,in this period that I had to
during the day my clinical specialization in the
.1 was thus ab;e to work for this research project

N

niy during the evening.

It was on a holiday that,working during the morning in
my iab,l had the great joy to immediately recognize,in uterine
fiushings performed befcre noon of Day 5,a lot of biastocysts,
by the bri f their as yel intact zona pellucida.Trying
to induce . yed lmplantation by an ovariectomy con Day 4,as
René Canivenc did, I also had no success at the beginning.All
my rats were implanting normaily.This,up to another holiday
when [ started my Gvariectomies before noon of Day 4.In this
case,all my animals exhibited delay,amply confirming Professor

.

Canivenc's findings.

Having to work for my first research project late in the
evening, I oSWtained thus twec basic informations,not yet
availlable at thal time:a’the rat blastocyst loses its zona
pellucida in the afternocon of Day 5 and b» by the evening of
Daf 4, exo %EUDUb estrogen 1s neo ionger necessary to induce
=} at in the rat.In other words, nidatory estrogen
is species late on Day 4.1 succeeded
zing the initial project of transferring

a iapause fo pseudopregnant hosts. The results
ere Cle Dy ing.Thesze blastocysts as well as the
non diapau51n~ iu implant if transferred to
pseudopregnant before Day 6 of
pbeulopru;nancy.fransferzed on Day 6 and beyond, they never
implented. | had tou wait some years more to understand the
reasocons, 1.e. the exicter uf a postreceptive uterine
r;fract@rine%a for egg-implantation(Fsychovos, 1963).

By the end of the 50's, the study of embryo-endometrial
interactions and their hormonal control entered a new era.l
consider that this was mainiy due to the efforts of Frofessor
Shelesnyak and his coliaborators at the Institute of
Biodynamics at Rehovoth, in Israel.The new ideas advanced by
him(Shelesnyak, 1957 stinulated several young investigators,
including myseif,to consider many new vistas.In less than ten
years,during the ©C see review: Psychoyaos, 19737, several
points concerning the process of egg-implantation and its
hormonal correlates were clarified in various species, by the
contribution of a small group of investigators:Ann
McLaren, Vince De Feo,Koji Yoshinaga,Aian Enders,Colin Finn, Ove
Nilsson, Gerard Zeilmacker, David Kirby.

David, one 0f the best,died young, following a car
accident. During his brief scientific life,he had accomplished
by his ectopic grafts of mouse embryos,many breakthroughs for
our understanding of the embryo-maternal relationships.



Zince Lhen, the lremendous deve ur knowledge
r

10 ft o
on the mode 0f acrmous action,redirected the study of embryo-
endometrial inte = d their hormonal regulaticn to the
celiular and mulecular level.Particuiarly by tAe discovery of
tracellular rereptuxz by Eiwood Jensen for estrogens, by
e Raulieu and Edwin Milgrom,by Bert O'Malley, for

“hievements in celliular bicchemistry stimulated
i%atulb by the early 70's,in particular,Stan
ston, Fernand Leroy in Brusselis,Hans Lindner in
th,FPeter Heald and Stephen Bell in Glascow, who 5tudied
he molecular events involved in endometrial receptivity an
sl aiizati

ddition, Harry Weitl auf,A21m ouxaa;,Mlxhael

y among others,tried to understand

ocyst duthdtlﬂn,the nature,aynthe&ls and
signals(see reviews: Weitlauf, 1988, Farr

a
=L K. De
+
t

During the iast decade, the discovery of several new
and embryonic factors involved in early Dzegaanuy was
d iced by the emerg@nc Df Lew m it

Jltu ﬂyblluLZdulQu or Pal rmerase Chain
ab pleasure that I can baj thiat many of
era,are participating in this

(Busan Kimber, Joy Mulbholland amongst others)

I think that many

e} rking in animal models did
not expect that our findings could
i t

have a =uch rapid impact on

clinical practice.The drive was the urgent need for new
contraceptive methods and also the succes ? Edwards and
Patrick Steptoe in obtaining in 1970, the by conceived
Ly in vitro fertilizatiun(Edwards et ai.,

thal both cuntraceptive technology
ion uwe a iob to Gregory Pincus.
ptive plil,.lie was aisc the pioneer of
Lion and Transier methodology. He nad
254, nls experiments showing that rabbit
couid develop normally after being
tract (Fincus and Enzmann, 1934) .
existence 0f a limited period of
'; ekwp* vity for egg-implantation, the so-called

ion Window, initially cbserved in rats{Psychoyos, 1973)

appears Lo be also valid in the human(Navot et al‘,199l).The
chroncliogical limits of this pericd appear also to cbey a
similar hormonal interplay.

vy talk was to remind us of some crucial
5tepé ot the past.I had in mind that this could contribute to
eciat: of the tremendous progress that has been
ur Jymposium will give us the
upportunlty Lo know where we are at the present,but also,as we
all hope,toc ldentif promising areas of study for the
years to ccme,at least ntil the turn of the century.
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CONTRIBUTIONS OF COMPARATIVE STUDIES TO UNDERSTANDING
MECHANISMS OF IMPLANTATION

Allen C. Enders

Department of Cell Biology & Human Anatomy
University of California School of Medicine
Davis CA 95616

INTRODUCTION

Studies comparing the different forms and mechanisms of implantation in different
mammals are useful in understanding a number of factors in implantation, including the
extent of various relationships between trophoblast and uterus and the relative durations of
specific types of tissues, and in assessing maternal and fetal roles in implantation and in the
establishment of the placenta. I would like to focus on a few areas only, in order to illustrate
this concept.

INITIAL ADHESION AND PENETRATION OF UTERINE EPITHELIUM
Trophoblast-Epithelial Cell Adhesion

An interesting aspect of comparative implantation is the way in which trophoblast
populations involved in initial adhesion of the blastocyst to the uterus are segregated.
Adhesion, the result of molecular changes at the surface of trophoblast and uterus, is a
necessary stage in implantation in all species. It is particularly interesting because it involves
not only the adhesion of cells of two different origins but specifically the apical surfaces of
these cells. The apical surfaces of simple epithelial cells are normally not adhesive, a
necessary aspect of maintenance of the polarity of these cells and a quality that results in the
production of a single-layered epithelium.

The importance of trophoblast-epithelial adhesion may well vary among species.
Adhesiveness is clearly going to be more significant in a uterus with a small blastocyst and a
relatively large luminal surface than in a uterus in which the implanting blastocyst swells and
locally distorts the shape of the uterus, in which case the muscular clasping of the blastocyst
may be more significant. When the uterus undergoes closure with luminal epithelial
microvillar interdigitation followed by formation of a tubular implantation crypt such as in the
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rat and mouse (Nilsson, 1970; Weitlauf, 1988), minimal adhesive forces would appear to be
necessary for retention of apposition of the blastocyst.

In a uterus such as that of the primate in which the orientation of the blastocyst is
dependent on the adhesion of a few cells at one pole of the blastocyst, the role of adhesive
changes in those cells may be very significant in determining the success or failure of the
implantation. Because of the limited availability of primate blastocysts, these blastocysts will
probably be studied largely by methods that localize adhesion molecules following leads
obtained from other species. Considerable information on adhesion molecules has been
obtained from the mouse (see for example Kimber, 1990; Carson et al., 1993), but less
attention has been paid to species in which adhesion is limited to a single cell type, and which
therefore has the advantage of an intrinsic control of nonadhesive cells, so that the differences
in glycocalyx properties can be directly contrasted between adherent and nonadherent cells.
A vparticularly fascinating example is found in the ruminants, in which the binucleate
trophoblast cells become adhesive to the apical ends of luminal epithelial cells (with which
they eventually fuse), while at the same time or shortly afterwards losing their association
with adjacent trophoblast cells (Wooding, 1992).

Epithelial Invasion

It is clear both from comparative studies and from a priori reasoning that maintenance
of the integrity of the maternal system is important. This can be achieved by trophoblast
penetrating the uterine epithelium in such a manner as to preserve the integrity of that
epithelium, as it does in the rhesus monkey, or by the uterus itself controlling the extent of
isolation of the region of uterus involved in implantation, as the decidua does in the rat. One
of the clearest lessons of comparative implantation is that trophoblast does not erode the
endometrium. Indeed ulceration of this mucous membrane would be counter-productive to a
successful implantation. Although we know that in many species trophoblast processes
intrude between uterine luminal epithelial cells and share junctional complexes with these
cells, at least partially maintaining the luminal integrity, there is no information on the exact
nature of the apical portions of the junctions or on the relative effectiveness of the junction in
blocking paracellular diffusion pathway.

RESTRICTION OF INVASIVE TISSUES

Trophoblast cells involved in epithelial penetration and stromal invasion are often
specialized. There are many advantages to such a specialization. Only those specific cells
that come into contact with maternal stromal constituents need to have specific surface
features such as restricted histocompatability factors. Since these cells are generally
postmitotic, the extent of trophoblast invasion into maternal tissue can be partially controlled
such that any cells that might be displaced from the implantation site into the maternal system
do not act as metastases. If these cells or tissues that do invade into the endometrium have a
limited life span, this further tends to control the extent of invasion into the maternal system.

Penetration by Syncytial Trophoblast

The most common type of specialization of trophoblast at implantation is the use of a
restricted region of syncytial trophoblast. A syncytium has the advantages of being able to
adhere to the surfaces of several uterine epithelial cells simultaneously, and of having
sufficient cytoplasm to flow into penetrated areas, and hence to exploit infiltration into the
epithelium. The development of regions of syncytial trophoblast is widespread within many
mammalian families.
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In primates syncytial trophoblast is found adjacent to or overlying the inner cell mass
of the periimplantation blastocyst. It is a normal developmental sequence that does not
require the presence of endometrial tissue, since it can develop in vitro when blastocysts are
cultured beyond the time of normal implantation (Pope et al., 1982; Enders et al.,1989), but
is found in vivo only at the time of implantation. In some mammals (e.g. squirrels and
caviomorphs), the syncytial trophoblast region may be restricted to a single abembryonic area
(Mossman, 1987). In others (carnivores and rabbits), multiple regions of syncytium form a
series of invasion regions over a broad area of the mural trophoblast within the implantation
sites (Enders and Schlafke, 1979).

What is not as clearly understood is that, although syncytial trophoblast becomes
widespread after early implantation stages, this more ubiquitous later syncytium has quite
different characteristics than the initial invasive trophoblast. An example of this is seen in
the rhesus monkey in which the first syncytial trophoblast consists of several multinucleate
masses which invade the luminal epithelium and contribute to a flattened region of mixed
syncytial and cellular trophoblast, then rapidly invade the underlying maternal vessels
(Enders and King, 1991). Even before maternal vessels are tapped, some of the syncytial
trophoblast begins to transform into a unilaminar microvillous absorptive layer which rapidly
becomes the predominant trophoblast type as lacunae are formed (Enders, 1989).
Subsequent invasion of the endometrium is accomplished slowly by cytotrophoblast of the
anchoring villi, and invasion into the deeper endometrial vessels is also achieved by
cytotrophoblast in this species (Blankenship et al., 1993).

Penetration by Cellular Trophoblast

Despite the apparent preference of mammals for the use of specialized syncytial
trophoblast for initial invasion, there are many species in which epithelial penetration occurs
using cytotrophoblast rather than syncytial trophoblast. However even in these cases the
cells are considerably specialized. As far as we know they are generally postmitotic. Many
of them are giant cells, such as those seen in the formation of the yolk sac placenta of the rat
and mouse (Welsh and Enders, 1987, 1991). In other cases they are binucleate cells such as
in ruminants in which these are the cells involved in fusion with the maternal epithelium
(Wango et al., 1990; Wooding, 1992).

In the case of the vespertilionid bats, the layer of trophoblast present during epithelial
penetration is cellular, but segregates into two populations of cells (Enders and Wimsatt,
1968). That layer of cells associated with the maternal endothelium is presumably
postmitotic although this has not been documented. At any rate these cells rapidly fuse to
form syncytial trophoblast, whereas the inner layer remains as progenitor cells.

BLASTOCYST AGGRESSION VS. MATERNAL COOPERATION

Comparative studies are also useful in assessing the relative contribution of
trophoblast aggression and maternal cooperation. In delayed implantation it is obvious that
the maternal organism controls implantation. In other instances the endometrial window of
receptivity must intersect the appropriate developmental time of the blastocyst. Despite the
widespread distribution of delayed implantation in some groups (rodents, carnivores,
marsupials), other closely related species do not exhibit the phenomenon (Renfree and
Calaby, 1981).

Perhaps the extreme of maternal control and involvement in the implantation process
is seen in the rat, in which not only can implantation be delayed but, once implantation
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begins, the removal of the uterine epithelium in different regions of the implantation site
proceeds without direct trophoblast participation; in the case of the primary implantation site,
uterine epithelial cells undergo apoptosis which facilitates trophoblast removal of these cells
(Parr and Parr, 1989; Welsh, 1993). In addition to participating in epithelial removal,
decidual cells form an orienting implantation chamber, penetrate the basal lamina of the
luminal epithelium, and reorganize the stroma surrounding the implantation site as well as
participating in formation of blood channels between the maternal vasculature and the giant
trophoblast cells of the yolk sac placenta.

It is generally thought that blastocysts that become interstitial are particularly
aggressive, and that the human blastocyst is one of the most aggressive. Closer examination
of some species makes this idea somewhat questionable, or at least suggests the necessity for
modifying the statement; that is, aggressive with regard to epithelial penetration, stromal
invasion, penetration of maternal vessels, depth of penetration, etc. The guinea pig
blastocyst is considered to be aggressive since it rapidly penetrates the uterine luminal
epithelium. However once it penetrates this epithelium decidualization of the endometrium
occurs rapidly. Some of the trophoblast is lost during inversion of the yolk sac, and the
subsequent development of trophoblast occurs within a decidual chamber which, other than
being immediately beneath the luminal epithelium, is similar to that of the ’less aggressive’ rat
and mouse.

Similarly the human blastocyst, which becomes interstitial, is often thought of as
being aggressive compared to the macaque and baboon blastocyst, which implant more
superficially. However if we examine these species more closely we find that trophoblast of
the baboon blastocyst rapidly invades both uterine epithelium and the endothelium of the
underlying blood vessels (Enders and King, 1991). Subsequent development of the
trophoblastic lacunae is extremely rapid, and growth of the placenta is by enlargement of
these lacunar spaces rather than by invasion into the endometrial stroma. On the other hand
syncytial trophoblast of the human blastocyst appears to surround endometrial capillaries
when they are first encountered rather than immediately tapping them. This, coupled with the
small size of the human blastocyst and the eventual conversion of all of the mural trophoblast
into syncytial trophoblast overlying cytotrophoblast, leads to an interstitial implantation
which is relatively slow in tapping maternal vessels. Thus the intervillous space in both
species is similar shortly after tapping of maternal vessels, but in the human this has been
achieved by involving more of the circumference of the blastocyst and deeper invasion of the
endometrium, and in the baboon by more intraplacental growth. In the macaque, a similar
area of lacunae is achieved by formation of a secondary placenta on the abembryonic uterine
surface in most instances. Consequently the human blastocyst may be as aggressive as that
of the baboon and macaque in penetrating the epithelium, but it is clearly less aggressive with
regard to invasion of the endometrial vessels (Enders, 1993). Contrariwise, the trophoblast
of the three primate species may have similar properties but human endometrial capillaries
may be more resistant to disruption, whether due to differences in basal laminas or to
endothelial cell adhesion. Unfortunately no human implantation sites have been examined by
electron microscopic methods prior to the late lacunar stage (Knoth and Falck Larsen, 1972).

Although there are clearly advantages in trophoblast tapping maternal vascular
systems with regard to positioning trophoblast for endocrine influence of the maternal
system, and in placing trophoblast in a position that is advantageous for respiratory
exchange, there are some possible disadvantages. For example, the pressure of blood
entering the trophoblastic lacunae from the maternal vascular system could result in
disruption of extraembryonic membranes, which are particularly fragile at this stage because
of the lack of connective tissue supporting the epithelia in the first few days of implantation.
Primates in general are rapid in formation of extraembryonic connective tissues, using
parietal endoderm as the initial source of mesenchymal cells rather than primitive streak cells
(Enders and King, 1988). In the baboon and macaque, trophoblast taps hypertrophied
maternal vessels particularly early but trophoblast cells rapidly enter arte rioles, blocking or at
least reducing blood flow from this potentially disruptive source. The combination of
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hypertrophy of the venules and reduction of arteriolar entry should result in a low pressure
vascular bed with ample blood flow. In the human, which is further developed when
maternal vessels are tapped, trophoblast does not invade the vascular system as rapidly. In
all three species massive modification of larger arteries occurs later in gestation when the
trophoblastic shell forms.

In the armadillo, another species having rapid trophoblast invasion of the maternal
vascular system, trophoblast invades and expands a preexisting series of maternal vessels,
using these as intervillous space rather than developing intervillous spaces within the
placenta. Interestingly enough the fundic region of the uterus, the area where syncytial
trophoblast of the armadillo blastocyst first invades, remains a more vulnerable region in
which uterine rupture occasionally occurs in this species.

This brief overview of some comparative aspects of implantation is by no means
comprehensive, and is intended only to demonstrate that there are still insights to be obtained
from comparative studies as well as from in depth analysis of individual species and
implantation sequences.
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SUMMARY

Implantation initiation is commonly thought to require that 1) the tro-
phoblast or subpopulations of it have reached a state of "invasiveness" and,
synchronously, 2) the endometrium a state of "receptivity” ("implantation
window"). Many questions remain open, in particular for the situation in
the human. The cell biological basis of "receptivity” as well as of "invasive-
ness" is still largely unknown, but recently it appears that the application of
modern concepts of cell and developmental biology opens promising new
views of il, concentrating on cell adhesion and cell polarity phenomena.

Implantation initiation involves that the trophoblast attaches with its
apical plasma membrane to the apical plasma membrane of the uterine
epithelium. Since apical plasma membranes of epithelia are normally non-
adhesive, this has been called a cell biological paradox. In development,
cells can attain two major phenotypes and can switch between these: 1) the
mesenchymal/ fibroblastoid phenotype that is compatible with cells moving
individually; 2) the epitheloid phenotype which is characterized by cells
expressing apico-basal polarily and strong association with neighbouring
cells via various junctions, so that they can migrate as sheets but not as in-
dividual cells. Application of this concept to embryo implantation allows to
reconcile many perplexing observations about the receptive endometrium
as well as the invasive trophoblast. Indeed it has been found that the ute-
rine epithelium down-regulates a number of parameters of epithelial cell
polarity in this phase. This applies in a somewhat similar way to the tro-
phoblast of blastocysts which has to give up part of its typical epithelial or-
ganization when becoming invasive: It must express cell-cell adhesion
molecules or maltrix receptors non-typically at its apical plasma membrane
and must change its motility apparatus. Interestingly, recent data show
that, in both systems, a great number of differentiation parameters of cells
change in addition. It appears that part of the epithelial differentiation pro-
gram is down-regulated al this phase. This new concept appears to offer
interesting aspects of the basis of steroid hormone action at the endome-
trium, as well as of trophoblast invasiveness, postulating that switches oc-
cur in the activity of regulatory "master" genes as also involved in decision
making during development.
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INTRODUCTION

During the intial phase of embryo implantation, the trophoblast
of the blastocyst has to attach to the endometrium, and, in invasive
types of implantation, it subsequently penetrates through the uterine
epithelium into the endometrial stroma. As suggested by a number of
experimental data, this process includes adhesive and invasive in-
teractions between trophoblast and uterine epithelium which can be
initiated only if both partners have entered a specific physiological
state: the "invasive state" in case of the trophoblast, and the
"receptive (permissive) state" in case of the endometrium. It is wide-
ly believed that implantation can indeed be initiated only when both
partners enter these states in synchrony. Receptivity is maintained
for only a limited period of time, which defines an "implantation
window" (Psychoyos, 1973, 1986, 1988; Psychoyos and Casimiri,
1980). While receptivity of the endometrium is regulated by ovarian
steroid hormones (notably by progesterone and changes in the
estrogen/progesterone ratio), invasiveness of the trophoblast is
attained when it has reached a certain state of differentiation, the
regulation of which is unclear (see also below).

These concepts and the mentioned general terms describing
them have been derived in the first place from experiments on asyn-
chronous embryo transfer performed in laboratory rodents and the
rabbit, and from investigations on the endocrine regulation of early
pregnancy and implantation in these species. They have proven use-
ful in interpreting the results obtained in such experiments, and
recently it has been proposed that they are likewise applicable for
the human in particular with respect to problems encountered with
embryo transfer after in-vitro fertilization (Psychoyos, 1986, 1988;
Martel et al., 1987; Psychoyos and Martel, 1990). On the other hand,
these concepts do not directly help with defining the molecular pro-
cesses going on in trophoblast and endometrial cells. However, re-
cently new information became available from a number of experi-
mental studies based on modern cell biological concepts on epithe-
lial cell polarity, epithelial differentiation and epithelial-mesen-
chymal (E-M) transition in development, and on cell adhesion
phenomena related to those processes. This review will concentrate
on these new concepts.

IMPLANTATION INITIATION: A CELL BIOLOGICAL PARADOX

The morphology and general physiology of trophoblast-endome-
trial interactions at implantation have been reviewed before (Denker,
1990, 1993). For the first phase of this process, i. e., the interaction
with the uterine epithelium, morphology has revealed three different
modes realized in different species: the "displacement type" (rat and
mouse), the "fusion type" (rabbit, binucleate cells in ruminants, per-
haps the human) and the "intrusion type" (carnivores) (Schlafke and
Enders, 1975; for additional literature see Denker, 1990, 1993).

All three modes have in common that the process always starts
with attachment of the apical plasma membranes of trophoblast and
uterine epithelial cells to each other. This attachment is character-
ized morphologically by membranes running parallel over longer
stretches at a distance of about 200 A, and by the development of a
specialized submembranous filament network. Stability of attachment
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can be demonstrated experimentally because now blastocysts cannot
be torn apart anymore from the uterine epithelium without breaking
cells. It is thus necessary to define adhesion molecules involved in
this attachment phenomenon, and to explain on a cell biological basis
what mechanisms may cause the expression of these adhesive prop-
erties.

From a cell biological point of view, implantation must be regard-
ed as an astonishing phenomenon and has been termed a cell bio-
logical paradox (Denker, 1986, 1988, 1990, 1993): The fact that,
when implantation is initiated, the trophoblast of the blastocyst at-
taches with its apical plasma membrane to the apical plasma mem-
brane of the uterine epithelium, is far from being trivial. A fundamen-
tal property of simple epithelia is to possess a polarized organization
and, as one aspect of this, two distinct membrane domains: the api-
cal and the basolateral plasma membrane domain (Hay, 1985a, b;
Rodriguez-Boulan and Nelson, 1989; Simons and Fuller, 1985). In
contrast to basolateral membranes which are rich in adhesion mol-
ecules so that they can mediate cell-to-cell and cell-to-matrix adhe-
sion, apical plasma membranes normally lack most of these mol-
ecules and lack adhesive properties. In addition, they may contain
bulky molecules that sterically hinder the interaction of potentially
adhesive molecules. However, at implantation initiation we are
confronted with the fact that trophoblast and uterine epithelium
make their first contact exactly via their apical cell membranes, and
this is what needs to be explained at a cellular and molecular level.

ENDOMETRIAL RECEPTIVITY

The luminal epithelium of the uterus appears to play a central
role in mediating the properties of "receptivity” or "non-receptivity"
of the endometrium, and it seems to be a unique property of this epi-
thelium in contrast to other epithelia to be able to enter a state of
"receptivity” under steroid hormone control. If the uterine epithe-
lium is removed experimentally, blastocysts can "implant" completely
independent of any hormonal control (Cowell, 1969). When the tro-
phoblast is allowed to interact with various types of tissues without
having to overcome an intervening epithelium, it can invade deeply
regardless of the hormonal status of the host, even in males, e. g.,
when blastocyts are transplanted to ectopic sites (Kirby, 1965, 1967;
Porter, 1967). Even the pig trophoblast, which never becomes
invasive in the normal in-vivo situation, was reported to show adhe-
sive and invasive interactions after ectopic transplantation or in in-
vitro experiments (for literature, see Denker, 1993). The uniqueness
of the changes in behaviour of the uterine epithelium as seen at
"receptivity" is demonstrated by the fact that other epithelia (with
the exception of mesothelia and endothelia) do not seem to allow the
trophoblast to attach; these obviously include the tubal epithelium
which the tropoblast cannot penetrate in any hormonal state, at least
not in animals (Tutton and Carr, 1984; Pauerstein et al., 1990).

It is well possible that changes seen in the physiology of the uter-
ine epithelium at "receptivity” are secondary to changes which occur
in the endometrial stroma (e. g., after a blastocyst-derived signal has
before been transduced via the uterine epithelium, Denker, 1990).
However, the exact sequence of events, be it as just described or any
other possible variant, is of no major bearing for our arguments
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concerning the nature of the cell biological changes finally defining
the "receptive state" of the uterine epithelium. The nature of that
state will now be discussed on a molecular level.

In a number of investigations it has been tried to define molecular
changes in the composition of the attaching apical plasma mem-
branes, that of the uterine epithelium and the corresponding
membrane of the trophoblast. Very consistently, a reduction in the
thickness of the glycocalyx of uterine epithelial cells and in cell
surface charge has been observed in various species (Anderson et al.,
1986, 1990; Enders and Schlafke, 1977; Morris and Potter, 1984,
1990; Morris et al., 1988; Potter and Morris, 1990). On the other
hand, the expression of new cell surface proteins has also been
observed (Lampelo et al., 1985; Anderson et al.,, 1988; Hoffman et al.,
1990). Knowledge about the identity of molecules involved, however,
is still very limited. The most specific conclusions concerning the
nature of the involved molecules have been drawn by Carson et al.
(1990, 1993) who proposed that heparan sulfate proteoglycan (HSPG)
receptors are expressed at the apical plasma membrane of the
uterine epithelium specifically during the "receptive phase"”. and that
the trophoblast attaches via its cell surface-bound HSPG molecules
(perlecan, not syndecan being the core protein), in the mouse.
(Somewhat conflicting observations concerning syndecan have been
presented by Potter and Morris, 1992, so that many questions still
appear to be open). On the other hand, there is indeed evidence for
other carbohydrate recognition processes (Lindenberg et al., 1988)
possibly including a galactosyltransferase-galactose mechanism
(Chavez, 1990).

Of particular interest is that the changes seen in the uterine epi-
thelium when entering the receptive phase are indeed surprisingly
complex: they comprise many more characteristics than one would
expect when focussing on changes specifically needed for allowing
the trophoblast to attach to this apical plasma membrane. It was
proposed, therefore, that an aspect critically involved in "receptivity"
or "non-receptivity" of the uterine epithelium is the degree of ex-
pression of its polar organization (Denker, 1986, 1988, 1990, 1993;
Glasser et al., 1990, 1991). Detailed investigations of the in-vivo sit-
uation have impressively shown that parameters related to the ex-
pression of general epithelial cell polarity change not only in the api-
cal but also in the lateral and basal aspects of uterine epithelial cells
at this phase. This has led to the proposition that receptivity involves
a change in the expression of the general epithelial phenotype
(Denker, 1986, 1988, 1990, 1993). As already mentioned, this phe-
notype is characterized by possessing, in simple epithelia, membrane
domains (apical and basolateral) with strikingly differing composi-
tion, typical sets of adhesion molecules (like uvomorulin and certain
integrins). a basal lamina at one pole, and cytokeratins.

The major relevant changes seen in the uterine luminal epithe-
lium at receptivity can be listed as follows:

Plasma Membrane Domains
Apical Plasma Membrane

- Ifgsss7;)f marker enzymes of the brush border type (Classen-Linke et al.,
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- Reduced lectin binding properties.

Literature is somewhat confusing insofar as it was proposed that the
expression of glycoconjugates with terminal galactose is positively cor-
related with receptivily (Chavez and Anderson, 1985; Anderson et al.,
1986: Anderson el al., 1990). However, in the implantation chamber
there is an overall trend towards reduction of lectin binding including
lectins that recognize galactose (Nalbach. 1985; Biikers et al., 1990).
This is consistent with findings on reduction of the thickness of the
glycocalyx and of cell surface charge atl receplivily in various species as
cited above.

- Increased density of intramembranous protein particles as seen in
freeze fracture morphology, so that the resulting density of particles
corresponds to that typical for basolateral membranes (Murphy at al.,
1982a: Winterhager, 1985: Winterhager et al., 1990). Unfortunately,
so far little is known about the interesting question to what extent
these particles may represent adhesion-related molecules, e. g.. cell-
cell adhesion molecules, matrix receptors, glycosyl transferases, lec-
tins and others. A re-distribution of HSPG "receptors" to the apical
plasma membrane of mouse uterine epithelium in the receptive phase
was proposed by Carson el al. (1990) (see also above). Alternatively,
receplors may not be relocated but simply be made available for bind-
ing by release of previously bound HSPG (Morris and Potter, 1990:
Morris et al., 1988: Potter and Morris, 1990).

- Formation of "rellexive" gap junctions (Murphy et al.,, 1982 d) and
(under certain experimental conditions) hemidesmosome-like junc-
tions (Denker, 1977). These observations demonstrate that, in addi-
tion to the HSPG receptors mentioned above, other types of adhesion
molecules (such as those involved in formation of these junctions) ob-
viously become expressed in the apical plasma membrane.

Lateral Plasma Membrane

- Translocation of the subapical band of intercellular junctions (an indi-
cator of changes in functional polarily of epithelia, Chevalier at al.,
1985; Kilajima et al., 1985).

Tight junctions: strands proliferate towards the basal cell pole
(Murphy et al., 1982 b; Murphy et al., 1982 c¢; Winterhager and
Kiithnel. 1982).

Adhaerens junctions: Uvomorulin (E-Cadherin, cell-CAM 120/80) an
integral membrane protein typically associated with the zonula ad-
haerens. is maximally concentrated in the subapical region of the lat-
eral plasma membrane during pre-receptive phases; in those parts of
the uterine epithelium that immediately surround a blastocyst in
rabbit implantation chambers this adhesion protein is seen to lose its
subapical maximum and to become more evently distributed over the
lateral plasma membrane, most obviously al the endometrial "placental
folds" on days 8 and 9 post coitum immediately before the trophoblast
altaches and fuses with this epithelium. In this part of the epithelium,
relocation ol uvomorulin locally reaches very impressive degrees so
that it becomes maximally concentrated in parts of the basal plasma
membrane where it cannot be shown (or only in traces) with the same
methodology in pre-receptive phases. It is here located at small cylo-
plasmic processes of ulerine epithelial cells that penelrate the basal
lamina (see below) (Donner et al., 1991, 1992: Donner and Denker,
unpublished; Denker, 1993).



The desmosome-associated protein desmoplakin equally shows a loss
of maximal concentration in the subapical region like uvomorulin. al-
though in this case a re-distribution to the basal plasma membrane
was not seen (Classen-Linke and Denker, 1990; Donner et al., 1991).

Basal Plasma Membrane

- Reduced adhesion to the basal lamina in rodents (Bitton-Casimiri et
al., 1977; Schlalke and Enders, 1975; Tachi et al., 1970).

- Formation of cytoplasmic processes of the uterine epithelium that pe-
netrate through the basal lamina into the underlying stroma (Roberts
et al., 1988:; Marx et al.. 1990).

Intracellular/Transcellular Transport Activities

- Stage-dependent changes in veclorial transport activities through the
uterine epithelium are traditionally thought (o serve the specific
changes in secretory aclivity that provide a stage-specifically opti-
mized milieu for blastocyst development (Beier, 1974; Parr, 1980,
1982, 1983: Parr and Parr, 1977, 1978; Marengo et al., 1986).
However, in the context that we are discussing here they must be
regarded as also polentially serving as a mechanism contributing to
sorling and re-distribution of membrane precursors and differential
transport of degradation products thus regulating diflerential compo-
sition of apical vs. basolateral plasma membranes. Problems of
mimicking this in in-vitro systems have been addressed by Glasser et
al. (1991).

Cytoskeleton

- Upregulation of vimentin and a re-distribution along the apico-basal
axis ol polarily in the implantation chamber in the rabbit (Hochfeld et
al., 1990).

It was proposed that the changes seen in this large number of
parameters can be interpreted as follows: All mentioned parameters
are characteristics of the apico-basal polarity of epithelia. During the
pre-receptive phases. these parameters are organized in a polarized
fashion along the apico-basal axis. but during acquisition of
"receptivity”, there is an overall trend towards loss of this polar or-
ganization with many of these parameters, and with some of them
polarity even appears to become inverted (e. g., uvomorulin and
vimentin). It was proposed, therefore, that steroid hormone action
may (directly or indirectly via the endometrial stroma) change the
expressed genetic program of the uterine epithelium in such a way
that part of the epithelial type differentiation program is being down-
regulated at receptivity (Denker, 1986, 1988, 1990, 1993). As a con-
sequence, the receptive uterine epithelium shows changes in cell
behaviour (cells detaching from their basal lamina in rodents, and
behaving in a semi-invasive manner by sending projections through
their basal lamina in the human and the rabbit). thus facilitating tro-
phoblast invasion.

There is much evidence that locally acting signals derived from
the blastocyst are contributing considerably to modifying the prop-
erties of the uterine epithelium. So. the behaviour of this epithelium
would be determined in the first place by preconditioning through
systemically acting maternal steroid hormones and would then be
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modulated in addition locally in the vicinity of the implanting
blastocyst. Changes in polarity parameters are indeed particularly
obvious in the implantation chamber in contrast to interblastocyst
segments of the uterus. It appears that local signals provided by the
blastocyst drive the switches even further than the maternal steroids
(for literature, see the listing of changes, above). The nature of such
local signals is at present a matter of discussion: They may include
interferon-type molecules like oTP-1 and bTP-1 in ruminants
(Roberts. 1989), or other cytokines, growth factors, steroids,
prostaglandins, and others. As discussed previously (Denker. 1990).
matrix-type molecules (including fragments retaining ligand proper-
ties) could also act as such short-range signals since it was shown in
other cellular systems that they can very well promote changes in
polar organization (Garbi et al., 1986; Greenburg and Hay. 1982,
1986, 1988: Hay, 1985a. b: Mauchamp et al., 1987).

TROPHOBLAST INVASIVENESS

Recent data on the regulation of trophoblast differentiation (e. g..
on the actions of cytokines and growth factors as well as matrix
molecules) have been reviewed by Aplin (1991), Graham and Lala
(1991), Lala and Graham (1990), and Hohn et al. (1992). On the
other hand, with respect to trophoblast invasiveness nearly as little is
known as it is about the cellular basis of tumor cell invasion.
However, recent progress in two fields appears promising: adhesion
molecules and motility properties. It appears that in both systems
regulation of the expression of adhesion molecules, matrix degrading
hydrolases and motility factors as well as of their receptors seems to
be of central importance (for reviews, see Mareel et al.. 1990;
Behrens et al.. 1991; Birchmeier et al., 1991).

In the context of the concepts discussed in the present paper
the following findings are of particular interest: As recent analysis
(Aplin. 1991; Damsky et al.. 1992; Korhonen et al., 1991) of tropho-
blast emigration out of the so-called cytotrophoblastic cell columns of
anchoring villi suggests. acquisition of invasiveness of trophoblast
cells is accompanied by:

- loss of polar organization with respect to integrin (os Ba, o3 1)
distribution in relation to the basement membrane on which
these cells sit originally.

- subsequent loss of certain integrins (os Ba),

- acquisition of new types of integrins (os 1) that enable the ema-
nating invasive cells to interact with interstitial matrix materials
(such as fibronectin. type I collagen and fibrinogen/fibrin).
Fibronectin was found to be the best substrate for adhesion of
isolated normal (placental) and malignant trophoblast in vitro
(Aplin and Charlton. 1990; Foidart et al., 1990).

Remarkably. therefore, a loss of polar organization of cells in ad-
dition to the expression of new types of adhesion molecules is found
in invasive trophoblast as it is in receptive uterine epithelium. This
will be discussed below with respect to genetic re-programming.
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A UNIFYING CELL BIOLOGICAL VIEW OF ENDOMETRIAL
RECEPTIVITY AND TROPHOBLAST INVASIVENESS

The described features of trophoblast invasiveness and of endo-
metrial receptivity show certain fascinating similarities. The com-
mon denominator appears to be a decrease in expression of apico-
basal polarity (Fig. 1). This is of particular interest when comparing it
with a process in embryology that recently attracts much attention:
epithelial-mesenchymal (E-M) transformation. During development,
cells can switch (even various times subsequently) between two ma-
jor phenotypes. the epitheloid and the mesenchymal or fibroblastoid
phenotype (Hay. 1985a, b; Greenburg and Hay, 1986:. Rodriguez-
Boulan and Nelson. 1989; Ekblom. 1989). Characteristics of these
two phenotypes include:

- epithelial phenotype: apico-basal polarity. cytokeratins, laminin,
collagen type IV. the integrin s ps, uvomorulin (E-cadherin).

- mesenchymal/fibroblastoid phenotype: front-rear polarity.
vimentin, fibronectin, collagen type I, the integrin as f.

Switches between these two major phenotypes involve, in various
experimental systems, many or all of the mentioned parameters. It is
postulated, therefore, that certain master genes regulate these pro-
grams and switches. Recently there is great interest in these types of
master regulatory genes, and attempts are being made to apply these
views to the changes in cell behaviour seen in invasive tumors
(Birchmeier et al., 1991; Mareel et al., 1990, 1991).

In the context of trophoblast-endometrial interactions it is of
much interest to ask whether similar genes may be involved. As
pointed out earlier (Denker. 1986)., what appears as a paradox in
implantation initiation. i. e.. contact formation between two epithelia
via their apical cell poles. is indeed found in many examples in em-
bryology. Of greatest interest is that recent investigations increasing-
ly show that those processes are typically combined with E-M trans-
formations, and not primarily with cell death as thought traditionally.
Examples include the following embryonic "fusion” processes:

Figure 1. (see opposile page)

Schematic sketch of changes in polar organization of trophoblast when acquiring
attachment capability/invasiveness, and uterine epithelium when entering
"receplivily”. at implantation initiation. This scheme concentrates on distribution of
adhesion molecules represented by the symbols. It is still highly speculative since
only very limited data are available so [ar: it does not intend (o be correct in detail but
is meant to be thought-provocative. illustrating the principle behind the concept on
partial loss of epithelial-type characteristics as discussed in the text. Whereas in the
pre-invasive/pre-receptive state. apical plasma membranes of trophoblast (TR) and of
uterine epitheliumn (U) are non-adhesive (A). they express adhesion molecules when
acquiring attachment competence (invasiveness)/receptivity (B). (C) and (D) show
attachment, [usion and beginning penetration into the endometrial stroma for the
fusion type (rabbil). (E) and (F) for the intrusion type of epithelial penetration
(carnivores). T: apical type integral membrane proteins (eclodomain non-adhesive):
filled circles: homotypically binding cell-cell adhesion molecules: Y: heterotypically
binding receptors (e. g.. HSPG receptor): triangles: various ligands for Y receptors:
?tgzgg): maltrix receptors, e. g.. mesenchymal type integrins. (Modified after Denker,
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- various epithelia:
formation of the neural tube (combined with differentiation and
emigration of neural crest cells). of the ear vesicle. the semicir-
cular canals, the lens vesicle. the secondary palate and the naso-
lacrimal duct as well as the fusion of nasal swellings:

- mesothelium:
closure of the pleuroperitoneal canal at formation of the dia-
phragm;

- endothelia:
fusion of endocardial cushions at septation of the heart (see Den-
ker. 1986. for literature).

Systematic studies of the cell biological changes that take place
during these processes in embryonic development are still largely
lacking. In particular, we do in most cases not yet have sufficient data
on the parameters listed above that would allow to monitor E-M
transformations, with the exception of neural crest formation and
formation of the secondary palate. the most widely studied examples.
In particular. the action of the postulated master regulatory genes
during embryonic development and their supposed de-regulation in
tumors are still little understood. If we are right with our supposition
that lines can be drawn between these processes and endometrial
receptivity, the endometrium could be a particularly valuable system
for continuing studies along these lines, since in this tissue the
"master” genes are obviously regulated by steriod hormones. This
may open excellent new experimental approaches to study their
identity and their regulation.

However, it must be pointed out that application of this concept
to endometrial receptivity and trophoblast invasiveness is still very
hypothetical. Loss of polar organization along the apico-basal axis is
certainly a common theme for all systems. Changes in molecular pa-
rameters appear to be far less consistent as far as data are available.
So the changes seen in the trophoblast at acquisition of invasiveness
and in uterine epithelium at receptivity do not seem to comprise the
complete set of parameters just mentioned for E-M transformation.
For example, loss of s s integrin and acquisition of os B integrin is
found in E-M transformation as well as in acquisition of the invasive
phenotype by the trophoblast (literature, see above), but has not been
described for the uterine epithelium. However, the latter does show
changes in expression of other integrin subunits (notably appearance
of the a1. o, and 8; subunits in the secretory phase) and changes in the
polar distribution that may be indicative of such switches (Lessey et
al.. 1992; Albers. Thie and Denker, unpublished data).

Upregulation of vimentin is found in E-M transformation and
receptive uterine epithelium but not in trophoblast. Uvomorulin (E-
cadherin) was reported to be down-regulated in E-M transformation
as well as in invasive tumor cells (Gumbiner et al., 1988; Mareel et
al., 1991; Behrens et al.. 1991; Birchmeier et al., 1991). In the in-
vasive trophoblast, this was reported for the mouse (Damjanov et al.,
1986) but may (Castellucci, personal communication) or may not
(Fisher et al.. 1989) be seen in the human: in the latter, it was rather
described to occur in connection with fusion of cytotrophoblast to
syncytiotrophoblast (Coutifaris et al., 1991). Such down-regulation of
uvomorulin is also not seen in the uterine epithelium at receptivity
(Donner and Denker. unpublished). Data on other relevant parame-
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ters (laminin vs. fibronectin, type IV vs. type I collagen) are still very
incomplete for trophoblast and uterine epithelium, or as in case of
syndecan and perlecan, partially contradictory (Carson et al.. 1993;
Potter and Morris, 1992).

Therefore. many questions remain open when we try to compare
trophoblast invasiveness and endometrial receptivity with E-M
transformation: this is in particular true with respect to the question
what master gene-regulated switches in the general genetic pro-
grams transcribed may be involved. So far one can only say that there
are reports on steroid-dependent changes in activity of regulatory
genes coding for transcription factors in endometrium and that
these findings are basically consistent with such a view (Webb et al..
1990; Jouvenot et al.. 1990; Baker et al., 1992). Clearly data on genes
that control major switches in differentiation pathways are urgently
needed. for both the uterine epithelium and stroma cells at
receptivity and for the trophoblast at acquisition of invasiveness. It
can be expected that such data will become available during the next
few years and they will clarify to what extent the hypothetical views
presented in this paper will hold.
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PROGESTERONE DIRECTED GENE EXPRESSION IN RAT UTERINE
STROMAL CELLS

Joy Mulholland, Deana Roy, and Stanley Glasser

Department of Cell Biology
Baylor College of Medicine
Houston, TX 77030 U.S.A.

When embryos attach to the luminal epithelium in the rat uterus they somehow
induce differentiation of the stromal cells underlying the attachment site, giving rise to an
enormous increase in the size of the stromal cell compartment through both cell
proliferation and cell growth. This reaction, decidualization, is localized to areas of
embryo attachment (reviewed in DeFeo, 1967). Both attachment of the embryo to the
luminal epithelium and differentiation of the stromal cells in response to embryo
attachment require conditioning of the uterus with steroid hormones (Psychoyos, 1973).
If the uterus is hormonally prepared, decidualization can be obtained using an
intraluminal traumatic or chemical artificial stimulus. In response to these stimuli
stromal cells along the entire length of the uterus will differentiate (DeFeo, 1967).

The growth of differentiating stromal cells following a decidual stimulus is
dramatic. Undifferentiated cells contain scant cytoplasm, exhibit limited contact with
neighboring cells, and are embedded in an extensive extracellular matrix (Figure 1).
Following the induction of decidualization, cell cytoplasmic volume greatly increases
(Figure 1), and cells actively synthesize DNA. Initially the stromal cells divide and
subsequently DNA synthesis continues in the absence of cytokinesis leading to
endopolyploidy of the decidual cells. Little extracellular matrix is present in
decidualized tissue and numerous intercellular junctions connect closely apposed
decidual cells.

Decidualization may be considered as a three step process. First stromal cells
must be sensitized to respond to a decidualizing stimulus. Sensitization is dependent on
progesterone treatment, and in ovariectomized rats, treatment with progesterone for 48h
is required before stromal cells will differentiate in response to a decidual stimulus
(Psychoyos 1973, Glasser and Clark, 1975). For the second step, induction of
differentiation, an external stimulus is necessary. In the pregnant rat, embryo attachment
provides this stimulus, however in ovariectomized, hormone-treated animals, either a
traumatic (needle scratch) or chemical (sesame or peanut oil are most common) stimulus
applied to the luminal epithelium will trigger the decidualization response. The stimulus
is transmitted from the lumen to the stromal cells via the luminal epithelium (Lejeune et
al., 1981). Although embryo attachment in the rat requires estrogen, stimulation of
stromal cell differentiation is dependent only on progesterone. The third step is to
maintain growth and development of the decidual cells by continued treatment with
progesterone.
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We were interested in the first step of decidualization, sensitization, and wished to
address the question of how progesterone sensitizes stromal cells to respond to a decidual
stimulus. We chose to try to answer this question by identifying genes which are
expressed after progesterone treatment.

For these experiments we used mature, Sprague-Dawley rats which had been
ovariectomized and left untreated for 10-14 days to clear residual steroids from the
circulation. The animals were given Smg/day progesterone for 4 days and killed within
4h of the last injection. Uteri were removed and the luminal epithelium isolated by the
method of Bitton-Casimiri et al. (1977). Stromal cells were then separated from the
myometrium with a scalpel blade and immersed in 4M guanidinium isothiocyanate for
RNA extraction.

RNA isolated from both untreated (ovx) and progesterone treated (PX3) animals
was used to prepare subtracted cDNA libraries. The flow chart shown in Figure 2
outlines the protocol used to construct the subtracted libraries. PolyA+ mRNA was
selected by oligo-dT chromatography from both groups of rats and first-strand cDNA
was prepared from the mRNA of the progesterone-treated animals. A dG-tail was added
to the first-strand cDNA using terminal transferase and the g-tailed cDNA was
hybridized for 24h with a 30-fold excess of mRNA from ovariectomized, untreated rats.
The hybridization solution was passed over a hydroxylapatite column to separate single-
stranded cDNA from cDNA-RNA hybrids. Unhybridized cDNA was eluted with 0.12M
PO, buffer, pH 6.8. This cDNA was amplified by polymerase chain reaction, ligated
into the lambdaGEM-4 vector (Promega) and propagated in E. coli LE 392. The
subtracted library was not amplified and was directly screened with cDNA from both
untreated and progesterone-treated rats.

Repeated screening yielded 6 clones which were found only in the stromal cell
cDNA of the progesterone-treated animals. These are (1) a unique clone which has just
been sequenced and does not match any Genbank entries, (2) mitochondrial cytochrome
oxidase whose transcription is stimulated by androgens in the testis (B. Sanborn, personal
communication), (3) and (4) two transcripts corresponding to repetitive DNA elements,
LINE and B2, (5) heparin-binding epidermal growth factor-like growth factor (HB-EGF),
a new member of the EGF family, (6) amyloid beta protein, which has been associated
with Alzheimer's disease.

The first PX3 specific clone we isolated was comprised of two cDNAs, a LINE
(long interspersed repetitive DNA) cDNA which was interrupted by the consensus B2
cDNA. LINE transcripts are abundant in the rat, mouse, and human genome, however,
little is known about their function or regulation. It has been proposed that they may be
pseudogenes or that they may be regulatory elements. In the rat, the LINE transcript

Figure 1. A. Undifferentiated rat uterine stromal cells from hormonally primed, unstimulated uterine
horn. LE, luminal epithelium; C, capillary. B. Decidualized stromal cells in the contralateral uterine horn
from the same rat, four days after application of a traumatic stimulus. C, capillary, bar = S0um.
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Figure 2. Protocol for construction of subtracted cDNA library from uterine stromal cell RNA of
progesterone treated rats.

contains two open reading frames coding for a hypothetical protein (which has never
been identified in any cell) with a transmembrane domain (Achten and Doerfler, 1986).

B2 is also a repetitive DNA element which is transcribed by RNA polymerase II1.
The consensus sequence is 180 base pairs in length and the transcript itself contains the A
and B boxes of the polymerase III promoter, a polyadenylation signal, and a termination
signal for the polymerase. B2 transcripts vary in size from 200-600 bases depending on
the length of the poly A tail. B2 is abundant in the rat and mouse genomes which may
contain as many as 10- copies of the gene. This gene is thought to be a retroposon,
reverse transcribed from the RNA and inserted into adenosine rich regions of the genome
(Rogers, 1985). Analysis of the B2 transcript revealed an open reading frame coding for
a 40 amino acid protein, which has never been identified. The B2 gene is not expressed
in quiescent or terminally differentiated cells, but expression is abundant in cells which
have been stimulated to proliferate (Lania et al., 1987). Examples include the cells of
rapidly cleaving mouse embryos (Taylor and Piko, 1987; Murphy et al., 1983); cultured
cells which have been stimulated to divide by serum, heat shock, or transformation
(Edwards et al., 1985, Kohnoe et al., 1987, Singh et al., 1985); rapidly dividing
embryocarcinoma cells (Bladon et al., 1990). When cells differentiate, cell division
ceases and the B2 transcript is no longer expressed. Induction of B2 transcription in
dividing cells is specific for this gene and is not the result of a general increase in RNA
polymerase III activity (Carey and Singh, 1988).

The expression of B2 in progesterone-treated uterine stromal cells may be
associated with the proliferation of these cells. Both Martin and Finn (1968) and Huet-
Hudson et al. (1989) have shown that administration of progesterone to ovariectomized
mice induces stromal cell division within 24h of treatment. Although the function of B2



has not been demonstrated, a regulatory function has been proposed by Clemens (1987)
based on the sequence of the transcript. Many transiently expressed genes such as onc
genes and growth factors contain a destabilizing motif (AUUUAUUUA) in the 3'
untranslated region. When this motif is joined to the globin gene and the transgene
transfected into cultured cells, the half-life of the globin message is greatly reduced.
Clemens noted that the B2 transcript contains a motif (UAAAUAAAU) which is
complementary to this destabilizing sequence. He suggested that the B2 transcript may
bind to this region and prevent degradation of these messages or regulate their rate of
turnover. One of the genes whose message contains the destabilizing motif is c-myc,
which provides some evidence for Clemen's hypothesis in the mouse uterine stroma.
When ovariectomized mice are treated with progesterone, c-myc expression is detected in
stromal cells within 3h and increases by 12h after treatment (Huet-Hudson et al., 1989).
Expression of myc protein occurred 18h prior to the induction of DNA synthesis and cell
division in the stromal cell compartment. In the pregnant mouse, myc protein appeared in
the stromal cells of the primary decidual zone approximately 24h after embryo
attachment. After 48h, myc expression had spread to the secondary decidual zone and
was followed by proliferation of these cells.

We examined the expression of the B2 trancript in the rat endometrium following
stimulation of decidualization by needle scratch using northern blotting. High levels of
the transcript appeared 24h after stimulation and remained elevated until 120h (Figure 3),
corresponding to the period of maximal DNA synthesis and cell division in the
antimesometrial decidual tissue. After this time, DNA synthesis declines in both the
antimesometrial and mesometrial decidual cells (Kleinfeld and O'Shea, 1983).
Expression of B2 declined concomitantly and was nearly undetectable by day 9 when the
antimesometrial decidua is regressing (Figure 3).

A second clone which appears to be specific to the PX3 library is homologous to
a recently described member of the epidermal growth factor (EGF) family, heparin-
binding EGF-like growth factor (HB-EGF). Like all members of the EGF family, HB-
EGF is synthesized as a membrane-bound precursor protein with cytoplasmic,
transmembrane, and extracellular domains (Higashiyama et al., 1991,1992). A signal
peptide sequence targets the protein to the membrane and the mature, active protein is
released into the extracellular matrix by proteolytic cleavage. Mature HB-EGF contains
an EGF domain and an extended N-terminal region which is hydrophilic and contains the
heparin-binding region of the protein.

HB-EGF protein was isolated from secretions of cultured human macrophages.
Messenger RNA for human HB-EGF is 2.5kb and codes for 208 amino acids. There are
four known forms which result from posttranslational modification, range in molecular
weight from 19-23kD and pl 7.2-7.8, and are O-glycosylated. The mature (secreted)
protein is comprised of 86 amino acids. Structurally it resembles amphiregulin, which
also has an extended hydrophilic N-terminal region, more than other members of the
EGF family (Higashiyama, 1991,1992).

HB-EGF is mitogenic for cultured fibroblasts and smooth muscle cells, but not
endothelial cells. It has a ten-fold greater affinity for the EGF receptor than does EGF

Figure 3. B2 mRNA expression in uterine stromal tissue following a decidual stimulus. RNA was isolated
1,3,5,6,7,and 9 days after a traumatic stimulus and hybridized with a cDNA probe of the B2 consensus
sequence. Expression is elevated up to 5 days after stimulus and then declines.



and induces autophosphorylation of the EGF receptor. Transcription of HB-EGF and all
members of the EGF family is stimulated in cultured cells by treatment with phorbol
ester, but none of the genes for the EGF family growth factors contains an AP-1
transcription factor binding site. However, all members of the EGF family do express the
AUUUAUUUA destabilizing motif in the 3' untranslated region of the transcripts. Like
B2, expression of HB-EGF is associated with cell proliferation (Higashiyama 1991,
1992).

) HB-EGF is distinguished from EGF by its heparin binding activity. Klagsbrun
(1990) has suggested that heparin can act as a low affinity receptor for growth factors and
has demonstrated that the mitogenic activity of fibroblast growth factor is enhanced by
heparin binding. HB-EGF activity may also be stimulated by binding to heparin in the
extracellular matrix. Heparin-binding growth factors may be particularly important in
stimulating cell proliferation in the rodent uterus. The basal lamina of the uterine luminal
epithelium is rich in heparan-sulfate proteoglycan (HSPG) and HB-EGF may initially
bind here to stimulate proliferation of the subepithelial stromal cells destined to give rise
to the primary decidual zone. One of the earliest biochemical changes associated with
the differentiation of stromal cells in the mouse uterus is the secretion of HSPG around
the decidualizing cell (Wewer et al., 1986). Secretion of heparin residues may be a
mechanism to disseminate cell proliferation throughout the decidualizing stromal
compartment. We are now examining the expression of HB-EGF mRNA in the rat
uterine stroma during decidualization.

The last cDNA clone from the PX3 library to be discussed is homologous to the
cDNA for amyloid beta precursor protein (APP). Like HB-EGF, APP is synthesized as a
membrane-bound precursor protein which is cleaved to release a mature protein into the
extracellular matrix. The APP gene has 18 exons and a number of variations of the
protein result from both alternative RNA splicing and posttranslational modification of
the protein (Yoshikai, et al.,, 1990). Four forms of the protein described as of this date
are (1)APP695 - a "consensus" precursor protein which releases mature protein into the
extracellular matrix giving rise to amyloid fibrils (De Strooper et al, 1991; Kang et al.,
1987); (2,3) APP751, APP770 - both are comprised of APP695 but contain extra amino
acids which give them proteinase inhibitor activity (Oltersdorf et al., 1989; De Strooper
et al., 1991); (4) a form of APP which lacks a transmembrane domain and is directly
secreted from the primary transcript rather than through proteolytic cleavage from a
membrane-bound precursor (deSauvage and Octave, 1989). APP appears to be
ubiquitous as it has been found in all tissues tested and some forms of the amyloid fibrils
bind heparin (Schubert et al., 1989). The promoter region of the gene has an AP-1
transcription factor binding site and transcription can be induced in HelLa cells by
phorbol ester, indicating that expression of this gene is also stimulated in proliferating
cells (Yoshikai, 1990). In addition, the amyloid transcript also contains the destabilizing
sequence characteristic of transiently expressed genes.

In summary, we have found in our subtracted library enriched for progesterone-
stimulated transcripts the cDNAs for two transmembrane precursor proteins whose
expression is stimulated by TPA and apparently by progesterone. Both HB-EGF and
APP give rise to extracellular matrix proteins which can bind heparin, both contain the
destabilizing motif characteristic of many transiently expressed genes, and both appear to
be associated with DNA synthesis and/or cell division. A third cDNA clone codes for the
repetitive DNA transcript, B2, which is also expressed during DNA synthesis and cell
division and which may play a role in regulating the half-life of transiently expressed
mRNA. The answer to our original question seems to be that progesterone treatment
sensitizes stromal cells in part by inducing them to synthesize DNA and proliferate. This
recalls a long-standing hypothesis that stromal cell mitosis is a prerequisite for
decidualization. The evidence for this hypothesis has been thoroughly presented in the
excellent review by O'Grady and Bell (1977). We speculate that HB-EGF, APP, and B2
play some role in inducing and/or maintaining DNA synthesis and mitosis in the rat
uterine stroma and that they mediate the action of progesterone on stromal cell division.

Acknowledgements

Support for this research was provided by NIH, HD22785.

37



REFERENCES

Achten, S. and Doerfler, W., 1986, Characterization of a member of the highly repeated
long interspersed rat DNA framily with long open reading frames, J. Mol. Biol.
192: 489-502.

Bitton-Casimiri, V., Rath, N.C., and Psychoyos, A., 1977, A simple method for
separation and culture of rat uterine epithelial cells, J. Endocr. 73: 537-538.

Bladon, T.S., Fregeau, C.J., McBurney, M.W., 1990, Synthesis and processing of small
B2 transcripts in mouse embryonal carcinoma cells, Mol. Cell. Biol. 10: 4058-
4067.

Clemens, M.J., 1987, A potential role for RNA transcribed from B2 repeats in the
regulation of mRNA stability, Cell 49: 157-158.

Carey, M.F. and Singh, K., 1988, Enhanced B2 transcription in simian virus 40-
transformed cells is mediated through the formation of RNA polymerse II
transcription complexes on previously inactive genes, Biochemistry 85: 7059-
7063.

De Feo, V.J., 1967, Decidualization, in: "Cellular Biology of the Uterus," R. M. Wynn,
ed., Appleton-Century-Crofts, N.Y., pp. 191-290.

De Strooper, B., Van Leuven, F., and Van Den Berghe, H., 1991, The amyloid beta
protein precursor or proteinase nexin II from mouse is closer related to its human
homolog than previously reported, Biochim. Biophys. Acta 1129: 141-143.

Edwards, D.R., Parfett, C.L.J., and Denhardt, D.T., 1985, Transcriptional regulation of
two serum-induced RNAs in mouse fibroblasts: equivalence of one species to B2
repetitive elements, Mol. Cell Biol. 5: 3280-3288.

Glasser, S.R. and Clark, J.H., 1975, A determinant role for progesterone in the
development of uterine sensitivity to decidualization and ovo-implantation, in
"Developmental Biology of Reproduction," C. L. Markert, J. Papaconstantinou,
Eds., Academic Press, N.Y., pp. 311-345.

Higashiyama, S., Abraham, J.A., Miller, J., Fiddes, J.C., and Klagsbrun, M., 1991, A
heparin-binding growth factor secreted by macrophage-like cells that is related to
EGF, Science 251: 936-939.

Higashiyama, S., Lau, K., Besner, G.E., Abraham, J.A., and Klagsbrun, M., 1992,
Structure of Heparin-binding EGF-like Growth Factor, J. Biol. Chem. 267: 6205-
6212.

Huet-Hudson, Y.M., Andrews, G.K., and Dey, S.K., 1989, Cell type-specific localization
of c-Myc protein in the mouse uterus: modulation by steroid hormones and
analysis of the periimplantation period, Endocrinol. 125: 1683-1690.

Kang, J., Lemaire, H-G., Unterbeck, A., Salbaum, M., Masters, C.L., Grzeschik, K-H.,
Multhaup, G., Beyreuther, K., and Muller-Hill, B., 1987, The precursor of
Alzheimer's disease amyloid A4 protein resembles a cell-surface receptor, Nature
325: 733-736.

Klagsbrun, M., 1990, The affinity of fibroblast growth factors (FGFs) for heparin; FGF-
heparan sulfate interactions in cells and extracellular matrix, Curr. Opin. Cell
Biol. 2: 857-863.

Kleinfeld, R.G. and O'Shea, J.D., 1983, Spatial and temporal patterns of
deoxyribonucleic acid synthesis and mitosis in the endometrial stroma during
decidualization in the pseudopregnant rat, Biol. Reprod 28: 691-702.

Kohnoe, S., Maehara, Y., and Endo, H., 1987, A systematic survey of fepetitive
sequences abundantly expressed in rat tumors, Biochim. Biophys. Acta 909: 107-
114.

Lania, L., Pannuti, A., La Mantia, G., and Basilico, C., 1987, The transcription of B2
repeated sequences is regulated during the transition from quiescent to
proliferative state in cultured rodent cells, FEBS Lett. 219: 400-404.

Lejeune, B., Van Hoeck, J., and Leroy, F., 1981, Transmitter role of the luminal uterine
epithelium in the induction of decidualization in rats, J. Reprod. Fert. 61: 235-
240.

Martin, L. and Finn, C.A., 1968, Hormonal regulation of cell division in epithelial and
connective tissue of the mouse uterus, J. Endocrinol. 41: 363-371.

38



Murphy, D., Brickell, P.M., Latchman, D.S., Willison, K., and Rigby P.W.J., 1983,
Transcripts regulated during normal embryonic development and oncogenic
transformation share a repetitive element, Cell 35: 865-871.

O'Grady, J.E. and Bell, S.C., 1977, The role of the endometrium in blastocyst
implantation, in "Development in Mammals, Vol. I," M.H. Johnson, Ed., pp. 165-
243.

Oltersdorf, T., Fritz, L.C., Schenk, D.B., Lieberburg, 1., Johnson-Wood, K.L., Beattie,
E.C., Ward, P.J., Blacher, R.W., Dovey, H.F., and Sinha, S., 1989, The secreted
form of the Alzheimer's amyloid precursor protein with te Kunitz domain is
protease nexin-1I, Nature 341: 144-147.

Psychoyos, A., 1973, Hormonal control of implantation, Vitam. Horm. 31: 201-256.

Rogers, J.H., 1985, The origin and evolution of retroposons, Int. Rev. Cytol. 91: 187-
279.

de Sauvage, F. and Octave, J-N., 1989, A Novel mRNA of the A4 amyloid precursor
gene coding for a possibly secreted protein, Science 245: 651-653.

Schubert, D., LaCorbiere, M., Saitoh, T., and Cole, G., 1989, Characterization of an
amyloid beta precursor protein that binds heparin and contains tyrosine sulfate,
Proc. Natl. Acad. Sci. USA 86: 2066-2069.

Singh, K., Carey, M., Saragosti, S., and Botchan, M., 1985, Expression of enhanced
levels of small RNA polymerase III transcripts encoded by the B2 repeats in
simian virus 40-transformed mouse cells, Nature 314: 553-556.

Taylor, K.D. and Piko, L., 1987, Patterns of mRNA prevalence and expression of B1 and
B2 transcripts in early mouse embryos, Development 101: 877-892.

Wewer, U.M., Damjanov, A., Weiss, J., Liotta, L.A., and Damjanov, 1., 1986, Mouse
endometrial stromal cells produce basement-membrane components,
Differentiation 32: 49-58.

Yoshikai, S., Sasaki, H., Doh-ura, K., Furuya, H., and Sakaki, Y., 1990, Genomic
organization of the human amyloid beta-protein precursor gene, Gene 87: 257-
263.

39
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INTRODUCTION

Implantation implies major cell modifications of the trophoblast and the uterine
endometrium. These cellular changes render the two tissues receptive and allow an intimate
adhesion giving rise to a functional placenta. Classically the process of implantation is
subdivided into 4 main steps: a pre-attachment period; apposition and adhesion of the
blastocyst followed by invasion of the uterine endometrium (SCHLAFKE and ENDERS,
1975). In artyodactyls this division of implantation applies partly, with some specific
characteristics. There is a long pre-attachment period (2-3 weeks), a diffuse and progressive
attachment of the trophoblast along the uterine horns and a non-invasive phase of adhesion.

This paper reviews studies on the trophoblastic and uterine cellular changes which
accompany the successive steps of implantation in the sheep and the cow. Since the major
events are common to both species, the observations will refer to one or the other without
differenciating between them.

PRE-ATTACHMENT PERIOD

The embryo enters the uterine cavity at the morula stage by day 4-5 p.i. and the
blastocyst is formed two days later. Hatching from the zona pellucida occurs at days 9-10.
By day 11 or 12 (in sheep and cows, respectively) the blastocyst begins a rapid and extensive
elongation giving rise to a filamentous vesicle at day 14 (Figure 1) which fills the whole
length of the uterine horns. If only one embryo is present one tip of the conceptus migrates
into the opposite uterine horn (ROWSON and MOOR 1966; BINDON, 1971; BETTERIDGE
et al., 1980).In places, the trophoblast and the uterine epithelium are juxtaposed but extra-
cellular material prevent cell contacts between the two tissues (GUILLOMOT et al., 1981).
The trophoblast exhibits structural characteristics of a polarized epithelium. The cuboidal cells
present an apical surface covered by a dense network of microvilli (Figure 2). As observed
in sections, the smooth lateral membranes form tight junctions, desmosomes and
interdigitations from the apical to the basal poles of the cells. A basal lamina separates the
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trophoblastic cells from the endoderm which lines the inner face of the conceptus (Figure 3).
The cytoplasmic distribution of cytoskeletal proteins (cytokeratins) confirms the epithelial
nature of the trophoblast (GUILLOMOT and FLECHON, 1990). During the pre-attachment
period the conceptus depends upon the uterine medium for its development. The trophoblastic
cells are able to take up material from the uterine environment by endocytosis and
phagocytocis of cell debris (WINTENBERGER-TORRES and FLECHON, 1974). This results
in accumulation of cytoplasmic residual bodies and storage material such as lipid droplets
(Figure 3) and proteinaceous crystalline inclusions (Figure 7).

Besides its nutritional function, the trophoblast also secretes specific regulatory
proteins into the uterine lumen. Among these molecules are the so-called ovine and bovine
Trophoblast Proteins (0TP and bTP, respectively). They are exclusively synthesized by the
trophoblastic cells and are not detected in other embryonic tissues (Figure 4). These
interferon-like proteins play a key role in maternal recognition of pregnancy (see review by
ROBERTS, et al., 1992 and contributions of K. IMAKAWA and J. MARTAL in this
Symposium).

The uterine mucosa of Ruminants presents two distinct tissues: the glandular
endometrium and the aglandular caruncles (Figure 5). The uterine caruncles are constitutive
endometrial differentiations which are dispersed along the uterine horns and are the maternal
counterpart of the future placental cotyledons. In non-pregnant animals the caruncles have a
dome-shaped appearance with a smooth surface. The monostratified epithelium is mainly
composed of microvillous cells. Clusters of ciliated cells are also present around the gland
openings. During the early stages of pregnancy the microvillous cells of the whole
endometrium exhibit apical cytoplasmic protrusions (Figure 6). In rodents similar cellular
features, named "pinopods", are involved in reabsorption of luminal fluid at time of

Figure 1. Day-14 ovine conceptus. The embryonic disc (arrow) protrudes from the filamentous trophoblast.
SEM. Bar: 0.2 mm.

Figure 2. Cow, day 16. Cell surface of the trophoblast. SEM. Bar: 10 pm.
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Figure 3. Bovine trophoblast, day 13. Residual bodies (asterisks) are scattered in the cytoplasm of the
trophoblastic cells. Notice extracellular material (arrow) trapped by the apical microvilli. L: lipd droplets; E:
endoderm cells.

TEM. Bar: 5 pm.

Figure 4. Day-14 ovine conceptus. Immunofluorescence localization of 0TP in the extra-embryonic trophoblast.
The embryonic disc is negative. Bar: 50 pm.



implantation (ENDERS and NELSON, 1973; PARR and PARR, 1977). However, no evidence
has been demonstrated of specific endocytotic function for these cell protrusions, rather, they
likely represent an apocrine mode of secretion in ruminants (GUILLOMOT et al., 1986). In
cows and sheep, endocytosis of uterine intraluminal molecules is ensured by the
microvillous cells; this endocytotic activity increases during the pre-attachment period and
some of ingested proteins are transported to the uterine stroma via the baso-lateral
intercellular spaces. Thus, undegraded macromolecules might be driven from the uterine
lumen to the stroma without lysosomal denaturation (GUILLOMOT et al. 1986).

The pre-attachment period is ended by the arrest of elongation of the conceptus and
its positioning at sites of implantation.

APPOSITION STAGE

This stage represents the first intimate cellular contacts between the trophoblast and
the uterine epithelium. This occurs by day 15 in sheep (BOSHIER, 1969; GUILLOMOT et
al., 1981) and by days 18-19 in cow (LEISER, 1975; KING et al., 1982). Trophoblast
apposition first takes place close to the embryonic area, then spreads out along the whole
conceptus during the following days. Apposed trophoblast is observed both on the caruncular
and the intercaruncular endometrium. Early signs of endometrial changes associated with
implantation are observed on the uterine caruncles. The caruncular surface becomes wrinkled
and, in sheep, slightly depressed in its center (Figure 5). This central depression of the
caruncles is the first indication of the subsequent shape of the ovine placental cotyledons. In
the apposition areas, the trophoblast is tightly pressed against the endometrial epithelium so
that bulging uterine cells imprint the apical membrane of the trophoblastic cells (Figure 7).
As the epithelial cells restore a microvillous border, cell contacts are established between the
tips of the uterine microvilli and the smooth trophoblastic cell membrane (Figure 8).

In the intercaruncular area, the trophoblast facing the uterine gland openings develops villous
projections which invade the glandular lumen (Figures 9 and 10) (GUILLOMOT et al., 1981,
GUILLOMOT and GUAY, 1982; WOODING and STAPLES, 1981). This villous trophoblast

Figure 5. Ovine uterine caruncle from a day-15 pregnant animal. SEM. Bar: 0.2 mm

Figure 6. Sheep day 15. Uterine epithelial cells with bulbous secretory processes. SEM. Bar: 5 pm.



Figure 7. Apposition stage, sheep, day 15. Trophoblast (T) apposed on bulging uterine cells (U) which imprint
the trophoblastic cell membrane. cr: crystalline inclusions. Bar: 3 pm.

Figure 8. Apposition stage, sheep day 15. Contact area between uterine microvillous cells (U) and the smooth
membrane of trophoblastic cells. TEM. Bar: 1 pm.



Figure 9. Sheep, day 18. Surface of the trophoblast with finger-like villi. SEM. Bar: 100 pm.

Figure 10. Sheep, day 18. Semithin section in a uterine glandular area. A trophoblastic villosity (arrow) is
growing down into the glandular lumen. Bar: 100 pm.



Figure 11. Apposition stage, cow, day 19. Surface of the trophoblastic cells of a) non-adherent and b) adherent
trophoblast sampled from the same conceptus. Notice the reduction of microvilli in b. Bars: 10 pm.

constitutes a transient "para-placenta” which disappears thereafter. These villi might anchor
the conceptus against the uterine epithelium, thus favouring cell contacts and absorption of
the glandular secretions by the trophoblast.

During the apposition process the trophoblast undergoes cellular changes which affect
both the ultrastructure of the cells and gene expression. One of the first evident modifications
is the loss of apical microvilli on cells close to the embryonic area or on cells which have
been in contact with the endometrium, whereas non-adherent portions of trophoblast show
cells with a regular covering of microvilli (Figures 11a and b). In contact areas the smooth
membrane of the trophoblastic cells rests on the tip of the uterine microvilli (Figure 8). The
apical cell membrane presents biochemical changes which accompany the morphological
modifications. The density of binding sites of Concanavalin A increases (Figures 12a and b),
as do both cationic ferritin and ruthenium red staining , thus indicating changes in
composition of the glycoprotein cell coat during apposition of the trophoblast on the uterine
epithelium (GUILLOMOT et al., 1982). As shown by phosphotungstic acid (PTA) staining
glycoproteins are still present at the interface between the trophoblast and the uterine
epithelial cells (Figures 13 and 18a). These cell membrane glycoproteins probably increase
the adhesiveness of both tissues. It will be of interest to determine the precise nature of these
molecules and their role during implantation.

Protein synthesis by the trophoblast is also altered at time of implantation. Gene
expression and production of oTP (GODKIN et al., 1982; CHARLIER et al., 1989) and bTP
(GODKIN et al., 1988; CROSS and ROBERTS, 1991) decrease by this period of pregnancy.
In sheep, results obtained by in situ hybridization and immunofluorescence techniques have
given evidence that the end of oTP expression is an implantation-related phenomenom
(GUILLOMOT et al., 1990). By day 15, arrest of oTP synthesis is first detected in the
trophoblastic cells surrounding the embryo whereas its presence is still evident in the distal
trophoblast (Figures 14a and c). Later during the implantation process oTP is still observed
in the non-implanted trophoblast and has completely disappeared in the trophoblast at
implantation sites (Figures 14d and e). In the same way, we have shown that expression of
the c-fos proto-oncogene is strongly depressed in the trophoblast at implantation. Moreover
the cellular localization of c-fos protein in non-implanted and implanted trophoblast parallels
that of oTP (XAVIER et al., 1991). The proto-oncogenes control numerous of cell functions
and are supposed to play a key role in embryonic development (ADAMSON, 1987). Whether
these modifications of the genomic program are a cause or a consequence of restructuring of
the trophoblastic cells at implantation, remains to be determined.
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Figure 12. Ovine trophoblastic cells stained by the Concanavalin A - peroxidase technique at a) day 13 and b)
day 15. Staining of the apical membrane is more intense at day 15. TEM. Bars: S pm.

Figure 13. Apposition area, sheep day 17. Phosphotungstic acid (PTA) staining of glycoproteins on the
trophoblast (T) apical membrane and of the uterine cell microvilli (mv). TEM. Bar: 2 pm.



Figure 14. Immunofluorescence localization of oTP on ovine trophoblast at day 15 (a-c) and at day 17 (d.e).
a) Section of the embryonic area showing non-stained trophoblast (T); b) same field observed by interference
contrast, E: embryo; am: amnion. c) Distal trophoblast is still highly positive for oTP. d) Positively stained
non-adherent trophoblast. €) Section in an adhesion area showing the negatively stained trophoblast (arrows)
attached to the uterine endometrium (U). Bars: 50 pm.
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ADHESION STAGE

By this stage the trophoblast is firmly adherent to the uterine epithelium, so the
conceptus cannot be dislodged from the uterine lumen without damaging the tissues.
Discrete areas of adhesion occurs around the embryo by day 16 in sheep and by day 19 in
the cow (LEISER, 1975; KING et al., 1982). Adhesion between the trophoblast and the
endometrium is strengthened by interdigitation of uterine microvilli and indentations of the
trophoblastic cell membrane (Figure 15). This microvillar junction constitutes the placental
barrier between the chorionic villi and endometrial crypts and characterizes the
epitheliochorial placenta of the ruminants (BJORKMANN, 1965; 1968). During the
adhesion process the uterine epithelium flattens and its height is reduced to few micrometers
in places (Figure 16). In this manner the space between the trophoblast layer and the
endometrial capillaries is considerably reduced. Another major transformation of the uterine
epithelium is the appearance of syncytial masses scattered among the regular mononucleated
cells. The syncytial cytoplasm contains three or more nuclei and electron-dense granules
which accumulate near the basal membrane (Figures 17a and b).

The origin of the uterine syncytium has long been the subject of controversy.
However results from ultrastructural studies have now demonstrated the role of trophoblastic
binucleate cells in the syncytium formation (see review by WOODING, 1982). The
binucleate cells differentiate from the trophoblast during the early stages of implantation and
account for 20% of the trophoblastic cells (WOODING, 1982). Migration of the binucleate
cells through the trophoblast layer and fusion with uterine cells give rise to the uterine
symplasm (WOODING and WATHES, 1980; WOODING et al., 1980). Fusion of the
trophoblastic binucleate cells with the uterine cells represents the most invasive phase of
implantation in ruminants. The uterine basal membrane retains its integrity apart from places
where syncytial cytoplasmic projections pass through it and reach the uterine stroma (Figure
17b). In the cow, the syncytial masses are transient and are replaced after cellular lysis by
subsequent cell migrations; whereas in sheep and goats the syncytium is persistent and
grows by continuous cell migration throughout pregnancy (WOODING, 1982). In ewes,
protein synthesis by the uterine syncytium is maintained as suggested by PTA staining of
glycoprotein material in the Golgi cisternae (Figure 18b).

Migration of binucleate cells might contribute to the immobilization of the
trophoblast during the adhesion process (KING et al.,1982). An additional function is the
delivery of embryonic products to the maternal tissues and blood circulation. Arguments
supporting such a role are given by ultrastructural and immunocytochemical studies. Similar
types of electron-dense granules are observed in the cytoplasm of both the binucleate cells
and the uterine syncytium. These granules are easily identifiable by their glycoprotein
content which stains positively with periodic acid-Schiff (PAS) (BOSHIER, 1969) and PTA
(WOODING, 1980; GUILLOMOT et al., 1982) (Figures 18a and b). Moreover, ovine and
bovine placental lactogen hormones (oPL and bPL) produced by the binucleate cells, have
been localized in the maternal syncytium as well (MARTAL et al., 1977; WATKINS and
REDDY, 1980; WOODING, 1981; WOODING and BECKERS, 1987). However, the
placental lactogen hormones are probably not the only proteins produced and transported
by the binucleate cells. In sheep, oPL is not a glycosylated molecule (CHAN et al., 1976)
thus, the cytoplasmic granules stained by glycoprotein-specific stainings (PAS and PTA)
must contain other secretory products. Another group of placental proteins, named
Pregnancy Specific Proteins (PSP), have been detected in the maternal serum at increasing
levels throughout gestation and are used as specific antigens in pregnancy diagnosis in
ruminants (BUTLER et al., 1982; RUDER et al., 1988; SASSER et al., 1986). The PSP are
a family of immunologically related glycoproteins with molecular weights ranging from 40
to 78 kD (SASSER et al., 1989). One of these proteins has been isolated from bovine
cotyledons and has been named Pregnancy Serum Protein 60 (PSP-60) because of its
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Figure 15. Adhesion stage, sheep day 20. Aspect of the microvillar junction interlocking the uterine (U) and
trophoblastic cells (T). Bar: 1 pm.

Figure 16. Adhesion stage, sheep day 18. Semithin section showing the adherent trophoblast (T) on the uterine
epithelium which presents syncytial transformation (arrow). Binucleate cells (asterisks) are scattered among
the trophoblastic cells. Uterine capillaries (arrowheads) are close to the uterine basal membrane. Bar: 50 pm.

molecular weight: 60 kD (CAMOUS et al., 1988). Antibodies against PSP-60 recognize
specific antigens in bovine, ovine and caprine maternal serum during pregnancy (CAMOUS,
personal communication). By indirect immunofluorescence PSP-60 was localized
specifically in the trophoblastic binucleate cells and in the uterine syncytium in the early
stages of adhesion (Figure 19). The binucleate cell origin of other PSP-related proteins and
their co-localization in the uterine syncytium have been reported (ECKBLAD et al., 1985;
ZOLI et al., 1992). Thus, it is likely that PSP are transported to the maternal circulation by
the migrating binucleate cells via the uterine syncytium. Analogous transport occurs in the
equine placenta. In horses, binucleate cells originating from the chorionic girdle, migrate
through the uterine stroma where they secrete equine chorionic gonadotrophin (ecG)
(HAMILTON et al. 1973). In ruminants, the role of the PSP during gestation is still unclear.
XIE et al. (1991) have reported that PSP-related proteins, named pregnancy-associated
glycoproteins (PAG), belong to the aspartic proteinase family but were enzymatically
inactive, although the molecules might still bind polypeptide ligands. It is intriguing that
proteolytic enzymes are produced by the unique "invasive" cells of the ruminant trophoblast.
Further studies are necessary to precise the functions of these trophoblastic proteinases
during pregnancy in ruminants.
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Figure 17. Adhesion stage, sheep day 18. a) Uterine syncytium with numerous electron dense granules
scattered at the basal pole of the cytoplasm. TEM. Bar: 5 pm. b) Basal pole of a uterine symplasm with
cytoplasmic processes (arrows) crossing the basal lamina. TEM. Bar: 1 pm.

Figure 18. Adhesion stage, day 18. Phosphotungstic acid staining (PTA). a) Section of an adhesion area
between the trophoblast (T) and the uterine syncytium (Sy). PTA selectively stains granules in both the
binucleate cells (bn) and the uterine syncytium. Glycoproteins of the microvillar junction are also stained. Bar:
5 pm. b) Basal cytoplasm of the uterine syncytium showing positively PTA-stained granules and Golgi
cisternae (Go). Cytoplasmic processes (arrow) crossing the basal lamina. Bar: 1 pm.
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Figure 19. Sheep, day 17. Cellular localization by immunofluorescence of a Pregnancy Serum Protein (PSP-
60) in the binucleate cells (arrowheads) of the trophectoderm and in the uterine syncytia. The trophoblast layer

has been artefactually detached from the endometrium (E) during tissue processing. Bar: 50 pm.

CONCLUSIONS

In ruminants, as in other orders, the establishment of close adhesion between the
trophoblast and the uterine epithelium induces dramatic changes of the cellular structures
and activity of both tissues. As shown here the passage from non-adhesive to adhesive
trophoblastic cells implies cell remodellings and shifts in gene expression. The regulation
of such cellular modifications have to be determined. In sheep, the ultrastructural changes
and the arrest of the expression of two genes (0TP and c-fos) are first restricted to the
implanting trophoblastic cells close to the embryo. This suggests that local factors might
control the ability of the trophoblast to implant. The nature and the origin of these putative
products has to be determined. Cytokines which are known to act as paracrine and/or
autocrine cell regulators might be involved in this process. Recently, it has been shown that
expression of uterine LIF (Leukemia inhibiting factor) is essential for blastocyst
implantation in mouse (STEWART et al., 1992). It will be of interest to find out whether
such cytokines could play a role in conceptus attachment in other species.

Acknowledgements
I am very grateful to Dr. K. J. Betteridge for useful revision of the manuscrpit and

to my colleagues at Jouy-en-Josas and at St-Hyacinthe (Que. Canada) for their help during
these studies.

REFERENCES

Adamson, E.D., 1987, Oncogenes in development, Development 99: 449-471.

Betteridge, K.J., Eaglesome, M.D., Randall, G.C.B. and Mitchell, D., 1980, Collection, description and transfer
of embryos from cattle 10-16 days after oestrus, J. Reprod. fert. 59: 205-216.

Bindon, B.M.,, 1971, Systematic study of preimplantation stage of pregnancy in the sheep, Austr. J. Biol. Sci.
24: 131-147.

54



Bjorkman, N., 1965, Fine structure of the ovine placentome, J. Anat. 99: 283-297.

Bjorkman, N., 1968, Fine structure of the cryptal and trophoblastic giant cells in the bovine placentome, J.
Ultrastruct. Res. 24: 249-258.

Boshier, D.P., 1969, A histological and histochemical examination of implantation and early placentome
formation in sheep, J. Reprod. Fert. 19: 51-61.

Butler, J.E., Hamilton, W.C., Sasser, R.G., Ruder, C.A., Hass, G.M., and Williams, R.J., 1982,

Detection and partial characterization of two bovine pregnancy-specific proteins, Biol. Reprod. 26:
925-933.

Camous,S., Charpigny, G., Guillomot, M., Martal, J., and Sasser, R.G., 1988, Purification of one bovine
pregnancy specific protein by high performance liquid chromatography (HPLC), Proc. BARD
workshop on maternal recogniton of pregnancy and maintenance of the corpus luteum, Jerusalem,
March, 20-24, Abstr. 2.

Chan, J.S.D., Robertson, H., and Friesen, H.G., 1976, The purification and characterization of ovine placental
lactogen, Endocrinology 98: 65-76.

Charlier, M., Hue, D., Martal, J., and Gaye, P., 1989, Cloning and expression of cDNA encoding ovine
trophoblastin: its identity with a class II alpha interferon, Gene 77: 341-348.

Cross, J.C., and Roberts, R.M., 1991, Constitutive and trophoblastic-specific expression of a class of bovine
interferon genes, Proc. Natl. Acad. Sci. 88: 3817-3821.

Eckblad, W.P., Sasser, R.G., Ruder C.A., Panlasigui, P., and Kucznski, T., 1985, Localization of pregnancy-
specific B (PSPB) in bovine placental cells using a glucose oxidase-anti-glucose oxidase
immunohistochemical stain, J. Anim. Sci. 61 (Suppl. 1), Abstr. 149.

Enders, A.C., and Nelson, M., 1973, Pinocytotic activity of the uterus of the rat, Am. J. Anat. 138: 277-300.

Godkin, J.D., Bazer, F.W., Moffat, J., Sessions, F., and Roberts, R.M., 1982, Purification and properties of
a major, low molecular weight protein released by the trophoblast of sheep blastocyst at days 13-21,
J. Reprod. Fert. 65: 141-150.

Godkin, J.D., Lifsey, B.J., and Gillepsie, B.E., 1988, Characterization of bovine conceptus proteins produced
during the peri-and post-attachment periods of early pregnancy, Biol. Reprod. 38: 703-711.
Guillomot, M., Betteridge, K.J., Harvey, D., and Goff A.K., 1986, Endocytotic activity in the endometrium

during conceptus attachment in the cow, J. Reprod. Fert. 78: 27-36.

Guillomot, M., and Fléchon, J E., 1990, Place de la microscopie dans I’étude des conditions de I'implantation
chez les Ruminants, Contr. fert. sexual. 18: 875-885.

Guillomot, M., Fléchon, J.E., and Wintenberger-Torres, S., 1981, Conceptus attachment in the ewe: an
ultrastructural study, Placenta 2: 169-182.

Guillomot, M., Fléchon, J.E., and Wintenberger-Torres, S., 1982, Cytochemical studies of uterine and
trophoblastic surface coats during blastocyst attachment in the ewe, J. Reprod. Fert. 65: 1-8.

Guillomot, M., and Guay, P., 1982, Ultrastructural features of the cell surfaces of the uterine and trophoblastic
epithelia during embryo attachment in the cow, Anat. Rec. 204, 315-322.

Guillomot, M., Michel, C., Gaye, P., Charlicr, M., Trojan, J., and Martal, J., 1990, Cellular localization of an
embryonic interferon, ovine trophoblastin and its mRNA in sheep embryos during early pregnancy,
Biol. Cell 68: 205-211.

Hamilton, D.W., Allen, W.R., and Moor, R.M., 1973, Origin of endometrial cups. III. Light and electron
microscopic study of fully developed equine endometrial cups, Anat. Rec. 177: 503-518.

King, G.J., Atkinson, B.A., and Robertson, H.A., 1982, Implantation and early placentation in domestic
ungulates, J. Reprod. Fert., Suppl. 31: 17-30.

Leiser, R., 1975, Kontaktaufnahme zwischen Trophoblast und Uterusepithel wirhend der friihen Implantation
beim Rind, Anat. Histol. Embryol. 4: 63-86.

Martal, J., Djiane, J., and Dubois, M.P., 1977, Immunofluorescent localisation of ovine placental lactogen, Cell
Tiss. Res. 184: 427-433.

Parr, M.B., and Parr, E.L., 1977, Endocytosis in the uterine epithclium of the mouse, J. Reprod. Fert. 50:
151-153.

Roberts, R.M., Cross, J.C., and Leaman, D.W., 1992, Interferons as hormones of pregnancy, Endocr. Rev. 13:
432452,

Rowson, L.E., and Moor, R.M., 1966, Development of the sheep conceptus during the first fourteen days, J.
Anat. 100: 177-185.

Ruder, C.A., Sasser, R.G., Dahmen, J.J., and Stellflug, J.N., 1988, Detection of pregnancy in sheep by
radioimmunoassay of sera for pregnancy-specific protein B, Theriogenology 29: 905-912.

Sasser, R.G., Ruder, C.A., Ivani, K.A., Butler, J.E., and Hamilton, W.C., 1986, Detection of pregnancy by
radioimmunoassay of a novel pregnancy-specific protein in serum of cows and a profile of serum
concentration during gestation, Biol. Reprod. 35: 936-942.

55



Sasser, R.G., Crock, J. Ruder-Montgomery, C.A., 1989, Characteristics of pregnancy-specific protein B in
cattle, J.Reprod.Fert. Suppl. 37: 109-113.

Schlafke, S., and Enders, A.C., 1975, Cellular basis of interaction between trophoblast and uterus at
implantation, Biol. Reprod. 12: 41-65.

Stewart, C.L., Kaspar, P., Brunet, L.J., Bhatt, H., Gadi, I., Kontgen, F., and Abbondanzo, S.J., 1992, Blastocyst
implantation depends on maternal expression of leukemia inhibitory factor, Nature 359: 76-79.

Watkins, W.B., and Reddy, S., 1980, Ovine placental lactogen in the cotyledonary and intercotyledonary
placenta of the ewe, J. Reprod. Fert. 58: 411-414.

Wintenberger-Torres, S., and Fléchon, J.E., 1974, Ultrastructural evolution of the trophoblast cells of the pre-
implantation sheep blastocyst from day 8 to 18, J. Anat. 118: 143-153.

Wooding, F.B.P., 1980, Electron microscopic localisation of binucleate cells in the sheep placenta using
phosphotungstic acid, Biol. Reprod. 22: 357-365.

Wooding, F.B.P., 1981, Localization of ovine placental lactogen in sheep placentomes by electron microscope
immunocytochemistry, J. Reprod. Fert. 62: 15-19.

Wooding, F.B.P., 1982, The role of the binucleate cell in ruminant placental structure, J. Reprod. Fert., Suppl.
31:31-39.

Wooding, F.B.P., and Beckers, J.F., 1987, Trinucleate cells and ultrastructural localisation of bovine placental
lactogen, Cell. Tis. Res. 247: 667-673.

Wooding, F.B.P., Chambers, S.G., Perry, J.S., George, M., and Heap, R.B., 1980, Migration of the binucleate
cells in the sheep placenta during normal pregnancy, Anat. Embryol. 158: 361-370.

Wooding, F.B.P., and Wathes, D.C., 1980, Binucleate cell migration in the bovine placentome, J. Reprod. Fert.
59: 425-430.

Wooding, F.B.P., and Staples, L.D., 1981, Functions of the trophoblast papillac and binucleate cells in
implantation inthe sheep, J. Anat. 133: 110-112.

Xavier, F., Guillomot, M., Charlier, M., Martal, J., and Gaye, P., 1991, Co-expression of the proto-oncogene
FOS (c-fos) and an embryonic interferon (ovine trophoblastin) by sheep conceptus during
implantation, Biol. Cell 73: 27-33.

Xie, S., Low, B.G., Nagel, R.J., Kramer, K.K., Anthony, R.V., Zoli, A.P., Beckers, J.F., and Roberts, R M.,
1991, Identification of the major pregnancy-specific antigens of cattle and sheep as inactive members
of the aspartic proteinase family, Proc. Natl. Acad. Sci. 88: 10247-10251.

Zoli, AP., Demez, P., Beckers, J.F., Reznik, M., and Beckers, A., 1992, Light and electron microscopic
immunolocalization of bovine pregnancy-associated glycoprotein in the bovine placentome, Biol.
Reprod. 46: 623-629.

56



EXPRESSION AND REGULATION OF INSULIN-LIKE GROWTH FACTOR
BINDING PROTEIN-1 AND RETINOL BINDING PROTEIN IN THE
BABOON (Papio anubis) UTERUS

Asgerally T. Fazleabas and Harold G. Verhage

Department of Obstetrics and Gynecology
University of Illinois College of Medicine
Chicago, IL 60680

INTRODUCTION

There has been increasing appreciation in recent years for the importance of fetal and
maternal tissue interactions in pregnancy. Numerous interactions are associated with this
mutual relationship, the most important of which is the achievement of implantation and
maintenance of pregnancy (Enders and Schlafke 1979). In a broad sense, the establishment
of pregnancy in all mammalian species could be divided into the maternal and fetal
components, whose synergistic interaction is essential for a viable pregnancy. The maternal
contribution is to provide an appropriate milieu within the oviduct to optimize fertilization,
secrete or sequester substances within the uterus to sustain conceptus development and limit
the degree of blastocyst invasiveness. Coincidentally, the embryonic component secretes
luteotrophic or anti-luteolytic substances to prevent corpus luteal regression, in addition to
maintaining uterine secretory activity and blood flow, and achieving immunologic privilege
as a fetal allograft.

In a number of domestic species, antiluteolytic factors secreted by the conceptus alters
endometrial secretory activity (Bazer, 1992). For example estrogen secreted by the
elongating pig conceptus causes the release of progesterone induced secretory proteins from
the uterine epithelial cells directly into the uterine lumen (Geisert et al., 1982a,b). Ovine
trophoblast protein-1, which is secreted during the period of maternal recognition of
pregnancy in the sheep, also induces the release of specific endometrial polypeptides (Godkin
et al.,, 1984, Vallet et al., 1987, Ashworth and Bazer, 1989). In our studies on the non-
human primate endometrium, we have also demonstrated the synthesis of specific
endometrial proteins synthesized during the mid-luteal stage of the menstrual cycle (see Bell
et al., 1989 and Fazleabas et al., 1989a for reviews), which are also upregulated during
pregnancy (Fazleabas et al., 1993). Whether the conceptus/placental factor responsible for
the upregulation of endometrial protein synthesis is the primate luteotrophin, chorionic
gonadotrophin, or another as yet unidentified product is unclear at present. However, it may
be more than coincidental that the highest period of synthetic activity by both the
endometrium and placenta occurs at the same time as the peak of measurable CG in the
peripheral circulation (Fortman et al., 1993) and is also associated with the time point when
progesterone synthesis undergoes a luteal-placental shift in the baboon (Castracrane and
Goldzieker, 1986).
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Of the major progesterone-regulated proteins synthesized by the human endometrium,
prolactin, insulin-like growth factor binding protein 1 (IGFBP-1) and a PB-lactoglobulin
homologue (PP,,) have been the most extensively characterized during the menstrual cycle
and early pregnancy (see Bell, 1986 and Fay & Grudzinskas, 1991 for reviews).
Comparative studies on the baboon endometrium have demonstrated that IGFBP-1 but not
the B-lactoglobulin homologue are synthesized during the luteal phase and/or during periods
of progesterone dominance (see Bell et al., 1989 and Fazleabas et al., 1991 for reviews).
Interestingly, however, the baboon uterus produces retinol binding protein (RBP) in a manner
that parallels B-lactoglobulin synthesis by the human endometrium during the menstrual
cycle and early pregnancy (Donnelly et al., 1991, 1992; Fazleabas et al., manuscript in
preparation).

Insulin-like Growth Factor Binding Protein-1

In the past decade there has been a proliferation of information relating to the IGF
autocrine/paracrine system which is comprised of the IGF I and II peptides, the Type I and
Type II receptors, and six distinct IGF binding proteins (IGFBP’s; see Sara and Hall, 1990;
Rosenfeld et al., 1990; Rotwein, 1991; Lamson et al., 1991; Nissley and Lopaczynski, 1991
for reviews). We have focused our studies on the regulation of IGFBP-1 and the Type-I
receptor in the baboon uterus during the menstrual cycle and early pregnancy. The IGFBP’s
may function to prolong the half-life of IGF’s, serve as a reservoir and control the delivery
of IGF’s to target cells (Binoux and Hossenlopp, 1988; Blum et al., 1989), or either inhibit
or potentiate the mitogenic action of these peptides (Sara and Hall, 1990; Rosenfeld et al.,
1990; Lamson et al., 1991). In both the baboon (Fazleabas et al., 1992; Tarantino et al.,
1992) and human (Giudice et al., 1991) endometrium, protein and messenger RNA for
IGFBP-1, 2, 3 and 4 are differentially regulated. IGFBP-2, 3 and 4 synthesis increases
between the proliferative and secretory stages of the menstrual cycle, while IGFBP-1
synthesis is only observed during the secretory stage and in the baboon requires estrogen-
priming followed by progesterone for its induction (Julkunen et al., 1988; Fazleabas et al.,
1989b; Giudice et al., 1991; Tarantino et al., 1992).

Our initial studies (Fazleabas et al., 1989b,c) demonstrated that although IGFBP-1 in
the baboon and human were immunologically and biochemically similar, their site of
synthesis in the non-pregnant uterus was distinctly different. In the human, the major site
of IGFBP-1 localization is the decidual cell both during the cycle and pregnancy, whereas
in the baboon IGFBP-1 synthesis is confined to the epithelial cells of the deep basal glands
during the late luteal stage. Synthesis of IGFBP-1 within the glandular epithelium begins
to increase at day 18 of pregnancy. However, it is only when decidual synthesis of IGFBP-1
is induced at the implantation site that it becomes a significant labelled product on
fluorographs (Fazleabas et al., 1993; Tarantino et al., 1992). As decidualization continues,
IGFBP-1 synthesis increases and this protein eventually becomes the major secretory product
of the primate decidualized endometrium (Fazleabas et al., 1989c¢).

Retinol Binding Protein

Retinol binding protein (RBP) is the circulating carrier protein for retinol (Vitamin A),
which is a lipid soluble vitamin. In certain target tissues, uptake of retinol is dependent
upon a membrane bound receptor that recognizes RBP (Ottonello et al., 1987; Sivaprasadarao
and Findlay, 1988a,b). Intracellular transport is facilitated via distinct cellular RBP’s (Chystil
and Ong, 1984) and gene expression mediated by a family of nuclear retinoic acid receptors,
that are structurally homologous to the steroid receptor superfamily (Petkovich et al., 1987,
Giguere et al., 1987; Brand et al., 1988; Krust et al., 1989). Retinol plays a critical role in
normal embryonic development (Goodman, 1984) and both deficiency and excess of this
vitamin results in congenital defects in the embryo (Warkany and Roth, 1948; Cohlan, 1953).
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In addition, Vitamin A is associated with normal differentiation of reproductive tract
epithelia (Underwood, 1984) and is also capable of inducing retinoic acid receptor (Prentice
et al.,, 1992). Thus, as has been proposed for the IGF autocrine/paracrine system, retinol,
RBP and retinoic acid receptors may also play a role in cyclic proliferation and
differentiation of the primate endometrium during the menstrual cycle and pregnancy.

Endometrial protein 15, also known as a a, pregnancy-associated endometrial globulin
(0r,-PEG), is the major secretory product of the human glandular epithelium during the late
luteal phase and early pregnancy (Bell and Bohn, 1986; Bell and Smith, 1988). This protein
is identical to placental protein 14 (Bell and Bohn, 1986), and has sequence homology with
B-lactoglobulin and RBP although its ability to bind retinol has not as yet been
demonstrated. o,-PEG may be involved in retinol transport during implantation and early
embryonic development (Bell, 1988). Interestingly, although o,-PEG constitutes the major
endometrial luteal phase secretory product in the human, it is absent in the baboon
(Fazleabas and Verhage, 1987; Fazleabas et al., 1989b). Retinol binding protein is a major
secretory product of both the porcine (Adams et al., 1981; Harney et al., 1990) and bovine
(Liu and Godkin, 1992) progestational endometrium. Since o,-PEG (B-lactoglobulin) has
potential for binding retinol (Bell et al., 1988), and due to its apparent absence in the baboon
endometrium, we hypothesized that, as in the pig and sheep, the baboon endometrium
synthesizes RBP instead. Our data showed that the synthesis and localization of RBP in the
non-pregnant baboon endometrium is similar to that observed for IGFBP-1 (Donnelly et al.,
1991), i.e., induced by progesterone following estrogen priming. Synthesis of RBP is up-
regulated in the epithelium of glands in the mid-functionalis and basalis during pregnancy
and reaches a maximum at day 32, similar to IGFBP-1. However, unlike IGFBP-1, RBP
synthesis is confined to the glandular epithelium and decreases as pregnancy proceeds
(Donnelly et al., 1991; Fazleabas et al., 1992). The synthetic profile of RBP in the baboon
endometrium is similar to that of the glycosylated B-lactoglobulin homologue in the human
(Bell et al., 1989) and is perhaps the evolutionary counterpart of this human protein
(Fazleabas et al., 1989a, & 1992). One major difference between IGFBP-1 and RBP
synthesis, compared to the overall endometrial protein expression in the pregnant uterus, is
regionalization of cell specific expression. When the total protein synthetic profile of the
endometrium in contact with the placenta (implantation site) was compared with the
remainder of the endometrium no major differences were apparent. This is in contrast to
IGFBP-1 and RBP synthesis. In the pregnant endometrium, IGFBP-1 and RBP expression
is higher in the implantation site endometrium compared to the endometrium not in direct
contact with the placenta (non-implantation sites; Donnelly et al., 1991, 1992; Tarantino et
al., 1992). With IGFBP-1 in particular, this increased synthesis at the implantation site is
maintained throughout the entire first third of pregnancy and appears to be regulated by the
extent of placental contact with the endometrium (Fazleabas et al., 1992).

Postulated Functions of IGFBP-1 and RBP in the Baboon Uterus

Our in vivo studies on the modulation of the uterine environment during early
pregnancy in the baboon have indicated there is an overall increase in protein biosynthesis
(Fazleabas et al., 1993), cell-specific changes in IGFBP-1 expression (Fazleabas et al.,
1989b,¢; Tarantino et al., 1992), upregulation of RBP synthesis (Donnelly et al., 1991;
Fazleabas et al., 1992) and alterations in estrogen and progesterone receptor localization and
IGF Type I receptor expression (Hild-Petito et al., 1992a,b). Of all these changes, only
IGFBP-1, RBP and IGF Type I receptor localization and expression are markedly different
between the implantation site and non-implantation site, suggesting that the baboon
conceptus/placenta modulates these proteins within the uterus. The fact that IGFBP-1, which
binds the mitogenic peptides IGF I and II with an affinity equal to its receptor (see
Rosenfeld et al., 1990; Lamson et al., 1991 for reviews), and RBP, which carries the cell
differentiating agent retinol (Sporn et al., 1984), are specifically regulated at the implantation
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site implies that these two proteins may play an important role in the establishment and
maintenance of pregnancy in this primate.

IGFBP’s in general are thought to inhibit the mitogenic actions of the IGF’s.
However, IGFBP-1 and IGFBP-3 have been shown to potentiate the mitotic activity of IGF’s
(Sara & Hall, 1990, Rosenfeld et al., 1990; Lamson et al., 1991). Although the precise
mechanisms by which IGFBP’s enhance the actions of IGF’s have not been delineated, it has
been suggested that IGFBP-3 could act as a reservoir and regulate the release rate of IGF
into the local environment (Blum et al., 1989; Conover et al., 1990; Conover and Powell,
1991). Alternatively, IGFBP-1, which contains the tripeptide recognition marker RGD for
integrins near its carboxy terminal end, may mediate its action by binding to cell membranes
(Sara & Hall 1990; Rosenfeld et al., 1990; Lamson et al., 1991; Shimasaki & Ling, 1992).
We have postulated that in the baboon, IGFBP-1 initially has a stimulatory role in
enhancing stromal cell and trophoblast proliferation in either an autocrine and/or paracrine
manner and once placentation is established and decidual formation complete, the IGFBP-1
then becomes an inhibitory protein (Fazleabas et al., 1991, 1992).

The baboon endometrium undergoes dramatic growth and differentiation during the first
third of pregnancy, and if IGF’s are required for these processes, the local production of
IGFBP-1 in its stimulatory form could provide a mechanism to locally enhance the growth
promoting effects of IGF’s. The prerequisite to the hypothesis that IGF’s have a direct
autocrine effect on decidual cell proliferation is that IGF I receptors have to be present on
the same cell. Studies in our laboratory (Hild-Petito et al., 1992b) have shown the presence
of IGF I receptors on decidualized cells at the implantation site on day 18 of pregnancy, and
a continued increase in receptor expression as more stromal cells continue to decidualize.
Alternatively, a potential paracrine function for IGFBP-1 is suggested when the cellular
localization of synthesis and secretion is considered with reference to the behavior of the
embryonic trophoblast during implantation and placental development in the primate. It is
possible that the induction of IGFBP-1 synthesis in decidual cells at the placental-
endometrial interface is a mechanism by which IGF’s can be locally concentrated. IGF I
receptors are present in the basal plasma membrane of cytotrophoblast cells at day 18 in the
developing placenta (Hild-Petito et al., 1992b) coincident with IGFBP-1 expression in the
luminal glandular epithelial cells and decidual cells. These two correlated events may
enhance trophoblast proliferation. IGFBP-1 complexed with IGF’s and localized in the
decidual cells at the placental/endometrial interface and luminal glandular epithelium may
act as a mitogen on conceptus tissues and facilitate trophoblastic penetration and contact with
the maternal vasculature. The mechanism by which IGF’s are released from IGFBP to
enable it to bind to its receptor may be regulated locally by plasmin. Campbell et al. (1992)
have demonstrated that activation of plasminogen to plasmin by plasminogen activators
results in the dissociation of bioactive IGF I from IGFBP-1. The trophoblast produces
plasminogen activators (Strickland et al., 1976; Fisher et al., 1989). Therefore, the potential
exists for the penetrating and proliferating trophoblast to locally activate plasminogen to
plasmin, which in turn releases IGF’s from decidual IGFBP-1 thereby making this mitogenic
peptide available for binding to its decidual and placental receptor. Following the
establishment of placental contact with the endometrium, IGFBP-1 synthesis by the decidua
increases (Fazleabas et al., 1989c¢). This increase in IGFBP-1 may be a mechanism to inhibit
IGF binding to its receptor following implantation, and thereby control additional
trophoblastic proliferation and invasion. This may be the process by which the baboon, a
superficial implanter, is able to rapidly establish contact with the maternal vasculature and
yet control trophoblast invasion.

Retinol primarily exerts its effects by inducing cellular differentiation and inhibiting
cellular proliferation (Sporn et al., 1984). It is required for a wide variety of biological
processes including vision, reproduction, maintenance of epithelial tissues, bone development
and linear growth (Ross, 1993). Two principal models have been proposed by which RBP
delivers retinol to its site of action. The first, which is an aqueous diffusion model, suggests
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that like IGFBP-3, retinol slowly dissociates from RBP in the extracellular environment
enabling free retinol to be easily taken up by the cells (Ross, 1993). The second suggests
that there is a specific association between RBP and the plasma membrane which results in
the saturable uptake of retinol by these cells. Specific binding of RBP has been reported for
the testis and human placenta (Blomhoff et al., 1991).

We hypothesize that in the baboon uterus during early pregnancy both potential delivery
mechanisms for retinol are operational via the upregulation of glandular RBP synthesis.
Retinol, in vitro, induces the upregulation of retinoic acid receptor-f transcripts in human
endometrial stromal cells (Prentice et al., 1992) and increases IGFBP synthesis in MCF-7
cells (Fontana et al., 1991). Thus, it is conceivable that in the local uterine environment,
retinol complexed to RBP may initially up-regulate glandular epithelial IGFBP-1 synthesis
(Tarantino et al., 1992) and induce stromal cell differentiation and IGFBP-1 biosynthesis via
a receptor-mediated process. The second potential function of RBP may be to carry retinol
to the developing baboon conceptus. Unlike the pig (Adams et al., 1981; Harney et al.,
1990), sheep (Liu et al., 1992) or bovine (Liu and Godkin 1992), the baboon placenta does
not synthesize RBP (Donnelly et al., 1991, 1992). Since RBP has been reported to bind to
human placental membranes (Blomhoff et al., 1991), we suggest that in the baboon,
endometrial RBP, which is synthesized primarily during fetal organogenesis (Hendrickx
1971; Fazleabas et al., 1992), is necessary for the delivery of retinol to the fetal compartment
during a critical phase of embryonic development.

In summary, our studies have clearly demonstrated that in addition to the general
changes that the primate uterine endometrium undergoes during the establishment of
pregnancy, the baboon conceptus appears to modulate the site and cell-specific synthesis of
two major binding proteins, IGFBP-1 and RBP, both of which carry peptides that are
essential for the growth and differentiation of both fetal and maternal tissues. The challenge
for the future will be to attempt to delineate the mode of action by which uterine proteins
initiate and sustain a successful pregnancy.
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INTRODUCTION

Peptidase enzymes are known to be widely distributed in plasma and tissues. As such,
they are considered to play important roles in the local regulation of biologically active pep-
tides, including peptide hormones, growth factors, and cytokines. In the uterine endometri-
um, it has been suggested that some peptidase enzymes in the endometrial epithelium play
an important role in blastocyst implantation. In rabbits, the uterine epithelium undergoes
extensive morphological change during the peri-implantation phase, and dynamic changes in
aminopeptidase and dipeptidyl peptidase IV activities on the surface of endometrial epithelial
cells have been reported in histochemical experiments (Classen-Linke et al., 1987). Further-
more, proteinase inhibitors have been shown to block implantation in rabbits (Denker, 1977).
In humans, we have reported that the cluster of differentiation (CD) antigens, CD10 and
CD13, were expressed in the endometrial stromal cells, and that CD26 antigens were locali-
zed in the glandular epithelial cells (Imai et al., 1992a, 1992b). CD10, CD13, and CD26
antigens were shown to be identical to neutral endopeptidase (NEP) (Letarte et al, 1988),
aminopeptidase N (APN) (Look et al.1989), and dipeptidyl peptidase IV (DPP IV) (Mattern
et al., 1989; Stein et al., 1989;Ulmer et al., 1990) respectively, all of which are cell surface
peptidases. Since a variety of peptide factors, including peptide hormones, growth factors,
and cytokines, have been suggested to play important roles in regulating endometrial cell
proliferation/differentiation, these peptidase enzymes are thought to be involved in the regula-
tion of human endometrial function and the implantation process.

IMMUNOHISTOCHEMICAL STAINING FOR PEPTIDASE ANTIGENS

Cryostat sections were prepared from human endometria at various phases of develop-
ment and from the decidua of early pregnancy. Indirect immunofluorescence staining was
carried out using monoclonal antibodies for CD2, CD10, CD11b, CD13, CD14, CD20, and
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CD26. It was necessary to examine the lymphohematopoietic cell markers CD2 (T lympho-
cytes), CD11b (monocytes/granulocytes), CD14 (monocytes/granulocytes), and CD20 (B
lymphocytes) in order to evaluate antigen expression in endometrial cells. Peptidase antigens
of CD10/NEP, CD13/APN, and CD26/DPP IV have been identified as surface markers for
lymphoid progenitor cells, granulocytes/monocytes, and activated T lymphocytes, respective-
ly. In the proliferative phase, a majority of cells in the endometrial stroma demonstrated weak
expression of CD10 and CD13 antigens (Fig. 1A, 1B), while endometrial glandular epithelial
cells showed weak CD26 antigen expression (Fig. 1C). In the secretory phase, the expres-
sion of CD10 and CD13 antigens on endometrial stromal cells increased significantly (Fig.
2A, 2B). While endometrial glandular cells expressed CD26 antigen weakly to moderately in
the early secretory phase. CD26 was expressed moderately in the mid-secretory phase, and
strongly in late secretory phase (Fig. 2C). Furthermore, the endometrial surface epithelium
expressed CD26 antigen at the same intensity as the glandular epithelium. No cells in the
glandular epithelium expressed CD10 or CD13 antigens, and only a few cells in the stroma
expressed CD26 antigen. Vascular endothelial cells in the uterine myometrium expressed
CD26 antigen moderately throughout the menstrual cycle. In early pregnancy decidua, stro-
mal cells with decidual transformation expressed CD13 antigen more strongly than secretory
endometrial cells (Fig. 3B). CD10 antigen expression in decidual cells, however, was much
weaker than in secretory endometrium (Fig. 3A). Moderate or strong expression of CD26
antigens was observed in the glandular epithelial cells of early pregnancy decidua (Fig. 3C). It
appeared that CD26 antigen expression in the apical membrane of glandular cells and surface
epithelium was stronger than in the basolateral membranes (Fig. 2C, 3C). In serial sections
prepared during these experiments, CD2, CD11b, CD14 or CD20 antigen-bearing cells were
sparsely distributed in the endometrium throughout the menstrual cycle and during the first

Fig. 1. Indirect immunofluorescence staining of human endometrium in proliferative
phase. Cryostat sections were stained by using following monoclonal antibodies: A,
CD10/Nu-N1: B, CD13/MCS2; C, CD26/Tal; D, hematoxylin and eosin.
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Fig. 2. Indirect immunofluorescence staining of human endometrium in secretory
phase. Cryostat sections were stained by using following monoclonal antibodies: A,
CD10/Nu-N1; B, CD13/MCS2; C, CD26/Tal; D, hematoxylin and eosin.

Fig. 3. Indirect immunofluorescence staining of human decidua of 7 weeks gestation.
Cryostat sections were stained by using following monoclonal antibodies: A,
CD10/Nu-N1; B. CD13/MCS2; C, CD26/Tal: D, hematoxylin and eosin.
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trimester of pregnancy. Therefore, it was apparent that CD10/NEP and CD13/APN antigens
were expressed in stromal cells/decidual cells while CD26/DPP IV antigen was expressed in
glandular cells. The intensity of CD10 and CD26 antigen expression was maximal during the
secretory phase (peri-implantation periods), whereas the intensity of CD13 expression
increased steadily following the establishment of pregnancy.

FLOW CYTOMETRIC ANALYSIS OF ENDOMETRIAL STROMAL CELL-
ENRICHED PREPARATIONS

Human endometrial stromal cell-enriched preparations were obtained as described else-
where (Kariya et al., 1991). The cells were stained with monoclonal antibodies against CD2,
CD10, CD11b, CD13, CD14, and CD20 antigens, then examined using a flow cytometer.
More than 80% of the cells examined were positive for CD10/NEP and CD13/APN antigens
in every experiment, and the fluorescence intensity was relatively strong. CD2, CD11b,
CD14 or CD20 antigen-bearing lymphohematopoietic cells usually accounted for less than
10% of observed fluorescence (Fig. 4). These indings confirmed the results of previous
immunohistochemical experiments indicating that the stromal cells themselves express
CDI10/NEP and CD13/APN antigens in human endometrium. Dynamic changes in peptidase
antigen expression during the menstrual cycle imply the involvement of ovarian gonadal
steroids. Accordingly, the effect of estrogen, progesterone, or androgen on the expression of
CD10/ NEP and CD13/APN antigens in cultured stromal cells was subsequently examined.
Cells were cultured for 7 days with or without estradiol (10-3M), progesterone (10-7M), or
testosterone (10-8M), and CD10/NEP and CD13/APN antigen expressions on these cells
were assessed by mean fluorescence intensity. During the culture period, CD10 antigen
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Fig. 4. Flow cytometric analysis of human ESC-enriched preparation from late-
proliferative endometrium. Cells were stained as follows : a, a second antibody only
(negative control); b, CD13/My7; ¢, CD13/MCS2; d, CD10/Nu-N1; e, CD14/LeuM3;
f, CD11b/Bear-1. Percent positivity was as follows: a, 2.1; b, 92.8; ¢, 93.1; d, 92.2; e,
3.9; f. 3.3. Over 90% of the cells were positive for CD10 and CD13 antigens.
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Fig. 5. CD13/APN antigen expression on endometrial stromal cells after 7 days
culture with ovarian steroids. Mean fluorescence intensity was assessed by flow
cytometry. Results were expressed as % of control cultures without ovarian steroids.
(N=T7)

expression on the stromal cells rapidly decreased, and the addition of gonadal steroids had no
apparent effect on this expression. This observation suggests that some indispensable
factor(s) are present in vivo for the maintenance of expression of NEP molecules on the cell
surface. In contrast, CD13/APN antigen expression on stromal cells did not decrease even
after 14 days' culture, and the expression of CD13/APN antigen was similarly unaffected by
the addition of estrogen, progesterone, or androgen alone. A significant enhancement of
CD13/APN antigen expression was observed, however, when both estradiol and progester-
one were added to the cultures (Fig. 5). This in vitro experiment strongly suggests that the
increase in APN expression in stromal cells during the proliferative phase and during
decidualization is regulated by the effects of both estrogen and progesterone.

DETECTION OF AMINOPEPTIDASE AND DIPEPTIDYL PEPTIDASE IV
ACTIVITIES

Aminopeptidase activity of the endometrial stromal cell-enriched preparation was
examined using a method based on the hydrolysis of alanine-p-nitroanilide, to yield p-
nitroaniline and alanine (Amoscato et al., 1989). The endometrial stromal cell-enriched
preparation was suspended in PBS containing 0.4mM alanine-p-nitroanilide and incubated at
37°C with continuous stirring. The reaction was stopped by the addition of cold sodium
acetate-acetic acid buffer. The optical density of the supernatant at 385nm was examined with
a spectrophotometer, and the amount of p-nitroaniline formed was determined from a
standard curve. Endometrial stromal cell-enriched fractions showed distinct aminopeptidase
activity, and the amount of p-nitoaniline formed was linearly related to the number of the
stromal cells (Fig. 6) and to the duration of the incubation period. This experiment
demonstrated biochemically that human endometrial stromal cells have aminopeptidase
activity. Interestingly, a significant increase in the in vitro peptidase activity was observed in
the cultured endometrial stromal cells in the presence of both estrogen and progesterone,
whereas estrogen, progesterone or androgen alone had no apparent effect (Fig. 7).

Histochemical detection of DPP IV activity was performed according to Lodja's
method (1979). Briefly, 4mg of glycyl-prolyl-4-methoxy-B—naphthylamide was dissolved in
0.5ml N,N-dimethylformamide and mixed with 10mg Fast Blue B salt dissolved in 10ml
0.1M phosphate buffer. The mixture was filtered and overlaid on frozen sections of human
endometrium and early pregnancy decidua. After 6-7 minutes of incubation, the slides were
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Fig. 6. Assay of peptidase activity of endometrial stromal cell-enriched preparation
from the endometrium in mid-secretory phase. The amount of p-nitroaniline hydrolyzed

from alanine-p -nitroanilide is linearly related to the number of cells. Incubation time:
20 min.

washed and red reaction products were observed with a light microscope. During the
proliferative to early secretory phases, no DPP IV activity was observed in the endometrium
(Fig. 8A). In the mid-secretory phase, most endometrial glandular cells showed weak to
moderate DPP IV activity, and in the late secretory phase, glandular cells showed moderate to
strong DPP IV activity (Fig. 8B). In the early pregnancy decidua, glandular cells showed
moderate DPP IV activity (Fig. 8C), while vascular endothelium in the uterine myometrium
had weak DPP IV activity. Lojda (1979) reported that, histochemically, DPP IV activity in
the endothelium of blood vessels was heterogenous. In our study, most of the endothelium
in the muscle layer was DPP IV positive, but the endothelium in the endometrial layer did not
show DPP IV, either histochemically or immunohistologically.

Fig. 7. Aminopeptidase activity of cultured endometrial stromal cells. Endometrial
stromal cells were cultured for 7 days with ovarian steroids: E, 10-8M; P, 10-M; T,
10-8M. Results were expressed as % of control cultures without ovarian steroids. (N=6)
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PEPTIDASES AS POSSIBLE LOCAL REGULATORS OF PEPTIDE FACTORS

We have shown that human endometrial stromal cells express CD10/NEP and CD13/
APN antigens, and that endometrial glandular cells express CD26/DPP IV antigen; the
intensity of expression changes with endometrial differentiation. All three enzymes have their
active domain exposed on the extracellular surface. NEP cleaves peptides at the amino side of
hydrophobic residues, such as enkephalins, bradykinin, oxytocin, substance P, neurotensin,
chemotactic peptides (fMet-Leu-Phe), gastrin, atrial natriuretic peptide, interleukin 1 (Erdos et
al., 1989) etc. APN catalyzes the removal of N-terminal amino acids from peptides, such as
met-lys-bradykinin and met-enkephalin, somatostatin (Sidorowicz et al., 1981), (Asn!)
angiotensin II (Ward et al., 1990) etc. DPP IV removes dipeptides from the N-termini of
polypeptides. Its substrates include human gastrin-releasing peptide, human pancreatic
polypeptide, o chain of human chorionic gonadotropin (Nausch et al., 1990), and substance P
(Piischel et al., 1982). These peptidases are well known to have roles in the final steps of
digestion in the intestinal canal. Recently, these enzymes have been proven to have a wide
distribution on the surfaces of various cell types, and it has been suggested that they might
have specific roles in the control of growth and differentiation in both hemopoietic and
epithelial cell systems. In addition to having proteolytic activity, APN was reported to be a
major receptor molecule for human coronavirus, and its significance in viral infection has
been discussed (Delmas et al., 1992; Yeager et al., 1992). DPP IV has been shown to be
involved in cellular adhesion in extracellular matrix proteins (Hanski et al., 1985, 1988;
Piazza et al.. 1989; Dang et al., 1990). Since DPP IV is expressed on the apical membrane of
endometrial epithelium during the peri-implantation period, this antigen may have a role in
the attachment of fertilized eggs to the endometrial surface.
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It has become apparent that peptide factors including peptide hormones, growth
factors, and cytokines play important roles during the peri-implantation period, and many of
these peptides are possibly inactivated or functionally modulated by peptidase enzymes.
Therefore, these enzymes may have a key role in the control of growth and differentiation of
cells in human endometrium through the activation or inactivation of peptide factors and the
regulation of their access to target cells.

REFERENCES

Amoscato, A.A., Alexander, J.R. and Babcock, G.F., 1989, Surface aminopeptidase activity of human
lymphocytes. I. Biochemical and biologic properties of intact cells, J. Immunol. 142:1245.

Classen-Linke, I., Denker, H.W. and Winterhager, E., 1987, Apical plasma membrane-bound enzymes of
rabbit uterine epithelium; pattern changes during the periimplantation phase, Histochemistry
87:517.

Dang, N.H., Torimoto, Y., Schlossman, S.F. and Morimoto, C., 1990, Human CD4 helper T cell
activation: functional involvement of two distinct collagen receptors 1F7 and VLA integrin
family, J. Exp. Med. 172:649.

Delmas, B., Gelfi J., L'Haridon R., Vogel L.K., Sjostrom H., Néren, O. and Laude, H., 1992,
Aminopeptidase N is a major receptor for the enteropathogenic coronavirus TGEV, Nature
357:417.

Denker, H.W., 1977, Implantation. The role of proteinases, and blockage of implantation by proteinase
inhibitors, Adv. Anat. Embryol. Cell Biol. 53 Fasc 5.

Erdos, E.G. and Skidgel, R.A., 1989, Neutral endopeptidase 24-11 (enkephalinase) and related regulators
of peptide hormones, FASEB J. 3:145.

Hanski, C., Huhle, T. and Reutter, W., 1985, Involvement of plasma membrane dipeptidyl peptidase IV
in fibronectin-mediated adhesion of cells on collagen, Biol. Biochem. Hoppe-Seyler 366:1169.

Hanski, C., Huhle, T., Gossrau, R. and Reutter, W., 1988, Direct evidence for the binding of rat liver
DPP IV to collagen in vitro, Exp. Cell Res. 176:64.

Imai, K., Maeda, M., Fujiwara, H., Okamoto, N., Kariya, M., Emi, N., Takakura, K., Kanzaki, H. and
Mori, T., 1992a, Human endometrial stromal cells and decidual cells express cluster of
differentiation (CD)13 antigen/aminopeptidase N and CD10 antigen/neutral endopeptidase,
Biol. Reprod. 46:328.

Imai, K., Maeda, M., Fujiwara, H., Kariya, M., Takakura, K., Kanzaki, H. and Mori, T., 1992b,
Dipeptidyl peptidase IV as a differentiation marker of the human endometrial glandular cells,
Hum. Reprod. 7:1189.

Kariya, M., Kanzaki, H., Takakura, K., Imai, K., Okamoto, N., Emi, N., Kariya, Y. and Mori, T., 1991,
Interleukin-1 inhibits in vitro decidualization of human endometrial stromal cells, J. Clin.
Endocrinol. Metab. 73:1170.

Letarte, M., Vera, S., Tran, R., Addis, J.B.L., Onizuka, R.J. and Quackenbush, E.J., 1988, Common acute
lymphocytic leukemia antigen is identical to neutral endopeptidase, J. Exp. Med. 168:1247.

Lodja, Z., 1979, Studies on dipeptidyl(amino)peptidase IV (glycyl-proline naphthylamidase). II. Blood
vessels, Histochemistry 54:153.

Look, A.T., Ashmun, R.A., Shapiro, L.H. and Peiper, S.C., 1989, Human myeloid plasma membrane
glycoprotein CD13 (gp150) is identical to aminopeptidase N, J. Clin. Invest. 83:1299.

Mattern, T., Fled. H.D., Feller, A.C., Heymann, E. and Ulmer, A.J., 1989, Anti-DPP-IV and anti-Tal but
not IOT 15 should be clustered in CDw26, in: "Leukocyte Typing IV. White Cell Differentiation
Antigens. Oxford," Knapp, W., Dorken, B., Gilks, W.R., Rieber, E.P., Schmidt, R.E., Stein, H.
and von den Borne, A.E.G.Kr., eds. University Press, Oxford, New York, Tokyo.

Nausch, I., Mentlein, R. and Heymann, E., 1990, The degradation of bioactive peptides and proteins by
dipeptidyl peptidase IV from human placenta, Biol. Chem. Hoppe-Seyler 371:1113.

Piazza, G.A., Callanan, H.M., Mowery, J. and Hixson, D.C., 1989, Evidence for a role of dipeptidyl
peptidase IV in fibronectin-mediated interactions of hepatocytes with extracellular matrix,
Bioch. J. 262:327.

Piischel, G., Mentlein, R. and Heymann. E., 1982, Isolation and characterization of dipeptidyl peptidase
IV from human placenta, Eur. J. Biochem. 126:359.

Sidorowicz, W., Zownir, O. and Behahl, F.J., 1981, Action of human pancreas alanine aminopeptidase
on biologically active peptides:kinin converting activity, Clin. Chem. Acta. 111:69.

Stein, H., Schwarting, R. and Niedobitek, G., 1989, Cluster Report:CD26, in: "Leukocyte Typing IV.
White Cell Differentiation Antigens. Oxford,” Knapp. W., Dorken, B., Gilks, W.R., Rieber, E.P.,
Schmidt, R.E., Stein, H. and von den Borne, A.E.G.Kr., eds. University Press, Oxford, New York,
Tokyo.

74



Ulmer, A.J., Mattern, T., Feller, A.C., Heymann, E. and Flad, H.D., 1990, CD26 antigen is a surface
dipeptidy! peptidase IV (DPP IV) as characterized by monoclonal antibodies clone TII-19-4-7
and 4EL1C7, Scand. J. Immunol. 31: 429.

Ward, P.E., Benter, L.F., Dick, L. and Wilk, S., 1990, Metabolism of vasoactive peptides by plasma and
purified renal aminopeptidase M, Biochem. Pharmacol. 40:1725.

Yeager, C.L., Ashmun, R.A., Williams, R.K., Cardellichio, C.B., Shapiro, L.H., Look, A.T. and Holmes,
K.V., 1992, Human aminopeptidase N is a receptor for human coronavirus 229E, Nature 357:420.

75



ANGIOGENESIS IN THE RAT UTERUS DURING PREGNANCY

Rolf H. B. Christofferson, B. Erik Wassberg, and B. Ove Nilsson

Department of Human Anatomy
University of Uppsala

Box 571

S-751 23 Uppsala, Sweden

INTRODUCTION

The endometrium responds to blastocyst signals by decidualization and placentation.
Angiogenesis — new blood vessel formation — is considered to be a prerequisite for the
development of the vascular placenta (Folkman and Shing, 1992). Pharmacological
modulation of angiogenesis in the uterus would be of interest for e.g. (1) stimulation of
placentation in infertile women during an in vitro-fertilization programme, (2) stimulation of
placentation in pregnacies with an intrauterine growth-retarded baby, (3) inhibition of
placentation as a contraceptive, and (4) inhibition of angiogenesis in endometrial cancers. In
order to stimulate or inhibit endometrial angiogenesis, it is important that the formation of the
vascular part of the placenta during normal pregnancy be investigated.

The rat is often used in placental research since it exhibits a discoid, hemochorial,
chorioallantoic placenta as does man. But the rat chorioallantoic placenta is hemotrichorial and
labyrinthine, while that of man is hemomonochorial and villous. The rat embryo also
develops a yolk sac placenta (choriovitelline placentation) prior to chorioallantoic placenta-
tion, which does not take place in man (see Mossman, 1987, for a review of placentation in
vertebrates).

Formation of the maternal part of the vascular placenta in the rat has been studied by light
microscopy of histological sections (e.g. Duval, 1891; Bridgman 1948a,b), ink-injections
(Holmes and Davies, 1948), microangiography (Young, 1956), and corrosion casts (Bge,
1950). These investigators are unfortunately often at variance, probably due incomplete
vascular injections and the three-dimensional distribution of the microcirculation.

Microvascular corrosion casting with analysis in the scanning electron microscope
(SEM) is a morphological method designed for visualization of the three-dimensional
microangioarchitecture of tissues and organs (Murakami, 1971; Lametschwandtner et al.,
1990). It is considered to be a sensitive and specific method for demonstrating angiogenesis
by sprouting from pre-existing vessels (Christofferson and Nilsson, 1992).

The aim of this study is to demonstrate the location and extent of angiogenesis by
sprouting in the rat uterus during of pregnancy by SEM analysis of microvascular corrosion
casts and light microscopical analysis of histological sections.

MATERIALS AND METHODS
Experimental delay of implantation

Implantation in rodents can be demonstrated by the blue dye test (Psychoyos, 1971).
Unfortunately, there is a considerable variation in the timing of the appearance of blue bands
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following intravenous injection of a dye, ranging from early day 4 to no visible bands late
day 5 in normal pregnancies (Rogers et al., 1982). Blastocyst implantation can, however, be
synchronized by means of an experimental delay of implantation, involving bilateral
ovariectomy and exogenous progesterone administration, followed by activation of
implantation by estrogen administration (Bergstrom, 1978). In the rat the blue dye test
becomes positive 26 hours after estrogen activation (Lundkvist and Ljungkvist, 1977). The
pregnancy following such a procedure can successfully be maintained by administration of
exogenous hormones (Nutting and Meyer, 1963). For details on the procedures used in this
study, please refer to Christofferson and Nilsson (1988a).

Vascular casting

Forty-one sexually mature female Sprague-Dawley rats (Alab, Sollentuna, Sweden),
with a body weight of 203-447 g at the time of killing, were used. The rats were caged 1-2
overnight with males until pregnant. Vascular casts were made on days 5, 6, 7, 8, 9, 10, 12,
14, 16, 18, 20, and 22 of pregnancy, day 1 of pregnancy being the day on which sperm was
found in vaginal smears. Casts were also made the day after delivery (day 22 or 23), and 26
and 50 hours after estrogen activation from an experimental delay of implantation. At least
two animals were cast at each stage. Briefly, the animal was given an overdose sodium
pentothal and perfused through the thoracic aorta with warm, heparinized, phosphate-
buffered saline with papaverine and a colloid, followed by infusion of methyl methacrylate
resin with a viscosity similar to rat’s blood. The infusion pressure did not exceed 100 mm
Hg, as measured in the left femoral artery. The density of the polymerized resin was
determined by weighing a given volume. For details on the casting procedure and resin
preparation, please refer to Christofferson and Nilsson (1992).

Preparation of specimens

For SEM of vascular casts, implantation sites (as identified by the blue dye test or as a
macroscopically visible node) were cut out with razor blades and subjected to differential
corrosion (Christofferson and Nilsson, 1988b). After corrosion, the dry weights of 5
unsectioned implantation site casts from each stage were recorded. The casts were then
sectioned with a razor blade while frozen in distilled water on a chiller plate, dried in air,
mounted on aluminum stubs with colloidal silver, sputter coated with gold, and observed in a
Philips 525 SEM at an acceleration voltage of 4-10kV.

For light microscopy, implantation sites were cut out and immersion-fixed in 2.5%
glutaraldehyde or 3.5% formaldehyde in phosphate-buffered saline for at least 24 h. The
specimens were then dehydrated, embedded in paraffin, sectioned at 8-10 um, and stained
with hematoxylin and eosin.

RESULTS

The blue dye test was positive on days 5-10 of pregnancy. The uterine vascular pattern
at the time of implantation is presented in Figs. 1-5. Arterial and venous vessels were
identified by their branching pattern, their luminal diameter, and their imprint pattern of
endothelial cell nuclei (Fig. 6).Vascular sprouts were defined as sharp-pointed, blindly
ending extensions from capillaries and venules. In order to discriminate vascular sprouts
from incompletely cast capillaries, sprouts had to exhibit imprints of endothelial cell nuclei.
Extravasation of resin was frequently observed in areas exhibiting vascular sprouts.

The density of the polymerized resin was 1.16 g/ml. The maternal blood volume at
implantation sites at different stages of pregnancy could be calculated by dividing the
implantation site cast weight with the known resin density (Fig. 7).

Implantation (Fig. 8) induced a vascular shut-down in the primary decidual zone,
observed as an avascular area in casts (Figs. 9-11) 26 and 50 hours after activation from an
experimental delay of implantation. The area remained avascular until day 10 of pregnancy.

Two areas were identified where angiogenesis by sprouting from pre-existing maternal
venules and capillaries occurred: mesometrially on days 8-10 and antimesometrially on days
8-12 of pregnancy (Fig. 12). Neither sprouting from arterioles nor transcapillary tissue pillars
(Patan et al., 1993) were observed in the decidual vessels.
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Figure 1. Vascular patterns of the rat uterus at the time of implantation. Arterial vessels black,
mesometrium top. Arrows indicate the direction of flow. Abbreviations: amt — arterioles of the mesometrial
triangle, cmc— circular muscle capillary plexus, CML — circular muscle layer, E — endometrium, ecv —
endometrial circumferential venule, esa — endometrial spiral arteriole, gcp — glandular capillary plexus, L —
lumen, Imc— longitudinal muscle capillary plexus, LML — longitudinal muscle layer, mca — myometrial
circumferential arteriole, mcv — myometrial circumferential venule, scp — subepithelial capillary plexus, sga
— segmental arteriole, sgv — segmental venule. Modified from Rogers and Gannon (1981). Right, SEM of
vascular cast from day 4 of pregnancy. Bar = 1 mm.
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Figure 2. The mesometrial triangle in cross-section. The mesometrial triangle is bounded by the circular
muscle layer and the two mesometrial extensions of the longitudinal muscle layer. Note the tortuous arterioles
with abundant anastomoses, the complete absence of venules, and the comparatively few capillaries present in
this area. L — lumen. Vascular cast, 50 hours after activation from an experimental delay of implantation. Bar
=300 um.

Figure 3. The mesometrial triangle in longitudinal section. The chorioallantoic placenta is formed in this
area. MM — mesometrium, LML — longitudinal muscle layer, E — endometrium. Vascular cast, 26 hours
after activation from an experimental delay of implantation. Bar = 100 pm.
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Figure 4. Uterine gland. The uterine gland capillary plexus is complex, but is essentially fed by a straight
arteriole (a) with several draining venules. Vascular cast, dissected specimen, 26 hours after activation from an
experimental delay of implantation. Bar = 100 um.

Figure 5. Capillary plexuses of the longitudinal and circular muscle layers. The myometrial circumferential
vessels give rise to two capillary plexuses; the plexus of the longitudinal muscle layer (Imc) and that of the
circular muscle layer (cmc), the latter consisting of few and small (4-6 um) capillaries. Vascular cast, 26 hours
after activation from an experimental delay of implantation. Bar = 100 um.
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Figure 6. Quality of replication in vascular casts. The low-viscosity resin used in this study permitted
filling of the microcirculation at an intra-arterial pressure not exceeding the physiological, and it also
replicated endothelial cell nuclear impressions (arrow) in all vessels including capillaries. mca — myometrial
circumferential arteriole, mcv — myometrial circumferential venule. Vascular cast, 26 hours after activation
from an experimental delay of implantation. Bar = 20 pm.
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Figure 7. Estimated implantation site maternal blood volume. Values obtained by weighing 5 unsectioned
casts from each day and dividing the weight with the resin density.
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Figure 8. Implantation site, 26 hours after activation from an experimental delay of implantation. The
blastocyst (arrow) has been touched in section and is slightly displaced, but still located in the antimesometrial
extension of the uterine lumen (L). SEM of perfusion-fixed and vibratome-sectioned tissue. Bar = 100 um.

Mesometrial sprouting

The mesometrial angiogenesis was observed as vascular sprouts arising from the dilated
venules (sinusoids”) in the mesometrial decidua lateral to the remaining uterine lumen and
the mesometrial chamber (Figs. 13, 14). Sprouts were occasionally found day 7 and were
abundant day 8. The vascular sprouts were mainly pointing towards the mesometrial
chamber. The newly formed vessels did not fuse to form a capillary network, but became
continuous with the blood spaces within the Tréger trophoblast on day 10 (Figs.15, 16). It
was not possible to determine how trophoblast tapped the sinusoids and the newly formed
vessels in casts or in light microscopical sections (Fig. 15). The maternal blood spaces
appeared as highly irregular, anastomosing “blebs” of varying size (6-100 um; Fig. 16),
consistently connected to the dilated subepithelial capillary plexus (supplying arterialized
blood) and to the mesometrial sinusoids and their vascular sprouts (draining venous blood).
The “blebs” did not exhibit typical endothelial cell nuclear imprints, but larger (12-18 pum)
nuclear imprints distributed irregularly over their surface. From day 12 — when the allantoic
stalk made contact with the ectoplacental cone — and onwards, these blood spaces
constituted the maternal part of the zona intima. The remaining venous vessels mesometrially
formed the vessels of trophospongium and basal decidua, and were drained by the
endometrial circumferential venules.

Antimesometrial sprouting

The antimesometrial angiogenesis was observed in the whole antimesometrial decidua,
apart from the avascular primary decidual zone, on days 8-12 of pregnancy (Figs. 17, 18).
Vascular sprouts emanated from capillaries and small venules, and were oriented at random.
Tips of sprouts facing each other were frequently observed (Fig.19). The parental vessels
were irregular in outline and exhibited deep imprints of endothelial cell nuclei. During



formation of the antimesometrial lumen, vascular sprouts were observed on both sides of the
cleavage line, i.e. both in the capsular decidua and in the thin endometrium lining the uterine
wall. When the antimesometrial lumen was continuous between inter-implantation sites on
day 14, no vascular sprouts could be detected in the condensed capsular decidua or in the
attenuated uterine wall.

DISCUSSION

Microvascular corrosion casts of the maternal part of the rat placenta has previously been
described by Takemori et al. (1984; 1985) and Christofferson and Nilsson (1989), but these
investigations do not focus on angiogenesis by sprouting. With the technique applied in this
study, most casts were successful in terms of retainment of the gross anatomical outline of
the uterus, the well-preserved morphology of endothelial cell nuclear imprints, and the
apparently normal morphology of the uterus and conceptus in histological sections. Such
histological sections were necessary when correlating the casts with the morphology of the
uterus and the conceptus (Fig. 20). It is concluded that the applied methods were relevant for
the question at issue, reliable and reproducible.

Calculations of the implantation site maternal blood volume revealed a 100-fold increase
in volume from implantation to day 22 of pregnancy. This approach has several confounding
factors, however, e.g. What is an implantation site? How much of this increase in blood
volume represents a sluggish blood flow in large vessels and how much represents an
increase in the number of exchange vessels? Despite such uncertainties, the data imply that
there is a considerable angiogenesis during pregnancy in the rat.

Mesometrial angiogenesis by sprouting was observed 2-3 days after implantation and
ceased when the first maternal blood spaces appeared in the trophoblast. The sprouts did not
join to form a new vascular bed, but seemed to become incorporated into the maternal blood
spaces. Since the vessels in this area exhibit migratory endothelial cells and an attenuated
basal membrane (Welsh and Enders, 1991), it is suggested that the mesometrial angiogenesis
is a process intended to facilitate trophoblast access to the maternal circulation after the
opening-up of sinusoids into the uterine lumen.

Figure 9. Implantation triggers a paradoxical shut-down of the vessels in the primary decidual zone, leading
to an avascular area (arrow) surrounding the blastocyst. Implantation site, 26 hours after activation from an
experimental delay of implantation. Vascular cast. Bar = 300um. Reprinted by permission of Springer-Verlag
from Christofferson and Nilsson (1988a).



Figure 10. The implantation chamber is the antimesometrial extension of the uterine lumen (L) and can be
divided into three parts, a mesometrial chamber (mc), an antimesometrial chamber (ac) with the blastocyst, and
adecidual crypt (dc). Note the absence of blood vessels in the primary decidual zone (pdz). Light micrograph,
50 hours after activation from an experimental delay of implantation. Bar = 500 um.

Antimesometrial angiogenesis by sprouting was also observed 2-3 days after implanta-
tion and ceased when the antimesometrial lumen had formed. The sprouts exhibited signs of
fusion, and the microvascular bed of the endometrium lining the uterine wall was restored.
The antimesometrial angiogenesis can hence in part be seen as a restorative process.

The biological reason for the observed sprouting in the developing capsular decidua is
more difficult to explain, since the capsular decidua degenerated and had ruptured on day 16.
One interpretation would be that all the sprouting observed in this study represents the action
of a diffusible angiogenic substance (Torry and Rongish, 1992) affecting all capillaries and
venules in the decidua. The origin of such a substance is difficult to determine, since the
decidua exhibits several different cell types. One or several angiogenic substances may hence
— primarily or secondarily — be secreted by the trophoblast, the uterine epithelium, the
decidual cells, macrophages, mast cells, large granular lymphocytes, or by intravascular
lymphocytes, granulocytes, platelets, or even the endothelial cells themselves.

”Angiogenesis” has become synonymous with angiogenesis by sprouting from pre-
existing vessels (Folkman and Shing, 1992), but can also occur by at least two other
processes; in situ-formation from angioblastic mesenchyme (so-called vasculogenesis; Risau,
1991), and by intussusception (Patan et al., 1993). In this study, neither process gave rise to
the maternal blood spaces of the placenta. Thus, it is likely that the maternal blood spaces of
the zona intima (which constitute the largest part of the maternal placenta at term) are formed
by yet another process. In vascular casts, the maternal blood spaces appeared as irregular,
anastomosing “’blebs” of varying size interconnected between the subepithelial capillary



Figure 11. The first two vascular reactions to implantation, the increase in vascular permeability and the
vascular shut-down, were observed in casts as spacing of vessels at the implantation site (white bar) with
concomitant bunching at inter-sites, and an avascular area (arrow) corresponding to the primary decidal zone
surrounding the implanting blastocyst. Vascular cast, longitudinal section, 50 hours after activation from an
experimental delay of implantation. Bar = SO0 pm. Reprinted by permission of Springer-Verlag from
Christofferson and Nilsson (1988a).

Figure 12. After implantation, angiogenesis occurs by sprouting from the mesometrial sinusoids (s), and
from venules and capillaries in the antimesometrial decidua (d). Note extravasations of resin (e) and the
avascular area (touched in section; arrow). Vascular cast, longitudinal section, day 8 of pregnancy. Bar = 1
mm,



Figure 13. Mesometrial angiogenesis. Numerous vascular sprouts develop from the sinusoids and elongate
towards the mesometrial chamber, here represented by extravasated resin (arrow). The uterine lumen and the
mesometrial chamber serve as a transient blood conductor, since the sinusoids and the mesometrial part of the
subepithelial capillary plexus open up into the lumen, and expose the Trager trophoblast and mural
trophoblast to maternal blod from day 8-9 of pregnancy. Vascular cast, polar section seen from
antimesometrially, day 8 of pregnancy. Bar = 1 mm.

Figure 14. Mesometrial angiogenesis. The vascular sprouts appear as sharp-pointed, blindly ending
extensions from the mesometrial sinusoids and point towards the mesometrial chamber. Vascular cast, day 8 of
pregnancy. Bar = 100um.
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Figure 15. Formation of maternal blood spaces. Maternal blood is circulating in the yolk sac placenta,
located in the mural trophoblast (arrow), and in the blood spaccs of the Tréger trophoblast (Ttr) from day 8-9
of pregnancy. Arterialized maternal blood enters the remnant uterine lumen — which at this stage is occupied
by the Triger — and reaches the maternal blood spaces and yolk sac placenta, which are drained by the
mesometrial sinusoids (s). ac — amniotic cavity, al — allantois, cd — capsular decidua, ecc — exocelomic
cavity, Rm — Reichert’s membrane. Light micrograph of immersion-fixed, cast tissue, day 10 of pregnancy.
Bar = 500 pum. Reprinted by permission (Copyright © John Wiley & Sons, Inc., 1989) from Christofferson
and Nilsson (1989).

Figure 16. Formation of maternal blood spaces. The maternal blood spaces (mbs) were observed as irregular
blebs of resin within the Triger trophoblast. The blebs were connected between the dilated subepithelial
capillary plexus (scp), and the sinusoids (s) and their vascular sprouts (arrows). Vascular cast, day 12 of
pregnancy. Bar =200 um.

88



Figure 17. Antimesometrial angiogenesis. The vessels of the antimesometrial decidua are irregular in
outline and exhibit numerous vascular sprouts. Compare endometrial vascular density with Fig. 11. Imc —
longitudinal muscle capillary plexus, s — mesometrial sinusoid, arrow — avascular area. Vascular cast, cross-
section, day 8 of pregnancy. Bar = 300 um.

Figure 18. Antimesometrial angiogenesis. Note the sharp-pointed, blindly ending extensions from decidual
capillaries and venules. Sprouts are oriented at random. The parental vessels are irregular in outline and exhibit
prominent imprints of endothelial cell nuclei (some of which indicated by arrows), suggesting an increased
metabolic activity of endothelial cells. Vascular cast, day 8 of pregnancy. Bar = 30 um.
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Figure 19. Antimesometrial angiogenesis. Vascular sprouts were frequently seen facing each other, which
was interpreted as a sign of a future fusion between them. Vascular cast, day 8 of pregnancy. Bar = 30 um.

Figure 20. Schematic representation of the rat placenta on day 14 of pregnancy. Arrows indicate the
direction of blood flow. Stippled: Tréger trophoblast (Ttr), cross-hatched: myometrium, hatches: fetal
mesoderm. db — decidua basalis, ctr — cytotrophoblast, ecc — exocelomic cavity, mm — mesometrium, mtr
— mural trophoblast with maternal blood spaces of the parietal yolk sac, Rm — Reichert’s membrane, str —
syncytiotrophoblast, and yc — yolk sac cavity. Modified from Mossman and Fischer (1969).
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plexus and the mesometrial sinusoids and their vascular sprouts, and appeared in the area
where Triiger trophoblast were identified in light microscopical sections. It is concluded that a
transmission electron microscopic study focussed on the interface between trophoblast and
the vessels of the mesometrial decidua on days 10-14 of pregnancy is required to determine
how the maternal blood spaces are formed.
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INTRODUCTION

The successful establishment of pregnancy after embryo transfer requires a
healthy blastocyst and a uterus that accepts it.

In rodents, it has been well established that the synchrony between embryo
development to the blastocyst stage and the maturation of the uterine endometrium is
very important for a successful implantation. The timing and hormonal conditions of
nidation are well defined. (Psychoyos, 1976).

First, priming of the endometrium by progesterone for about 48 hours is required
to establish a prereceptive neutral phase. During this phase, the uterus allows a
transferred blastocyst to survive and even wait for the receptive phase also called
"window of implantation". The receptivity period is triggered inrodents by estrogens
and is a brief event that after 36 hours automatically leads to the refractory phase
during which the endometrium is no longer capable of decidual response and during
which the uterine environment becomes insensitive and even hostile to unimplanted
eggs. This transition tooks place regardless of the occurrence of implantation during
the receptive phase.

In all other mammals studied, the results of asynchronous transfers of embryos into
the uterus of surrogate mothers underline the importance of a chronological
relationship between the age of the embryo and the developmental stage of the
endometrium.
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I. THE NEUTRAL PRERECEPTIVE PHASE IN HUMANS

In humans, the embryo issued from in vitro fertilization should be transferred in utero
at the moment of its physiological entry in the uterine cavity in vivo. This moment
was investigated on short series and seems to occur around the fourth day following
fertilization. The youngest normal embryos recovered in fertile women, after uterine
flushing, were a 12 cell (Hertig and Rock, 1949) and a 16 cell- morulae (Diaz et al,
1980), the latter collected 120 hours after the LH surge, whereas 8 cell-embryos were
the most advanced embryonic stages observed in vivo in the tubes.

In fact, it is possible to transfer in utero mature oocytes inseminated 2 to 4 hours
earlier as was reported by Rizk et al (1990) and obtain 20% of pregnancy per transfer.
Similar results were also reported by Ajuha et al in 1985 when replacing pronuclear
zygotes the day after insemination. Cleaved embryos at day 2 post insemination led to
18% of pregnancy per transfer according to the pooled french data of FIVNAT 1993
and, at day 3 post-insemination, embryos at the second or third cleavage stage gave
identical results as 2 days old embryos on an homogenous series reported by Belaisch-
Allart et al (1990), 32 and 29% of pregnancies per transfer respectively.

These early transfers are widely used in all IVF centers in the world, and are mainly
performed at the second day following insemination and fertilization with embryos at
the 2 to 4 cell stage.

Some attempts were carried out to transfer late embryos in order to better mimic the
in vivo chronology of embryo-endometrium interactions.

Zygotes are cultured on cell monolayers, monkey kidney epithelial cells (called Vero
cells), human tubal cells and even bovine oviductal epithelial cells, in order to
improve embryo viability in vitro and obtain 50% or more of morulae and blastocysts
at day 5 post insemination. These techniques of cocultures significantly improve the
percentage of zygotes reaching the blastocyst stage in vitro (Menezo et al, 1992 ;
Bongso et al, 1992 ; Wiemer et al, 1993) when compared to conventional cultures
(Bolton et al, 1991).

However, at the moment, the results of such late transfers do not show any statistical
improvement in the pregnancy rate when compared to earlier transfers, at least in
randomized series (Guerin et al, 1991). Thus, the uterine milieu is tolerant to the
young developing embryo in humans as in monkeys (Marston et al, 1977) from the
day of fertilization on, and if the synchrony between embryo growth and endometrium
maturation is maintained, the blastocyst will hatch during the receptive phase of the
uterus and be able to implant.

One can postulate that in humans the neutral prereceptive phase of the uterus do
extend to the period of the embryo tubal transport, but this does not prove that
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Table 1. Uterine transfer of embryos in humans at various times following oocyte

recovery

Day of  Embryos

transfer

Pregnancy per
transfer (%)

DO D1 D2 D3 D5

Day 0 oocytes +

Zona bound sperms
Day + 1 zygotes
Day + 2 le and 2e cleavage
Day + 3 2e and 3e cleavage
Day + 5 Morulae and

Blastocysts

20% (Rizk et al, 1990)
(Ahuja et al, 1985) ...... 21%
(FIVNAT, 1993) ............. 18%

(Belaisch-Allart et al, 1990) 29% ... 32%

(Guérin et al, 1991) ............ 17.8% ....... 20%

Day 0 = the day of oocyte recovery and insemination.

Table 2 . Comparative results of assisted procreations in France : embryo uterine
transfer (FIV) or zygote tubal transfer (ZIFT). Data collected on 108 IVF centers

(FIVNAT, 1993).

FIV (1990) ZIFT (1990)

oocyte recovery (or)

clinical pregnancy per transfer
clinical pregnancy per or
delivery per or

23883 253

24.8% 23.7%
19.7% 20.2%
15% 20.2%

Such results again point out the existence of a long prereceptive uterine phase in the

humans.
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transferring human embryos in the uterine cavity at the time they should have been in
the tubes represents the best moment and the best place.

To avoid these "inadequate" transfers, many teams tried to transfer in the tubes
zygotes (ZIFT : zygote intra-fallopian transfer) or early embryos (TEST, TET : tubal
embryo stage transfer). These procedures are applied to patients with patent tubes.
Nevertheless, only few groups showed an advantage to these tubal transfers (Yovich,
1990) and in the survey of french IVF results no difference appeared in the birth rate
per oocyte recovery whether IVF or ZIFT were performed.

II) THE UTERINE RECEPTIVE PHASE : IMPLANTATION WINDOW
1) Asynchronous transfers in mammals

The existence and duration of the receptive phase of the endometrium to nidation were
studied in several species by means of asynchronous transfers.

In most species, this kind of studies were performed with late embryos, morulae and
blastocysts just before the moment of their implantation and therefore, the degree of
asynchrony between embryo and endometrium ages that keeps tolerable and does not
impair the pregnancy rate may define the time limits of the implantation window.
When asynchronous transfers are performed with early embryos, such an
extrapolation becomes less accurate as interactions between the embryo and the
endometrium may occur. The embryo can modify by its secretion the uterine
receptivity, whereas the uterus may have an effect on embryo development.

In rodents, a high synchrony between the embryo and the recipient is required
(Chang, 1950 ; Dickmann and Noyes, 1960 ; Doyle et al, 1963 ; Fischer et al, 1989).
When asynchrony between endometrium and embryonic development exceeds 2 days,
embryo survival is drastically impaired. During a short period, the blastocyst adjusts
its growth to the maternal environment : when transferred in an older uterus, cell
proliferation and embryo growth is enhanced whereas a slowing down appears in the
development of blastocysts transferred in a "younger" uterus. Nevertheless, important
alterations soon occur in the morphology and growth of the asynchronously
transferred embryos.

In the pig, Polge (1982) showed that it is possible to transfer blastocysts in a 2 day-
younger uterus whereas when transferred in a 2 day-older recipient, embryos
degenerate rapidly and the pregnancy rate decreased from 77% to 9%.

In sheep, embryos can respond to a small degree of asynchrony by an adjustement of
their developmental rate in order to recover a state of growth corresponding to the age
of the endometrium (Wilmut et al, 1986). If the asynchrony exceeds 2 days, embryos
display anomalies, do not implant and degenerate.



In cattle, Geisert et al (1991) obtained 61% of pregnancies per synchronous transfers
of blastocysts recovered in vivo at Day 8. If the transfer was performed in recipients

which estrus took place 72 hours after the donor's one, the pregnancy rate decreased
to 4.8%. There too, better results were obtained with synchronous transfers.
In_monkeys, Hodgen (1983) by surrogate tubal transfers of embryos at various
developmental stages in castrated and treated females, could estimate the duration of
the implantion window to 3 days.

It is more difficult to define the limits and duration of the receptive phase in humans.

2) The implantation window in humans

Though it is easy to link the neutral phase to the tubal transport and intrauterine
embryo development, it is more difficult to define accurately the limits and duration
of the receptive phase in humans as asynchronous transfers are impossible in
conventional IVF where embryos are transferred in their own mothers. A dissociation
between embryo and endometrium ages could be realized in two circumstances : first,
in frozen-thawed embryo transfers and second in oocyte donation programs.

In theses 2 cases, it became possible, in humans, to perform asynchronous transfers
and therefore study the window of transfer, which is supposed to reflect the window
of implantation.

- asynchronous frozen-thawed embryo transfers
In a search of the implantation window limits, we carried out synchronized and
desynchronized frozen-thawed embryo transfers (Mandelbaum et al, 1988, 1990).
As other groups, we routinely used, since 1986, embryo freezing for excess embryos
resulting from IVF.
The protocol, widely described, comprised propanediol and sucrose as
cryoprotectants, diluted in B2 medium supplemented with 20% maternal serum.
Seeding was performed manually in a programmable freezer and the procedure was
applied on cleaved embryos 40 hours post-insemination.
During a 6 year period (1986-1992), 69% of frozen embryos displayed after thawing
50% at least of their blastomeres intact, which represents their survival rate.
Eighty eight per cent of the patients having an attempt of embryo thawing could be
replaced with a mean number of 2.2 embryos. And on a large series of 2489
transfers, the pregnancy rate reached 14.4% resulting in 359 clinical pregnancies with
an implantation rate by transferred embryo of 7% and per thawed embryo of 5%.
Transfers were performed either in spontaneous, stimulated or artificial cycles.
In spontaneous cycles, to determine the day of transfer, patients were monitored from
day 10 by morning daily plasma LH and estradiol assays, sometimes progesterone
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Table 3 . Transfers of frozen-thawed human embryos (spontaneous cycles)

Embryo-endometrium Transfers Embryo/T Clinical
synchrony* (D pregnancies (%)
In synchrony 565 2.2 95 (17%)3

Out of synchrony 287 2.1 32 (10%)P

X2 test:a-b:p < 0.05

* according to the LH surge initiating rise (LH SIR).

Table 4 . Transfers of frozen-thawed human embryos (spontaneous cycles)

Embryo-endometrium Transfers (T) Embryo/T Clinical
synchrony * _pregnancies (%)
0 565 2.2 95 (17%)

-1 83 2.3 10 (12%)
+1 186 2.0 22 (12%)
+2 18 22 e

X2 TEST : NS

* according to the LH surge initiating rise (LH SIR).



assays and also with the help of follicular ultra-sound. During a period of time,
transfers were performed either in synchrony, when 2 days-old embryos were
transferred on the fourth day following the LH surge initiating rise (LH SIR), or with
a relative asynchrony. Asynchronous transfers could be carried out in a uterus one day
"younger" than the embryo (-1) or one or two days older (+1 and + 2).

When comparing 565 synchronous and 287 asynchronous transfers, the uterus age
being calculated according to the LH SIR, it appeared that, when ovulation could be
accurately determined and for an identical number of embryos transferred, transfers in
synchrony led to 17% of clinical pregnancies instead of 10% for transfers out of
synchrony, the difference being statistically significant. (Table 3).

However, differences lost their signification when considering transfers in strict
synchrony or with a one day shift only. On the contrary, no pregnancy arose from 18
transfers performed in a uterus 2 days older than the embryo, a procedure that was
rapidly forsaken (Table 4).

Despite strict synchrony appears as the most favourable condition for embryo transfer
in humans, implantation is still possible when the transferred embryo is one day older
or younger than the uterus suggesting either a 3 day period of uterine receptivity or an
adaptation of the embryo developmental speed to counteract the asynchrony as was
demonstrated in sheep, pig and rabbit.

Implantation of frozen-thawed embryos and timing of the luteal phase

Animal experiments widely stated that endometrium receptivity to nidation depends on
steroid environment and especially the timing of the sequence of estradiol and
progesterone secretion. By exogenous administration of progesterone, it is possible to
create a pharmacological asynchrony between a young embryo and an overmature
treated endometrium.

This was done in rodents : Schacht and Foote (1978) reported that in the rabbit the
preovulatory administration of progesterone decreased to 5% the implantation rate of
embryos transferred to the uterus of treated recipients and in the rat Dickmann (1970)
also obtained a dramatic decrease in the percentage of transferred morulae devoloping
in fetuses when the administration of progesterone began in the preovulatory period.
So, an overmature endometrium may be refractory to implantation .

The first day of the luteal phase can be determined by daily plasma progesterone
assays and occurs when progesterone rises up above 1ng/ml and goes on increasing.
Therefore, transfers of thawed embryos that have been frozen 2 days after
insemination should occur on the first or second day following the progesterone rise.
In the course of 376 transfers of frozen-thawed embryos performed in spontaneous
cycles, progesterone was assessed daily in plasma.
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Table 5 . Transfers of frozen-thawed human embryos (spontaneous cycles)

Day of transfer Transfers (T) Embryo/T Clinical

pregnancies (%)

TO* 17 2.8 4 (24%)
T-1 140 2.2 24 (17%)a
T-2 122 2.1 19 (16%)b
T-3 84 2.4 10 (12%)c
T -4 13 2.5 3 (23%)

TO : Transfer performed the first day of the rise in plasma progesterone (> 1 ng/ml)
X2 =a, b, c NS.

The progesterone rise could occur the day of the transfer to or 1 (To) 4 days earlier
T-1, -2, -3, -4 (Table 5).

No significative difference emerged in the clinical pregnancy rate during a 3-day
period corresponding to the second to fourth days of elevated progesterone
concentrations in plasma. Moreover, and despite the short series, no reduction in the
pregnancy rate was noted when transfers were performed the day of progesterone rise
or 4 days later. The relative increase in the pregnancy rate could perhaps be related to
the higher mean number of embryos transferred in these 2 groups. These results, as
the data obtained with asynchronous transfers, again suggest either a large receptive
phase in humans lasting at least 3 days or a remarkable ability of the embryo to adapt
its growth to the uterine environment.

- transfers of embryos resulting from oocyte donation

In the same way, embryo transfers following oocyte donation in women deprived of
endogenous ovarian function led to successful implantations even when 2 to 8 cell
embryos were transferred 2, 3, 4 or 5 days after the beginning of the progesterone
supply representing the artificial luteal phase : 30% of pregnancy per transfer when 2
days-old embryos were transferred on day 2 of the progestative phase as reported in
our collaborative group by Salat-Baroux et al (1988) ; seventeen to thirty per cent on
the data that Scott and Rosenwaks could collect in a multicentric study (1990).
Nevertheless, even if the receptive period lasts at least 3 days in humans, it ends and
Navot et al (1986) and Rosenwaks (1987) reported that no evolutive pregnancy arose
from transfers performed after the fifth day of progesterone substitution which
suggests that the replaced embryos reached their own maturity after the entry of the
uterus into the refractory period and could have been prevented from implanting.
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III THE POST-RECEPTIVE REFRACTORY PERIOD

The uterus that has already experienced the receptive phase, automatically enters in
the refractory phase regardless of the occurence of implantation (Yoshinaga, 1988).

It has been reported that the uterus in the refractory phase is not only indifferent but
also, in some species and especially in rodents, even hostile to the blastocyst.
Consequently, this embryotoxicity could explain the failure of asynchronous transfers.
In the rabbit, as related by Adams (1971), day 6 blastocysts transferred into the uterus
of a pseudopregnant female at day 9, 10 or 11, degenerate. A 24 hour exposition of 6
days-old blastocysts into an older uterus leads to an arrest in embryo development
even after a further transfer in a synchronous recipient.

In the rat too, as reported by Psychoyos and Casimiri (1981) day 5 blastocysts
degenerate and are expelled in the vagina when transferred in a one day older uterus.
Moreover, cultured with the flushings of day 6 uterus for 24 hours, they degenerate.
Is the embryotoxicity of the uterine environment in the refractory period observed in
rodents applicable to humans ?

Psychoyos et al, (1989), collecting flushings from human uteri in the late luteal phase
(day 22 to day 25) showed a strong embryotoxic effect in vitro on rat blastocysts. We
observed the same effect on a model of human triploid embryos cultured in straws in
aspirates of human fluids from the late luteal phase (Mandelbaum et al, 1990).

In 1989, Psychoyos and colleagues reported that flushings from human uteri contained
a dialysable component of low molecular weight responsible for this embryotoxic
effect.

Analysis in HPLC showed two main peaks with the same retention time as taurocholic
acid and cholic acid. Taurine and taurocholic acid displayed no embryotoxic effect in
vitro.

On the contrary, cholic acid induced in vitro, at a concentration of 0.2 M, the
degeneration of 100% of rat blastocysts within 24 hours.

The cholic acid content per human uterine sample reached 100 mcg for an average
volume of fluid of 40 ul in the late luteal phase, representing 6 mM ; these
concentrations 30 fold higher than those displaying an embryotoxicity in rats in vitro,
also contrasted with the low levels of this acid in the blood serum which excluded the
possibility of a contamination of the uterine samples by cholic acid originating from
blood.

In an attempt to determine if cholic acid exerts the same embryotoxicity in humans as
in rats, we used, as model, the human triploid embryos.

Human triploid embryos exhibiting 3 pronuclei the day after fertilization, are obtained
in our routine IVF program as they represent 5% of all fertilized eggs ; they are
obviously discarded from transfer.
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Two days after insemination, cleaved triploid embryos at 2 to 4 cell stage, without
cytoplasmic fragmentation were transferred in B2 medium supplemented by 15%
maternal serum and containing or not cholic acid at concentrations of 0.2, 2 and 6
mM. The addition of cholic acid did not modify medium's pH and osmolarity.
Embryo development was checked daily until day 5 to 6 post-insemination all
embryos were endly examined by direct Tarkowski's (1986) technic to assess the
number of nuclei and differentiate embryo development from embryo regular
fragmentation. Almost half of the control triploid embryos (48%), cultured in B2
enriched with serum were able to cleave twice or more at least and reach the eight cell
to morula stage. Only 19% were blocked and 33% experienced only one segmentation
before their developmental arrest. No more than 3% were able to develop into a
blastocyst in the absence of feeders. When cultured in the presence of cholic acid,
human triploid embryos were rapidly arrested in their growth and this effect increased
with acid cholic concentrations : 32% for 0.2 mM, 44% with 2 mMol, 79% with 6
mM. At 6 mMol, concentrations similar to what Psychoyos et al (1989) found in the
late luteal human uterus, 100% of triploid embryos did not go beyond one mitotic
cycle and 79% of such embryos were highly degenerative when compared to control
embryos. It was a particular degenerative aspect as the embryos displayed an intact
zona pellucida containing clear blastomeres with weakened plasma membranes. Cholic
acid thus appears as an embryotoxic factor in humans as well as in rodents. Many
questions, however remain unsolved : what is the origine of uterine taurocholic and
cholic acids which are bile acids, presumed to be only produced by the liver ? If
cholic acid is really present at high concentrations during the post receptive period,
does it exert an embryotoxic effect in vivo as in vitro ? And therefore, can it be
involved in transfer failures or responsible for a particular kind of sterility ? The
answer to those questions could add to our knowledge of the implantation window in
humans.
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IN VITRO FERTILISATION
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Denmark Hill

London SES 8RX, UK

INTRODUCTION

There have been a number of advances in therapeutic in vitro fertilisation (IVF)
since the first live birth resulted from this form of treatment in 1978 (Steptoe and
Edwards 1978). The most notable have been clinical rather than scientific, and include
the introduction of the use of LHRH analogues (Fleming et al., 1982; Porter et al.,
1984), and the use of vaginal ultrasound both for monitoring of ovarian response to
superovulation (Popp et al., 1985), and oocyte retrieval (Wikland et al., 1985). However,
these technical advances have resulted in only moderate improvements in the rate of
successful pregnancy following treatment (Figure 1). Thus, data from all the centres
practising IVF in the UK shows that while there has been a slight increase in the live
birth rate per treatment cycle between 1985 and 1991, from 9% to 13%, this can be
accounted for almost entirely by the reduction in cancelled cycles due to the use of
LHRH analogues (Tan et al., 1993). Indeed, data from our unit illustrate clearly that
only 6% of cycles are abandoned before oocyte retrieval, and that the majority (72%)
proceed to embryo transfer (ET). It is after ET that the failure of IVF is manifested,
with only 14% of cycles in our centre resulting in successful pregnancy (Figure 2).

These figures are even more disappointing when viewed in terms of implantation
rate per embryo transferred. Thus, during 1991 in our unit, 1485 embryos were
transferred in 663 ET procedures. While the overall pregnancy rate per ET was 27%,
the implantation rate per embryo transferred was only 14%; after failed pregnancies were
taken into consideration this figure fell to 13% per embryo.

This observation that up to 87% of human embryos fail after ET needs to be
addressed. Factors that may be responsible include uterine receptivity, sub-optimal
culture conditions, and differential potential of the oocytes and embryos. It is the last
of these that will be considered below.

Endocrinology of Embryo-Endometrium Interactions
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Figure 1. IVF pregnancy and live birth rates per treatment cycle in the UK, 1985-1990 (data
compiled by the Human Fertilisation and Embryology Authority).

Figure 2. Results of IVF treatments commenced at King’s College Hospital between January 1988
and December 1991.
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Figure 3. Photomicrographs of human 4-cell embryos of different morphological grades. (a) Grade 4:
regular, spherical blastomeres with no extracellular fragmentation; (b) Grade 3: regular, spherical
blastomeres with some extracellular fragmentation; (c) Grade 2: blastomeres slightly irregular in size
and shape with considerable extracellular fragmentation; (d) Grade 1: barely defined blastomeres with
considerable extracellular fragmentation.

EMBRYO TRANSFER ON DAY 2

Following IVF, ET in the human is performed traditionally at the two- to four-cell
stage (day 2 after oocyte retrieval). This is primarily to minimise the duration of

exposure to sub-optimal culture conditions, while at the same time allowing sufficient
time in culture to ensure that normal fertilisation has taken place, and that cleavage has
begun.

On day 2, the selection of those embryos from a cohort that are most suitable for
transfer remains largely subjective, being based primarily on two criteria of development,
namely cleavage rate and gross morphology (Figure 3). It is widely held that those
embryos which divide more rapidly and which have regular, spherical blastomeres are
more likely to lead to a pregnancy. However, a study of the in vitro development of
spare human embryos derived by IVF has shown that even if embryos show little or no
extra-cellular fragmentation, only 19%, 25% and 33% of embryos that have developed
to the 2-cell, 3-cell and 4-cell stages respectively by day 2 will develop into fully
expanded blastocysts by day 5 (Bolton et al., 1989).

Clearly, the criteria of cleavage rate and gross morphology are inadequate in the
accurate prediction of the potential of human embryos either to develop into blastocysts
in vitro, or to implant and lead to a viable pregnancy in vivo following ET. Some
workers have attempted to derive more objective criteria for assessment of embryo
viability, for example by measuring the thickness of the zona pellucida together with
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accurate quantification of extracellular fragmentation using videomorphometry (Cohen
et al., 1989), or by the measurement of uptake and production of certain metabolites
(Gott et al.,, 1990; Conaghan et al, 1993). However, definitive criteria for the
assessment of human embryo potential on day 2 after oocyte retrieval have yet to be
described.

EMBRYO TRANSFER ON DAY 3

Although the tradition of day 2 ET has been adhered to by most IVF units in the
majority of treatment cycles, the desire to avoid working outside the 5-day week means
that some, including our own, have introduced modification. Thus, for oocyte retrievals
performed on Fridays, routine day 3 ETs avoid the necessity for work on Sundays.

In a prospective, randomised study of 398 ETs performed either on day 2 or day
3 after oocyte retrieval, there appeared to be a marginal advantage in terms of clinical
pregnancies per ET in the latter group, although this did not reach significance (van Os
et al., 1989). Therefore, delaying ET by one day until day 3 has been shown to have
no disadvantages, and may, in a larger study, prove to have significant advantages.

ACTIVATION OF THE EMBRYONIC GENOME

There are sound scientific arguments in favour of day 3, or even later ETs. In a
study of 317 spare human embryos cultured for 5 days following IVF, the majority
(85%) of embryos survived to the 4-cell stage, but only 17% developed into fully
expanded blastocysts (Bolton et al., 1989). The stage at which most embryos arrested
was at the third cleavage division (i.e. between the 4- and 8-cell stages).

A series of experiments using the transcriptional inhibitor o-amanitin have
demonstrated that in the human, embryonic gene activation occurs between the 4- and
8-cell stages (Braude et al., 1988). Thus, in the presence of a-amanitin, human embryos
cultured in vitro were found to undergo cleavage to the 4-cell stage but no further, while
control embryos proceeded to the 8-cell stage and beyond. The polypeptide synthetic
profiles of both control and drug-treated embryos, examined by SDS polyacrylamide gel
electrophoresis after incubation in **S-methionine, demonstrated that changes in the
patterns of polypeptide synthesis of human embryos that normally occur between the 4-
cell and blastocyst stages did not take place in embryos in which transcription had been
blocked by a-amanitin (Figure 4).

A number of mammalian embryos undergo developmental arrest in vitro, and the
stage of arrest tends to coincide with the stage at which activation of the embryonic
genome occurs. [t is tempting to speculate that there may be a causal relationship
between susceptibility to developmental arrest and activation of transcription in the
embryo. However, if such a relationship exists, it cannot be straightforward, since it has
been shown in both the mouse and the human embryo that even those embryos which
arrest undergo gene activation (Goddard and Pratt, 1983; Artley et al., 1992).

Whatever the explanation for developmental arrest in the human, there is no doubt
that there is a temporal relationship between the onset of this elevated rate of embryonic
attrition and the cessation of the exclusive control of embryogenesis by the maternal
inheritance, which is coincident with the commencement of embryonic control. In terms
of therapeutic IVF, clearly there should be an advantage in delaying ET until embryos
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Figure 4. Fluorograph of **S-methionine labelled polypeptides synthesised by human preimplantation
embryos between 70 hours and 73 hours post insemination and separated by one dimensional
polyacrylamide gel electrophoresis. Embryos were cultured for 30 hours from the late 2-cell stage
(lane A) or the early 4-cell stage (lanes C and E) in control medium, and from the late 2-cell stage
(lanes B and D) or the early 4-cell stage (lane F) in the presence of a-amanitin. Arrowheads indicate
polypeptide bands whose pattern of synthesis changes between the 2- to 4-cell and the blastocyst
stages.

have cleaved to the 8-cell stage, so that only those embryos that at least have the
potential to develop beyond this apparent developmental hurdle are included in the
cohort from which embryos are selected for transfer.

EMBRYO TRANSFER ON DAY §

Background

In light of the considerations outlined above, it follows that there are a number of
reasons to re-evaluate the efficacy of performing ETs on day 5 after oocyte retrieval.
First, ET is performed routinely at the blastocyst stage in domestic animals, leading to
high pregnancy rates (Adams, 1982). Second, it is physiologically more appropriate for
blastocysts to be transferred to the uterus than cleavage stage embryos. Third, as for day
3 transfers, it may be that delaying ET until embryos have successfully developed into
fully expanded blastocysts will reduce the element of subjectivity in selecting embryos
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from a cohort for transfer. Fourth, a number of studies have demonstrated encouraging
pregnancy rates following the transfer of human blastocysts that have developed in vitro
using co-culture techniques (Menezo et al.,, 1992a, b; Bongso et al., 1992). Fifth, the
preimplantation stage diagnosis of genetic disease may be facilitated by performing
embryo biopsy at the blastocyst stage, since not only might it be possible to biopsy more
cells from the blastocyst for genetic diagnosis, but also, only extra-embryonic cells need
be biopsied, both of which would reduce the chances of the biopsy procedure
compromising the viability of the embryo (Tarin et al., 1992; Tarin and Handyside,
1993). Finally, since it is the blastocyst that interacts with the endometrium at
implantation, it is more likely that secretions by blastocyst stage, rather than cleavage
stage embryos, may be identified, quantified and used to distinguish between embryos
that do, and those that do not have the potential to lead to a pregnancy.

Prospective Randomised Study

In an attempt to examine the above points, a prospective randomised study was
undertaken, with patients undergoing IVF followed by ET either on day 2 or day 5 after
oocyte retrieval. Superovulation, ultrasound-directed follicle aspiration, IVF and ET
were carried out exactly as described previously (Waterstone and Parsons, 1992; Bolton
et al., 1989), except that follicles were aspirated and flushed carefully in order both to
obtain an accurate measure of follicle volume, as well as an uncontaminated sample of
follicular fluid.

A total of 72 couples, all of whom were suffering from tubal damage as the only
identified cause of their infertility, underwent 128 cycles of IVF; in 63 cycles, ET was
performed on day 2 after oocyte retrieval, and in 65 cycles, on day 5. The median age
of the women in both groups was 31 years (range 24-37 years), and a median of 14 and
13 (ranges 2-31, and 4-39) oocytes were collected in the day 2 and day S groups
respectively. After insemination in vitro, a median of 10 and 9 oocytes (ranges 2-22 and
2-24) became fertilised in the two groups respectively.

All the cycles resulted in ET, with a maximum of two embryos transferred. The
pregnancy rates, and the implantation rates per embryo transferred in the day 2 and day
5 groups are shown in Table 1.

It can be seen that both the overall and ongoing pregnancy rates were similar in the
two groups, as were the implantation rates and the rate of development of a fetal heart
per embryo transferred. Clearly, these data provide no evidence to suggest that day 5
ET reduces the chance of pregnancy, but neither do they provide any evidence to support
the contention that day 5 ETs confer an advantage. However, it should be noted that in
the day 5 ET group, there were eight cases where embryos were transferred despite the
fact that they had not developed beyond the 16-cell stage; none of these ETs resulted in
pregnancy (data not shown). Indeed, while 57 of the 63 (90%) cases in the day 2 ET
group had at least two "good quality” (i.e. Grade 4 or Grade 3; Bolton et al., 1989)
embryos available for ET, only 52 of 65 (80%) cases in the day 5 ET group had at least
2 morulae or blastocysts available; had ET been performed on day 2 in the latter group,
61 (91%) would have had two "good quality" embryos transferred.

Despite this observation, the pregnancy rate in the day 5 group was not
compromised, providing circumstantial evidence to suggest that those embryos that do
not survive the additional period in vitro do not have the potential to develop into
blastocysts and implant, even if they are returned to the in vivo environment at the 2-
to 4-cell stage. If this proves to be correct, then it follows that as long as it remains the
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Table 1. Results of prospective randomised trial comparing outcome of IVF
followed by ET either on day 2 or day S after oocyte retrieval

ET Performed on:-

Day 2 Day §
No. (%) of:-
Cycles 63 65
ETs 63 65
Pregnancies 14 (22) 17 (26)
(+ve BhCG)
Ongoing Pregnancies 9 (14) 12 (18)
(FH on ultrasound)
Embryos transferred 126 124
Implantations 20 (16)° 20 (16)°
Fetal Hearts 14 (11) 16 (13)°

"% per embryo transferred

convention to perform ET on day 2. in many cases embryos will be transferred that do
not have the potential to develop into a viable pregnancy; a proportion of these cases
would be identified prior to ET if this procedure was delayed until day S. through
delayed cleavage or developmental arrest of non-viable embryos. Indeed, among those
cases in the day 5 ET group where only morula or blastocyst stage embryos were
transferred, the pregnancy rate per ET was 17/52 (33%), the implantation rate per
embryo transferred was 20/108 (19%), and the fetal heart (FH) rate per embryo
transferred was 16/108 (15%).

It can be concluded that ET on day 5 results in at least an equivalent pregnancy rate
to that achieved following ET on day 2; a larger series of day 5 tranfers will demonstrate
whether or not the trend of slightly higher pregnancy and implantation rate per embryo
on day 5 illustrated in Table 1 is significant. Furthermore, it appears that those embryos
that have not undergone morula or blastocyst formation by day 5 in vitro will not
implant following ET, and that by delaying ET until day 5, it may be possible to select
those embryos that are more likely to implant following transfer. Finally, and perhaps
most significantly, it is clear that not all blastocysts have the potential to implant
following ET.

FAILURE OF BLASTOCYSTS TO IMPLANT

Two possible reasons for the failure of in vitro-derived blastocysts to implant
following ET on day 5 after insemination are (i) the embryos are intrinsically non-viable,
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despite overt morphological evidence of cavitation and blastocyst formation, and (ii) the
blastocysts themselves are viable, but they are unable to hatch from the zona pellucida.

Blastocyst Viability Assessed by Cell Numbers

There are many intrinsic factors that may affect the viability of blastocysts,
including chromosomal abnormalities which are reported to occur in nearly 40% of
human embryos derived by IVF (Plachot, 1991), and impaired metabolic activity (Gott
et al., 1990). Another factor is delayed or abnormal cytokinesis and/or karyokinesis,
resulting in blastocysts with reduced cell numbers and/or multinucleate cells (Hardy et
al., 1989a; Winston et al., 1991).

Figure 5. Photomicrographs of human embryos on day S after insemination in vitro. (a) fully
expanded viable blastocyst which implanted following embryo transfer and led to the live birth of a
healthy male infant; (b) embryo displaying multiple cavities or intracellular vacuoles; (c) embryo with
a "blastocyst" appearance, but with too few cells; (d) embryo with outer layer of cells surrounding a
"blastocoelic cavity", but with unincorporated blastomeres and too few cells; (¢) embryo with a small
number of outer cells, many unincorporated blastomeres and multiple cavities; (f) embryo displaying
unincorporated blastomeres.
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Table 2. Total nuclear numbers in in vitro-derived human blastocysts on days 5, 6
and 7 post insemination '

""Blastocyst" morphology & age No. No. of Range
(days post fertilisation) Analysed  Nuclei
"Normal" Day § 9 58.3+8.1 24-90
"Abnormal" Day 5 1 18
"Normal" Day 6 25 84.4+57  27-136
"Abnormal" Day 6 15 38.3+6.2 3-86
"Normal" Day 7 11 125.5£19 60-283

'Data from Hardy et al., 1989a

There are few studies of cell numbers in human blastocysts that have developed in
vivo. Two blastocysts, recovered at hysterectomy and estimated to be 5 days old, were
found, by serial sectioning, to consist of 158 and 107 cells respectively (Hertig et al.,
1954). A single blastocyst of undefined age, but thought to be more than 5 days old,
was obtained by uterine flushing and estimated by serial sectioning to contain 186 cells
(Croxatto et al., 1972). In comparison, two in vitro-derived blastocysts at 7 days post
insemination were found to contain 112 and 110 nuclei respectively (Steptoe et al.,
1971).

Two recent studies have examined in detail relatively large numbers of human
blastocysts developed in vitro following IVF, both of which have identified abnormalities
in a large proportion of such embryos. The first investigated cell number and allocation
to either trophectoderm (TE) or inner cell mass (ICM) in blastocysts that developed on
days 5, 6 and 7 after insemination in vitro, by nuclear staining (Hardy et al., 1989a).
Blastocysts were classified as morphologically abnormal if they displayed one or more
of the following characteristics: unincorporated blastomeres; multiple cavities (possibly
intracellular vacuoles); no discrete ICM visible; low numbers of mural TE cells (Figure
5). Of 149 normally fertilised embryos, 48 (32%) developed into apparently normal
blastocysts, and 15 (10%) developed into blastocysts displaying morphological
abnormalities; 61 of these embryos were analysed successfully for total nuclear number.
Results of the analysis are summarised in Table 2, and demonstrate that morphologically
abnormal blastocysts had lower total cell numbers.

The implications of these results for the potential of blastocysts to develop into a
viable pregnancy are considerable. First, it seems likely that a number of "abnormal”
blastocysts display morphological evidence of degeneration, which is confirmed by the
low cell numbers, indicating that cytokinesis is retarded or arrested. Second, some
blastocysts with abnormally low cell numbers may remain viable, but with limited
potential, since blastocysts with too few cells will be unable to allocate sufficient cells
to form both functioning TE and viable ICM. Allocation of cells to the TE and ICM in
the blastocyst is of fundamental importance to subsequent development; following
implantation, the TE gives rise only to placenta and extra-embryonic membranes, while
the ICM forms all three germ layers of the fetus and contributes to the extra-embryonic
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membranes (Gardner & Papaioannou, 1975). It follows that blastocysts with too few
ICM cells may be responsible for biochemical pregnancies where there is initial
production of hCG by TE cells, but no fetal development.

The second detailed study of in vitro-derived human blastocysts on day 5
investigated the number of cells present in the embryos by serial sectioning (Winston et
al., 1991). Of 19 blastocysts, only 4 (21%) were found to contain more than 60 cells.
Moreover, the high incidence of multinucleate cells found in this as well as earlier
studies (Lopata et al., 1983; Tesarik et al., 1987) suggests that the majority of human
blastocysts that develop in vitro contain multinucleated cells. Indeed, any estimate of
cell numbers in such embryos are likely to be overestimates. From these data it was
concluded that of those embryos that fertilise normally in vitro, the majority fail to
complete sufficient cell cycles to produce viable blastocysts with sufficient cell numbers
to differentiate a normal ICM.

Both these detailed studies lead to the conclusion that the majority of in vitro-
derived human blastocysts are unlikely to be developmentally competent even if
implantation should occur; an implanted blastocoelic vesicle, for example, could produce
symptoms and signs of a pregnancy which fails early (a biochemical pregnancy) or could
even progress further to produce an anembryonic pregnancy or abortion.

Inability of Blastocysts to Hatch

It has been hypothesised that some blastocysts are unable to hatch from the zona
pellucida, and are therefore unable to implant despite the fact that they may be
intrinsically viable. The phenomenon of zona hardening (Drobnis et al., 1988), which
may be a function of prolonged culture, may also be related to zona thickness, which is
itself related to embryonic stage and rate of development (Wright et al., 1990; Keenan
et al., 1991) as well as maternal age (Cohen et al., 1992). The suggestion that there may
be a direct relationship between a thickened and/or hardened zona and failure to implant
has been investigated using microsurgical techniques.

In a preliminary study in which the zonae pellucida of 49 2- to 8-cell stage embryos
were split by partial zona dissection (Cohen et al., 1991), the implantation rate following
transfer was 25% (12/49), compared with only 6% (2/35) in control embryos, suggesting
that implantation was enhanced by "assisted hatching" (Cohen et al., 1990). This study
was followed by a more extensive series (Cohen et al., 1992). In one study, in which
ET was performed on day 3 after insemination in vitro, 137 patients were randomised
prospectively into two groups; in one group (68 patients) 229 embryos were transferred
after zona drilling (Gordon and Talansky, 1986), and in the other group (69 patients),
239 embryos were transferred with their zonae intact. The rates of development of a
fetal heart per embryo transferred were 28% and 21% in the two groups respectively
(P<0.023; Cohen et al., 1992).

In a further study, embryos were identified which would theoretically benefit most
from "assisted hatching" (i.e. those whose zonae were >15um thick, and/or where the
cell number was <5 on the morning of day 3, and/or where >20% of the perivitelline
space was filled with extracellular fragments). A total of 172 patients whose embryos
displayed these properties were randomly allocated for zona drilling prior to ET. Of the
285 control, zona-intact embryos that were transferred in 92 patients, 51 (18%)
implanted, all off which developed a fetal heart. Of the 278 embryos in the
experimental, selective assisted hatching group, 70 (25%) implanted following ET, all
of which developed a fetal heart (P<0.05).
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These data support the suggestion that there is a relationship between zona
thickness, hatching and implantation. While the precise mechanism by which assisted
hatching promotes implantation remains unclear, it would seem likely that it is
mechanical, in that the embryo has a greater chance of escaping from the split zona.
However, it is possible that a thickened zona impairs the transport of metabolites and
growth factors to the embryo, thereby inhibiting its development.

IDENTIFICATION OF EMBRYOS WITH THE POTENTIAL TO IMPLANT

It is clear that irrespective of the stage at which ET is performed, human embryos
manifest a differential potential to implant and progress to a viable pregnancy. In order
to improve the chances of pregnancy resulting from IVF, it is essential to develop
methods by which those embryos with the potential to continue development can be
identified. Currently, the criteria used most commonly for the selection of embryos for
ET are cleavage rate and gross morphology (Bolton et al., 1989), neither of which are
accurate.

The study in which ET was performed on day 5 after insemination in vitro has
enabled the detailed examination of the follicular environment of oocytes that fertilise
normally, develop into blastocysts and implant following ET, as well as the secretions
of those blastocysts immediately prior to transfer.

The Follicular Environment

The ovarian follicles which develop under the influence of superovulatory
stimulation regimens vary in size, and the oocytes derived from them are
developmentally asynchronous (Veeck, 1989; Hammitt et al., 1993), despite the fact that
each follicle is exposed to the same duration and levels of gonadotrophins. Clearly, the
potential of each follicle to respond to gonadotrophins must vary, and this may be linked
to oocyte quality. Thus, it is possible that examination of the follicular environment,
which reflects its response to stimulation, may provide information regarding the
potential of each oocyte.

Follicle Volume. During ultrasound-directed follicle aspiration for patients
randomised to day 5 ET, the volume of the follicle from which each oocyte was
collected was measured carefully. The fate of each oocyte, in terms of normal
fertilisation in vitro and development to the blastocyst stage, related to the volume of the
follicle from which it was derived is illustrated in Figure 6. It can be seen that there is
no relationship between the size of the follicle and whether or not its oocyte achieves
normal fertilisation in vitro, or develops into a blastocyst.

Follicular biochemistry. It is likely that there are measurable factors within each
follicle that may give an indication of the developmental potential of the oocyte within
it. This is not a novel idea, and a number of studies have investigated the relationship
between follicular biochemistry and the potential of the oocyte to which each follicle
gives rise, without identifying any influential factor (Nayudu et al., 1989; De Sutter et
al., 1991; Gonzales et al., 1992; Phocas et al., 1992). However, no study has examined
the relationship between the levels of different components of follicular fluids and the
development of human oocytes to the blastocyst stage following fertilisation in vitro.
In the study in which embryos were transferred on day 5 after insemination in vitro,
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follicular fluids from individual follicles were analysed for steroid (oestradiol,
progesterone, testosterone and androstenedione) content, as well as for the levels of
insulin-like growth factor-1 (IGF-1). Although the levels of the individual factors
showed no correlation with the potential of the oocyte from a given follicle to undergo
normal fertilisation, blastocyst formation, or to implant following ET on day S5,
preliminary evidence was obtained suggesting that measurement of a combination of
follicular factors may provide accurate information regarding oocyte quality (data not
shown). Whether or not a relationship exists between levels of PAF-acether (Amiel et
al., 1991), tumour necrosis factor (Roby and Terranova, 1988; Zolti et al., 1990), colony
stimulating factor or interleukin-6 (Zolti et al., 1991, 1992), all of which have been
suggested to influence oocyte quality, remains to be elucidated.

Non-Invasive Assays of Embryo Potential

Assays of embryo potential that will be useful in selecting embryos for ET must,
by definition, be non-invasive. Microassays for uptake and incorporation of metabolites
have been developed (Leese et al., 1986; Hardy et al., 1989b), but these have proved of
little use in predicting embryo potential if ET is to be performed on day 2 (Conaghan
et al., 1993). In contrast, studies of glucose and pyruvate uptake, and lactate production
by human embryos in vitro have demonstrated significant differences on days 5 and 6
after insemination between those embryos that undergo developmental arrest and those
that form blastocysts (Gott et al., 1990).

It seems unlikely that embryos secrete factors signalling their presence to the
mother as early as the 2- to 4-cell stage, since they are free-floating and autonomous;
in vivo they are in transit in the fallopian tube, and clearly, they can continue
development in simple media in vitro. In contrast, by day S5, the blastocyst is
approaching, or has entered the uterine cavity, and is poised for implantation; the
endometrium is primed for its arrival, and it seems likely that the embryo secretes factors
that signal its presence to which the endometrium (and corpus luteum) respond.

| -Fertlhsed l JBlastocysts j
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Figure 6. Histogram illustrating the percentage of eggs collected from follicles of different volumes
that fertilise, and that develop into blastocysts by day 5 after fertilisation.
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Figure 7. Histogram illustrating qualitative assessments of levels of SP, secreted by human embryos
on day 5 after fertilisation in vitro prior to transfer.

Human chorionic gonadotrophin (hCG) is secreted by trophectoderm cells, and has
been detected by immunoradiometric assay in the medium in which human embryos
have been cultured for 8 days (Lopata and Hay, 1989) or for 7 days (Dokras et al., 1991;
Lopata and Oliva, 1993). Recently, using a mouse Leydig cell bioassay, we have
detected hCG scretion by day 6 blastocysts (Jones et al., 1992). Whether or not this
assay will be of practical use in predicting which day 5 embryos should be selected for
transfer during therapeutic IVF remains to be established.

A further hormone that may prove predictive of embryo potential is pregnancy
specific  B,-glycoprotein (SP,), which is known to be synthesised by the
syncytiotrophoblast (Horne et al., 1976). Although a recent report, in which SP,
secretion by human embryos between days 2 and 14 after fertilisation in vitro, suggested
that nanograms of the protein are secreted by individual embryos from day 4
(Dimitriadou et al., 1992), we were able to detect only picogram levels secreted by day
5 embryos (Bolton and Bersinger, in preparation). The levels of SP, in the medium in
which embryos had been cultured for 5 days prior to transfer were measured, and related
to whether or not the embryo subsequently implanted and led to a clinical pregnancy.
The preliminary results of this study are shown in Figure 7; because the numbers are as
yet still small, the data are not shown quantitatively. Nonetheless, they show that most
of the embryos that fail following ET secrete relatively low levels of SP,, while of the
embryos that develop into clinical pregnancies, most secrete higher levels of the
hormone.

Among the cytokines, there are a number of potential candidates for a putative
"embryonic signal", including platelet-activating factor (O’Neill et al., 1987; Nakatsuka
et al., 1992), platelet-derived growth factor (Svalander et al., 1991), and interferon-a
(Chard, 1991). We have measured interferon-a. levels in medium in which human
embryos had been cultured for S days. We were unable to detect this cytokine in any
of the samples assayed; this included the culture medium from blastocysts that
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implanted, and those that failed to implant, following ET. This result was somewhat
surprising, since substantial quantities of a molecule of the interferon-o family, which
exhibits antiluteolytic activity and has been designated trophoblast interferon, are
secreted by sheep, cow and pig embryos (reviewed by Chard, 1991). However, the role
of trophoblast interferon is by no means universal, since it appears that it is not secreted
by the mouse blastocyst.

CONCLUSIONS

Our understanding of human preimplantation embryogenesis has increased
considerably since the development of successful techniques for human IVF. However,
therapeutic IVF remains relatively unsuccessful, and any improvement will rely upon a
better understanding of the processes leading to normal blastocyst formation and
implantation. This objective may be achieved by performing ET on day 5 after
fertilisation in vitro. During the additional period of culture it should be possible to
identify and subsequently apply criteria which will enable the more accurate selection
for transfer of those embryos with the greatest chance of developing into a viable
pregnancy. In addition, it will be possible to investigate the nature of the interactions
between the blastocyst and the endometrium during the peri-implantation period, and all
without reducing the chance of achieving a pregnancy.
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INTRODUCTION

Endometrial receptivity for implantation is highly relevant in the clinical practice of in
vitro fertilization and embryo transfer (IVF-ET). By the advancement of assisted
reproductive technology, it has become increasingly evident that human implantation is
indeed a complex biological process, having many characteristics in common with an
inflammatory reaction and a tumour invasion. Since medico-legal contraints limit the
possibility of investigating and revealing the mechanisms of human implantation, most
research is confined to studies of the separate tissues involved, i.e. the human blastocyst
grown in vitro, the endometrium in situ, endometrial biopsy material, and culture of the
separate cell types. Without reviewing the entire scientific literature on implantation in
animals and man, we would like to present some fundamental views on human implantation
with emphasis on studies of the mid-luteal phase endometrium of normal, fertile women. In
a recent series of experiments, we obtained endometrial biopsies from the ovulation-timed
cycles of normal women, both in control cycles and in treatment cycles, using the
progesterone antagonist RU 486. Endometrial biopsies were obtained in the mid-luteal phase
at the time corresponding to implantation and these were analysed by immunohistochemistry
with a panel of monoclonal antibodies. The aim of these studies was to gather basic data that
would aid in the manipulation of implantation to improve the success rate of human IVF-ET
treatment.
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Defining the human ”Window of implantation”

Before scientific data can be correctly gathered and interpreted regarding human
implantation, it is essential to attempt to define the correct time coordinates of the human
implantation process. A valuable model to define is the time of implantation that is provided
by one particular infertility treatment using oocyte donation in hormonal replacement cycles.
In order to induce pregnancy, which implies that the endometrium should be receptive for
the blastocyst, Navot and coworkers (1991) found it neccessary to time the embryo transfer
in relation to the steroid hormone replacement regimen used. Specifically, they found that
implantation only occurred when 2-day-old human conceptuses were transferred to the
uterus at days 17-19 of the cycle (day 15 was considered the first day of progesterone
administration). This period of the endometrial cycle can be referred to as the "window of
transfer”, which has to be distinguished from the term “window of implantation”. The
developmental age of the tranferred conceptuses must be taken into account in order to
calculate the plausible time of implantation. The human blastocyst stage is reached at day-5
in vitro (Svalander et al., 1991). Given that human preimplantation development may be
somewhat retarded in vifro, as is usually the case in mouse embryo cultures and,
furthermore, that blastocyst activation, hatching and trophectodermal proliferation
commences within 24 hours after the embryo has reached the blastocyst stage, one may
assume that the earliest day of blastocyst-uterine attachment would be 3 days after the
period of transfer”, as reported by Navot and co-workers (1991). This time period would be
a fairly good estimation of the beginning of the window of implantation”, that is, during the
optimum receptive conditions of the endometrium in the human female, days 20-22 in a
normal cycle or, in other words, 7 days after the luteinizing hormone (LH) surge.

Clinical IVF and implantation success

Implantation failure after IVF-ET is often unexplained, typically when good quality
embryos have been transferred to a patient in a “normal” treatment cycle. In a well-
functioning IVF-program, the “live birth rate” per treatment cycle may be in the range of
25% but, with respect to implantation, the efficacy of human IVF-ET is low. Human
implantation is defined as a positive serum hCG and the transvaginal ultrasound detection of
a chorio-amniotic sac. Moreover, usually 2-3 embryos are replaced in each cycle, in order to
compensate for the poor implantation rate, i.e., the number of viable fetuses per embryo
transferred. We analyzed this in 472 consecutive IVF-treatment cycles performed at the
Fertility Center Scandinavia in Goteborg during the period August 1991 to May 1992 and
found that the total yield of "good quality” embryos (frozen and transferred embryos) was
about 44% per retrieved oocyte (Fig. 1). In this early study material, the implantation rate
was about 11% with all patient infertility indications included (Fig. 2). These data clearly
show that, although great efforts are being put into the several steps of the IVF-ET
procedure (superovulation, oocyte retrieval, sperm preparation, culture, transfer and luteal-

phase support), there is still much to be learned about the diagnosis and treatment of the
factors controlling implantation. In the remainder of the introduction, blastocyst signals, the
uterine environment, and endometrial maturation will be discussed.
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Figure 1. 472 consecutive human IVF-ET treatment cycles (all patient infertility indications) during the
period August 1991 to May 1992 at the Fertility Center Scandinavia in Géteborg, Sweden.

Figure 2. Human IVF-ET treatment efficiency, with the end-point ongoing pregnancies and births, in 472
consecutive cycles representing a clinical implantation rate of 11.2%. For background data, see figure 1.
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Human blastocyst signals

Data from human and animal implantation models show that substances produced by
blastocysts, e.g., Prostaglandin E2 (PGE2) (Holmes et al., 1989), Colony Stimulating
Factor-1 (CSF-1) (Robertson et al., 1992), and Leukemia Inhibitory Factor (LIF) (see
chapter by Stewart in this book) can induce decidualization of the endometrium when
injected intraluminally. In addition, monoclonal antibodies to either Platelet-derived growth
factor (PDGF), CSF-1, Transforming growth factor-B (TGFp), Epidermal growth factor
(EGF) or the EGF-receptor, when microinjected intraluminally into the mouse uterus,
significantly reduces the rate of implantation when compared to the denatured and vehicle
controls (Holmes and Svalander, unpublished). All of these experimental studies have lead
to the assumption that blastocyst signals are also essential for successful human
implantation. That blastocyst signals exist in the human implantation process is supported by
evidence from some considerable time ago. In the work of Hertig and Rock (1941), the gross
examination of an early human implantation site found on day-25 of the menstrual cycle
(specimen no. 7699) was described as follows:

”The hemorrhagic areas on the anterior endometrial surface were comparable in
arrangement, number, and size to those on the posterior endometrial surface and
formed a fairly exact mirror image of them. This suggested a local action of some
substance elaborated by the ovum, affecting not only the endometrium
immediately around the ovum, but also that of the wall opposite the implantation

site.”

This unique observation indicates that some substance has the power of affecting the
vascular beds immediately surrounding the blastocyst implantation site. Two substances
produced by human blastocysts in vitro have been reported to date, PGE2 (Holmes et al.,
1989) and PDGF (Svalander et al., 1991), both of which can affect the endometrial
vasculature. In today's clinical IVF-ET treatment of infertility, normal blastocyst signalling
can only be assured by an optimization of the culture system, thereby providing maximum
viability and physiological function of the conceptus.

The human uterine environment

When characterizing the mechanisms of implantation, it is important to take into
consideration the influence of the uterine milieu on the capacity of the conceptus to undergo
blastulation, activation, hatching and trophoblast proliferation. In the clinical situation of
IVF-ET treatment, the conceptus is transferred to the patient after reaching the early morula
stage. Consequently, a failure of implantation may indeed be a growth inhibition induced by
a non-receptive uterine environment rather than a failure in the blastocyst-uterine
interactions, per se. Molecules able to exert such inhibitory actions can be found among the
cytokine-family, some of which exert deleterious effects on preimplantation embryos in
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vitro. Hill and co-workers (1987) studied the influence of some cytokines on early mouse
development and found that Granulocyte-macrophage colony stimulating factor (GM-CSF)
and Interferon-y (IFN-y) exerted embryotoxic effects in vitro. This being the case, it seems
of vital importance to study the uterine luminal environment in the early- and mid-luteal
phases. In fact, studies of the uterine secretions during relevant phases of the menstrual cycle
must be undertaken in order to shed more light onto this problem.

Efforts in the direction of defining the uterine milieu are, in fact, underway. We have
begun an extensive investigation to measure the changes in pH, viscosity and colloid osmotic
pressure of the uterine luminal secretions during the menstrual cycle in normally cycling
females. The accumulated in utero measurements, so far, indicate that at no time during the
cycle does the pH rise above 7.2, this value being at the time of ovulation. Just before and
after menstruation, the pH is as low as 6.2 to 6.5 and, during the implantation window, it is
approximately 6.9. Although these data are still preliminary, they indicate that our present
day assumptions of the correct pH for in vitro blastocyst development are quite wrong.
These data are also supported by our improved in vitro development of mouse blastocysts at

lower pH values in new media formulations.

Endometrial maturation for implantation

The menstrual cycle begins with the breakdown, sloughing-off and extrusion of the
uterine mucosa that has been formed during the foregoing cycle. Typical histological
features prior to menstruation are the infiltration of leukocytes and the congestion of blood
vessels (Noyes et al., 1950). When the process of menstruation is completed, active wound-
healing and tissue formation takes place. During this proliferative phase a primary biological
force is represented by the steroid hormone estrogen. Recent research results emphasize the
interaction of ovarian steroid hormones and cytokines within the endometrium (Robertson et
al., 1992). Taking into account the fact that numerous leukocytes are present in the human
endometrium throughout the cycle, it seems likely that these resident bone-marrow derived
cells (Bulmer et al., 1988) may be actively involved in the developmental and stimulatory
processes occurring during the proliferative and secretive phases, respectively. Leukocytes
are most likely involved after ovulation during the luteal phase, where progesterone induces
a differentiation of the endometrium and produces the secretory changes typical of the
luteal-secretive phase (Noyes et al., 1950). It is during the mid-luteal phase, approximately 7
days after the LH-surge ("implantation window"), when the optimum receptive conditions
exist for the attachment of a blastocyst to the luminal epithelium of the endometrium.

Without progesterone, implantation is not possible. However, the question remains as
to what effect progesterone has on the endometrium. One well-known and established
progesterone-effect is the induction of secretory activity in the endometrial glands, an
activity which peaks during the implantation window. The stromal edema reaches its
maximum in the human endometrium around day LH+10/+11 (Johannisson et al., 1987).
How, then, is this increase in vascular permeability induced? In order to answer such a
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question, the effect of progesterone on the human endometrium needs to be characterized in
much greater detail. We have initiated such studies by taking advantage of the powerful
progesterone-receptor antagonist RU486 (Rousell-Unclaf, Paris, France) and, with the help
of this compound, the effect of progesterone withdrawal was studied in a group of normal,
fertile women. Cryostat sections of endometrial biopsies, obtained 7-8 days after the LH-
surge, were evaluated by a number of immunohistochemical variables (see below). The
study was comprised of a control cycle and a treatment cycle with 200 mg RU486
administered orally at the time of ovulation, this being standardized as 2 days after the LH-
surge. This dose was chosen in consideration of recent clinical trials in 350 cycles (Gemzell-
Danielsson et al., 1993).

MATERIALS AND METHODS

Cycle monitoring

The first day of the patient's menstrual period was considered as cycle day 1. To detect the
LH-surge, urine samples were analysed twice a day (morning and evening) using a self-test
method (Ovu-Quick, Monoclonal antibodies Inc., CA) and confirmed by an automated
immunoassay (Abbott IMX, Abbott, Chicago, IL). From cycle-day 9 onward throughout the
cycle, the serum levels of estrogen and progesterone were assayed by radioimmunoassay
(Diagnostic Products Corp., Los Angeles, CA).

Endometrial specimens

Endometrial biopsy specimens were obtained using a Randall currette. One piece of
each biopsy was fixed in Bouin’s solution and a second piece was fast-frozen in liquid
nitrogen for storage. All frozen sections were cut at approximately 10 microns thick on a
Reichert-Jung cryostat (Cryocut 1800, Reichert-Jung GmbH, Nussloch, Germany). After
drying on microscope slides, the specimens were fixed in acetone for 10 minutes, air-dried,
wrapped in parafilm and stored at -70 degrees until used.

Immunohistochemistry

The immunohistochemistry, essentially as described previously (Svalander et al., 1990),
utilized a panel of monoclonal antibodies directed against a variety of antigens (Table 1), the
binding being visualised with the avidin-biotin-immunoperoxidase detection system
(Vectastain, Vector, Inc., Burlingame, CA). Control mid-luteal phase biopsies were
compared with treatment-cycle biopsies obtained on the same day following the LH-surge.
For comparison, biopsies were evaluated and dated according to both histological (Noyes et
al., 1950) and morphometric criteria (Johannesson et al., 1987).
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Treatment cycles

The patients assigned to the treatment group received one single dose of 200 mg
RU486, the progesterone receptor-blocker, immediately post-ovulation, their time of
ovulation being represented by the pre-ovulatory peak of LH plus 2 days.

Table 1. Monoclonal antibody panel used for assessing human implantation-phase

endometrium
Antigen Description Antibody source
E2R Nuclear estrogen receptor protein Abbott, Inc.
P4R Nuclear progesterone receptor protein Abbott, Inc.
PDGFR Platelet-derived growth factor AB receptor protein R&D, Inc.
EGFR Epidermal growth factor receptor protein Oncogene Science, Inc.
IGF-1R Insulin-like growth factor-1 receptor protein Oncogene Science, Inc.
CD44 Leukocyte homing receptor T Cell Diagnostics, Inc.
CD45 Pan-leukocyte marker Dakopatts, Inc.
CD56 Natural killer cell marker Becton Dickinson, Inc.
BerMac3 Activated macrophages Dakopatts, Inc.
Vitronectin-R  Vitronectin receptor, B-chain Takara Shuzo Co., Ltd.
CD31 Platelet-endothelial cell adhesion molecule Dakopatts, Inc.
ELAM-1 Endothelial-leukocyte adhesion molecule Genzyme, Inc.
ICAM-1 Intercellular cell adhesion molecule Genzyme, Inc.
VCAM-1 Vascular cell adhesion molecule Genzyme, Inc.
EN 7/44 Angiogenesis marker Dianova GmbH

RESULTS

One single dose of 200 mg RU486 administered immediately post-ovulation affected
the endometrium in all treated subjects. It retarded endometrial development and this
retardation could be observed as immature glands, impaired secretory activity and
diminished stromal edema. Although RU486 has a profound anti-progestational effect which

is manifest in a retarded endometrial morphology, surprisingly few changes were seen at the
immunohistochemical level for the variables studied, as listed in Table 2.

Progesterone and estrogen receptors

Progesterone and estrogen receptors are maximally expressed in the human uterus
during the mid- to late proliferative phase of the menstrual cycle (Garcia et al., 1988; Lessey
et al., 1988). The most profound effect of RU486 was seen on the expression of
progesterone receptors, which exhibited impaired down-regulation in the glandular epithelial
cells. Progesterone receptors remained strongly positive in the glandular epithelium and
exhibited an irregular stromal distribution, with negative areas adjacent to strongly positive
areas. Estrogen receptors, however, were only weakly detected in the endometrium and did
not show any change in pattern after the RU486-treatment.
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Growth factor receptors

The three growth factor receptors studied (PDGFR, EGFR and IGF-1R) showed
different localization in the tissues. PDGFR exhibited a granular staining pattern present
around vascular structures, and specifically, in the endothelial and smooth muscle cells of
the vessels. This newly discovered labelling pattern was revealed only after using the
monoclonal antibody at a concentration which permitted detection of the ligand-bound
receptors. EGFR was present in the stroma and in the basal part of the glandular epithelium,
whereas IGF-1R was detected in the glandular epithelial cells. Furthermore, no change was
seen in these different staining patterns or their staining intensity after the RU486-treatment.
These observations lead us to conclude that none of these growth factor receptors are under
progesterone control in the human endometrium.

Leukocyte markers

CD44 is broadly distributed and believed to be involved in leukocyte chemotaxic
mechanisms. This molecule was extensively distributed in the endometrial stroma, both in
the control and the RU486-treated specimens, without any differences between the two
groups.

CD45 is usually present on all cells of haematopoetic origin, except erythrocytes. A
prominent staining of scattered cells was observed, sometimes in aggregates, without any
specific localization within the endometrium. Moreover, there was no difference in staining
between the control and RU486-treated endometrial sections. This pan-leukocyte staining
was in the order of 20% of the total number of cells in the endometrial stroma, which
coincides well with earlier studies.

CD56 is an isoform of the neuronal cell adhesion molecule (NCAM) and is expressed
by all lymphocytes mediating non-MHC-restricted cytotoxicity. Monoclonal antibodies
against this CD56-isoform are used as pan-natural killer (NK) cell markers. In the mid-luteal
phase, positive cells were detected in a scattered pattern throughout the endometrium,
without any difference between the two groups studied.

BerMac3 labels activated macrophages and this marker showed a distribution
coinciding with the CD56 positive cells. Similarly, this marker did not differ between the
groups.

It can be concluded from the observations above that the presence, number and
distribution of haemopoietic cells in the human endometrium are not under the control of
progesterone.

Cell adhesion molecules and endothelial cell markers
The avP3 integrin (Vitronectin-R) has recently been attributed to being involved in the

adhesion of the blastocyst to the endometrium during the initiation of implantation (Lessey
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et al., presented at this meeting). However, our studies did not show any staining for this
molecule.

CD31 (PECAM) was present in all vascular structures in the endometrium and had a
similar distribution and staining intensity in all specimens. Since we were unable to detect
any change in the vascular structures, we used a number of endothelial cell markers which
are related to the function of the vessels. These are usually detected during an inflammatory
response, which, hypothetically, could be related to the development of the stromal edema
during the implantation-phase. Despite this possibility, we were unable to detect ELAM-1,
ICAM-1, VCAM-1 or EN 7/44 (a marker of angiogenesis) in the human endometrium,
regardless of state. In conclusion, the endometrial vascular beds did not show any of the
typical signs of inflammation at the molecular level. Obviously, the influence of

progesterone during the luteal phase does not affect these inflammatory markers.

Table 2. Immunohistochemical localization of molecular markers

Antigen Principal cellular localization Alteration after RU486
E2R Weak staining in stroma and glands None

P4R Stroma Glandular epithelial staining
PDGFR Granular staining around vascular structures None

EGFR Stroma None

IGF-1R Glandular epithelial staining None

CD44 Stroma None

CD45 Scattered cells throughout the endometrium None

CD56 Scattered cells throughout the endometrium None

BerMac3 Scattered cells throughout the endometrium None

Vitronectin-R ~ Negative None

CD31 Vascular structures None

ELAM-1 Negative None

ICAM-1 Negative None

VCAM-1 Negative None

EN7/44 Negative None

DISCUSSION

The experimental findings in the work presented show that the untreated endometria
exhibited progesterone receptors in the stroma and none in the glandular epithelium. The RU
486-blocked endometria, to the contrary, exhibited progesterone receptors in the glandular
epithelium and none in the stroma. Otherwise, the quantity of staining for P4 receptors was
similar in both situations.

It is an accepted fact that progesterone induces those changes in the estrogen-primed,
human endometrium which are essential for implantation and pregnancy. Of course, neither
the initial estrogen stimulus of the uterus just prior to ovulation nor the increasing
progesterone levels after ovulation were different in the two groups. Therefore, the
stimulation for progesterone-receptor development must also have been the same for both
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patient groups. It seems that the effect of RU486 was to mask the functionality of the
receptors and, in so doing, hinder the normal functional and morphological development of
the endometrium. However, numerous other immunohistochemical parameters appeared
unaffected.

In using this progesterone-receptor antagonist, we failed to reveal any dramatic
alterations in the presence and distribution of growth factor receptors, leucocyte markers and
endothelial cell markers. The explanation for this could not be that we were unsuccessful in
totally blocking the effect of progesterone, since the same dose of RU486 was used
successfully in a recent contraceptive trial comprised of 350 unprotected cycles (Gemzell-
Danielsson et al., 1993). Consequently, the most likely explanation is that these variables are
not controlled by progesterone at all.

The present findings open the field for speculation regarding the mechanisms of
implantation. It may well be that some receptors are regulated by mechanisms other than the
ovarian steroid hormones, perhaps through the resident endometrial leukocytes or via direct
influences from the pre-implantation conceptus.

Many leukocytes appear to reside in the endometrium without any alterations from the
progesterone receptor antagonism. If they affect important functions involved in preparation
of the endometrium for implantation, possibly through local regulation of the glandular and
endothelial functions, a new panorama of research problems and possibilities opens up.

The pre-implantation conceptus, however, is known to produce and secrete active
molecules, such as PGE2 (Holmes et al., 1989), CSF-1 (Robertson et al., 1992), hCG (Fishel
et al., 1984; Lopata et al., 1993), IL-1a (Sheth et al., 1991) and IL-1b (Baranao et al., 1992),
all of which may, in turn, have an effect on the progesterone-ripening of the endometrium.
PGE?2 is reknown as being an immunosuppressive prostaglandin that can also increase the
life span of the corpus luteum, while hCG is definitely involved in stimulating the corpus
luteum and increasing progesterone production. Of course, no conceptus was present in the
normal patients of this study and, therefore, none had any influence on the endometrium.
Moreover, it is quite probable that the endometrium of the pre-implantation pregnant uterus
is quite different from that of the normally cycling female with respect to the immuno-
histochemical parameters measured in this study.
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RU486: AFTER TEN YEARS
NOVEL MOLECULES AND REPRODUCTIVE MEDICINE

Etienne-Emile BAULIEU
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(INSERM U 33) and Faculté de Médecine Paris-Sud, 80 rue du
Général Leclerc, 94276 Bicétre Cedex, France

The story of RU486" (Figure 1) may be seen as the combined result of the
women's movement during the 20th century to control their reproductive life and
the contemporary scientific bio medical revolution of the last few decades.

This conjunction was exemplified in 1950 when Margaret Sanger went to
see Gregory Pincus to request a medical method to achieve "planned
parenthood". As a result, "the" contraceptive pill (Pincus, 1965) was born and it
remains at least as important symbolically as it is uselul practically. Here
merged science (hormone research) and the "cause des femmes". Scientifically, it
was based on the physiological concept that sex steroid hormones exert a
negative feed-back control on ovulation, which could be applied with precise
steroid chemistry to provide orally active compounds (Djerassi, 1970).

In the sixties and seventies, it became clear that the available contraceptive
methods could not completely cover the reproductive choices desired by the
women of the world and their families, nor have the needed demographic effects
occurred which could limit the population explosion. During these decades, ideas
for alternative methods of contraception emerged as biology became focused
more on cellular and molecular elements. The hormone responsive proteins of
target cells of the reproductive tract, termed receptors, were discovered while

*Mifepristone, RU38486, 17f5 hydroxy 115 (4 dimcthyl aminophenyl-1) 17a-(prop-1-ynyl)-estra-
4,9-diene-3-one. Many publications arc already available: the first paper (Herrmann et al., 1982)
summarized the first laboratory and clinical data, the book edited with S. Segal (Baulieu and
Segal, 1985) reported on the Bellugio mecting grouping almost all contributors known at that
time, and since, many reviews have partially covered the field which has become very large:
Henderson, 1987; Neef, 1987; Baulicu, 19894,0,19914,b; Laue et al, 1989; Avrech et al., 1991;
Philibert et al., 1991; Ulmann et al | 1990, Cook and Grimes, 1992; Horwilz, 1992; Mao et al.,
1992; Brodgen et al | 1993,
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MIFEPRISTONE (RU 486)

Figure 1

progesterone (P), designated by Corner (in 1932!; see Corner, 1963) as the
hormone of gestation (pro gestare), was now easy to quantitate by
radioimmunoassays (Lieberman, 1959). The uterine progesterone receptor (PR)
(Milgrom et al., 1970) and the synthesis and action of prostaglandins (PG)
(Bergstrom et al., 1972) were described, while the role of progesterone in the
establishment and maintenance of pregnancy in women was demonstrated
(Csapo and Pulkkinen, 1977). As it became clear that progesterone is involved at
all steps of the reproductive processes, antagonists to progesterone were actively
sought. As early as 1975, a "mid-cycle" contraception, a method based on
progesterone receptor down-regulation obtained with an "antiprogesterone"
ligand was proposed (Baulieu, 1975). Now, we have efficient antiprogestins. If
abortion has been the most immediate application of such a compound, then
delivery and contraception can also benefit from them, not to mention several
hormone dependent diseases.

When developing a procedure for the termination of pregnancy in women, it
is important to be aware of both moral and physiological ideals, as well as
psychological concerns. For centuries abortion has been, not only a morally
difficult event for women, but also a physically painful and dangerous procedure.
A medical means should relieve this threat to women's health and, in turn,
maintain their dignily. Furthermore, the distinction between abortion and
contraception has become significantly less distinctive, because the beginning of
pregnancy is now understood, in physiological terms, to be a progressive
succession of steps. Hence, 1 have proposed the term contragestion (Baulieu,
1985, 1989a,b) to clearly designate a method which can provoke pregnancy
interruption (contra gestation) and operates as soon as possible after fertilization
might have occurred, before the word abortion is appropriate (is an IUD
considered an abortifacient?) (see later discussion). This change in concept may
be one of the most important outcomes of RU486 usage.

ANTIHORMONES: THE 20 YEARS BEFORE RU486

The aim of suppressing hormone activity is almost as old as the word
hormone (wppriv: to excite) itself.

If a hormonal molecule is excitatory for the target cells, then suppression of
its effects can be attained by i) abolition of its production, ii) blockade of its
transport from the producing gland to target organs, or iii) in the case of small
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and lipophilic steroids such as P, which act intracellularly, prevention of its
entry into potentially responsive cells. At present, only the first of these three
possibilities, suppression of biosynthesis, seems feasible in humans. For
example, the use of enzymatic inhibitors such as the drug Epostane (4,5-epoxy-
17B-hydroxy-4,17a-dimethyl-3-0x0-5u-androstane-2-carbonitrile, an inhibitor of
3pB-hydroxy steroid dehydrogenase) has been tested with some success in abortion
(Birgerson and Odlind, 1987, Crooij and Janssens, 1988). However, an
antihormone at the receptor level may act more rapidly and be more specific than
an inhibitor of a key enzyme involved in the synthesis of many steroids. An
approach to block the action of hormones, the use of specific antibodies for
instance, interacting with P in the blood or in target organs (Wang et al., 1989)
does not seem easily applicable to humuns. In fact, the center of hormone action
and thus the best molecular target for antihormonal action is the receptor (R)
protein molecule, a mandatory element for cellular responses to hormonet. The
image of receptlors portrayed as a lock whose key 1s the hormone and whose key-
hole (in fact a "binding site") can be competitively occupied and consequently put
out of order by a false key (an antihormone) has been popular for decades.
Because steroids are rigid molecules of well delined conformation, as also should
be the high affinity binding site of the receptor, it seemed logical to expect a
breakthrough in the hormone antagonism field would occur via the antisteroid
field*. Initially, receptors were detected by the binding of a traceable (labeled)
hormone to tissue extracts. The first of these so-called radio-receptor
experiments was performed with tritiated estradiol (the natural estrogen), and
an antiestrogen such as MER 25 competed efficiently for the radioactive
hormone uptake and retention in the uterus (Jensen and Jacobson, 1962). The
structure of MER 25 (Figure 2) is not that of a steroid, but a triphenyl-ethylene
derivative of stilbene with two phenyl cycles mimicking ring A and D of the
steroids. X-ray crystallographic studies of the non-steroidal estrogen
diethylstilbestrol (DES) und estradiol (K), have delineated their similarity
(Hospital et al., 1972). The third cycle of triphenyl-ethylene derivatives is
perpendicular to the rest of the steroid mimicking skeleton (Figures 2 and 3).
This was of great importance; considering the high affinity that molecules such
as E and DES show for the receptor, it was not surprising that triphenyl-ethylene
derivatives such as MER 25 and tamoxifen (Figure 2) had lower affinity than the
agonists. In fact, the presence or absence of the third cycle is not the critical
factor for determining binding affinity, since 4-hydroxytamoxifen, with an
additional hydroxyl to the ring A equivalent of the tamoxifen molecule and
mimicking the 3-hydroxyl group of estradiol, renders the compound with high
affinity for the receptor and a resulting strong antiestrogenic effect ("pure”, with
no agonist activity in the chick (Sutherland et al., 1977). I was very impressed by
these data, because they contradicted the current thinking, in that all known
antagonists tested at that time had low affinity for their respective receptor.
Antiestrogens (e.g. tamoxifen), antiandrogens (e.g. cyproterone acetate,
flutamid), antiglucocorticosteroids (e.g. P), antialdosterone (e.g. spironolactone,
P), and screening for antihormonal steroids tended to eliminate compounds
demonstrating a high affinity for the receptor. Indeed, there was no adequate

TRU486 can be accommodated between partially unwound, double-stranded-DNA bases by
computer modeling. Yet the altered conformation of DNA cannot be correlated to the
pharmucological properties of antiprogestins (Hendry and Mahesh, 1992).

FThyroid hormones are other small, rigid and lipophilic hormones, and the corresponding
antihormones "logically” could have been found carlier However, we do not yet know of an
antithyroid hormone compound acting at the receptor level
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theoretical reason to relate the quantitative notion of high affinity to the
qualitative property of hormone antagonism, since the latter was predictably due
to specific transconformation of receptor domain(s) involved in the tra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>