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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 
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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 lor 
indirectly via the uterine stromal celli 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 lOOth 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. 
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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 
andCCD. 

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 to the 
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 02 2MLRYO-~NDOMETRIAL INTERACTIONS: 

Y~A2S 02 fAS~lNATING DISCOVERIES 

[-iopi tu_L Ei\.~,~tret Batiluent INSERM 
'~!4~-; r/(:~. Kr e ml i.11-- B ice tre . Fe anee 

Only a LWlldI,=,d years ago,wilen Fernaud Lataste(1691) 
,iis .. :.-uvel'ed lactdtiollcd delayed implantation, no one was able to 
sUBgest a rational explanatlon.Fifty years went by before 
Klehblel (194~)and Weichert ( 1942)reported that this intriguing 
uhenomenoIl (-,GLJ.lC1 be clue t,o 1c'('/ estrogen secre-tion. 

At the time U1 Lata::=,te' '=- dib,;overy, Mathias Duval, known 
fCJt hi:::;. :=.-t:udiE<::_ on the ~lulna.n. plo\....-ellta, de~3cribed 8S8--implall.ta
t.lon dnti O\far:~al1 invol\nnent in his booie "Cour:3 de Physiologie" 
publiblled in lc:,9;~. He :3dici, "'i-he fE\I"'ti:i.ized ovurn arriving into 
the uterub inauces by its presence hypertrophy of the uterine 
IHUC:U:So ir Gin wlii(:.h rt:;bu11:~, the ciecidud: at the ~3d.me time there 
CK;cur:", in the ovary, due +:0 an act_ of ,sympathy <in French: act 
:::,,:/lapathique)or D. refl.ex ciiifi<::ult tu explain, the c:haracteris
tt(:.:; eT..,;'"olution of corpo!"a lutea of pregnan(--.::y. If 

T1'1e:o;e fE'W line:s, 'summar i.::e the background of knowiedge 
from which the pioneers of our field started,at the beginning 
01 t.hi.:-=- century,tJ.:J a.dd furth21 inflJrmati.on,all::;w~rin8 two fun
damt!tltd_l que~:::-t-,ions: 

- At P the '~orpol'a :Cutoea neces3ary for the normal evolu
tiOll uf preguanc'l? 

A positive answer was given by Ludwig Fraenkel who first 
d.emollstrated tlie impori:i'H1Ce of corpora lutea, by a series of 
elegant exper'irnents. 

;::s the modification of t,he uterine mucosa observed 
during pregnancy,dependent on the presence of a fertilized 
ovum:' 

Endocrinology of Embryo-Endometrium Interactions 
Edited by S.R. Glasser et aI., Plenwn Press, New York, 1994 



The Ilt:':Sa.·t i \'e a.rJ.~~WE::'r- to tili:;; question v.t6.::3 given by Pol 
Gouin, wi~h hlS LldSSl~dl work with Ancel,in pseudopregnant 
raGblts;by L~u LoeG,witu thH e~petimental induction in the 
CrULllt=ct pi 

wing 
<-A:~Jd:Lll tu the:~e main dis~u"\"./eries, while 10110-

V;i,i,_h i r om ]Vb thias Duval's" '6ympathy" l.ed us to 

Vie al'~G ow",,, to Fenldll<i Lala,,,,te (11392), lhe first descrip
tion of lhe LYCllC changes Gccuring in the vaginal epithelium. 
However-, it touk ~:;OIlle ~"'l~" years until Chdrle:~ St,ockard anel 
<J-eor:~J'e Fa.pdll:LC U.ldCU at \._.101 Ilel ~ Uni ver :3i t..;y ~ l' edi:sLovered thi~;; 

pbenolnenoll in -the UUl.nea. pig', by a siluple tec-hnigue, the vaginal 
SIlleo.! ~ the i: .. ::e~y' ~~u tl:18 ,j,i':;,~.:Dvery 01 the e::;tro8enil~ Gormone 
CStockara and Facanicolaou, 1917).Joseph Long and Herbert 
E\/ctllS.a.t tilt:' UllL'fer'='lt? 01 California, in:spireci by 3t()\-=:kard and 
PapanlGo~duU'S paper,then started to study vaginal cytology 
dU:--'illg ~_-L1E:' '.':-':/'=-_.le iIi ti.-lt::: rat, and publi~:;he(l their find.ings in 
th~ .. i.. t ,,_ 1. as:~ -1 ,-~,3 l mOllC'~',r (:;t prj {. Lung and Evan:::-, 1922) , 

It Wct'=- IlUW tbe j~ur n of a young in'3tru.:;tor in Anatomy at 
Wa:shingt,cH Uni'v'er:~i t.y~ Edgar Allf:::ll, to ~)e inspired by the read
-1.n9; of L0D,'Id, a.rId t~Ve..ll=--' mOflDgrapll. He collect.ed foilic:le fluid 
from sow ovaries and injected it into ovariectomized mice. By 
u:::;ing t .. h~ vaginal ':;mear me~:.,hod~ cha.racteristi,,:' of e~:;;tl'u::3, he 
r..:;ould t~nu::::. r~c--1.(~ t"i.i';:', r~::"::::.Ul.t·==, withln a J.a,!, It :=:,eeln:~ that Edgar 
AllE:.'ll rUE:t 1':". d'v'iC:l.I d [lui '~,'/ tit ;::>t I.JQui.~:; on th~ o,~casion of a j ain.t 
~tiCJrt t,c; lCJ1-r!.1 a fa,,::ulty b3..sebali tea.ln. III Ma1"' . .:.:h 1923,Allen 
le~uf~ing hi~ findings to DoisY.Dad speculated that the 
uvarian-vaginaL relationshIp be observed could be of hormonal 
no. tUI"8. l'hf::> -:-.W\J "luung m~ll decided to v,ror k togEther, Dui:~y 
~tarted puriLying th~ follicular fluid,observed that the 
estrogeniL woten~y was found in the lipid fraction and 
~btained -~'DOi"l dlT,el Ute partial purification of the estrogenic 
:_1 C! r IUD n e '~A 1 1. ell 0. II cJ_ I) D 1. :~, y ~ 1 923; 1 ~A 2 4 ) , 

At t.his ]JOill;~ we have tu give crec.it to a Doctor of Medi
cine and Maitre de Conferences at the Sorbonne in Faris:Henri 
IscoveSCD. In 1912 be had already reported t.o the Soci~te de 
3io10g1e that one of the lipid fractions he prepared frum sow 
ovarit=:s c:untctilleu a ~.;ubstdn',~e wnich.injected into young 
rabbits,caus~d D0rked growth of their uteri. In a longer 
arti,._le t.wCJ Yt:::>al's lo.ter, lsc,uve::sco rua.de known -th.5.t the active 
suuE.tanf..:;e Wdb ~-:;ulu-ble in d.lcuhol, eth~r and petroleum ether, but 
not 1n acetone.He dlso reported that using tbis substance in 
his ~ynaecoiu~llai ~raLtlce,he obtained satisfactory results 
in dYSl1lellG~' r ilea, a.rne.lLUI rhea and hypogonadisHl(_I:3cove::=;co, 
1912: 1914.H~nrl Iscovesco must also be considered as a pio
IH.=:er and }_)t"~I_-,ur:=-or 01 :noderTl tiJnes from another point. of view. 
It seem::3 ;::,ndt he did a ,--.::.umruerc.ial U.38 of b.is extract, 
and I gue:::=,s -that he W,3.~::O the founder of ·the Pharmaceutical 
~~ ompan:l wI1i <~ ~1 bedr~==, i-1 j_ ~~~ n,::.-:tme i.:oda y. 

For Engl ish-'c'>peo.kiug scientist:", an invaluable guide ha.d 
appeared in i910 in Cambridge: the book of Francis Marshall 
"The FllV='IOl::J,,"v 01 Reproduction". Marshall and Jolly(1905), 
then in Edinburgh,had injected an anoestrus bitch with a 
saline eztra'~L elf ovaria.n tissue irom anotber bitch that was 
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in heat,and observed that this treatment induced estrus in the 
recipient. However they did not further pursue this study. 

Already in 1900,Emil KIlauer,a 29-yeo.r oid Assistant in a 
Gynaecological clinic in Vienna,had prevented the uterine 
atrophy that would have followed ovariectomy of adult rabbits, 
by regrafting fragments of the r-emoved ovaries and had 
suggested that these fragments produce" :",omething" that is 
transported to the uterus via the blood stream(Knauer,1900). 
In the same year, duother young Vienne:",e gynae,:,ologist Josef 
Halban carTied out a variatiun of these experiments. 
Taking t.hree infanti Ie guined pigs, he grafted fragments of 
adult ovaries under their skin and found that their uteri grew 
raDidly to aduit size.He also cow;luded that a substance 
pl~duc~d by the ovary ana taken up into the blood was able to 
exert a specific effect upon the genital organs CHalban,1900). 

In Vienna at the turn of the century,Gustav Klimt was 
painting his ma:::;terpieces, Gu:=:.tav Mahler was cumpo:=:.ing his 
Symphonie:3 and Sigmund Freud wa:3 analy:3ing dreams. 
However, a widely appl ied "therapy" for dy::;menorrhea and 
various neurQ~=>es was T..,he ::;urgicCil relnoval of the ovaries. It 
was thus well KHOWIl that ovariectomy leads to uterine 
atrophy, an effect described in o3.nimal::; alreao.y by AristCJtle. 
It is difficult for us to realize today that up to Knauer and 
Halball's delnon:;:;tratioIl.the uterine atrCJpl1Y which followed 
ovariectomy wa:=, explai.ned by 6 nervou:=" disconnection between 
the uterus aLld the ovary. 

At tlle :="am.,:, t>eI iud, LOU.L2,-Augu:st Frenant in Paris and 
Gustav Born in Breslau, based on histological criteria,were 
suggesting an endocrine function for the corpus luteum. It 
seenl:~ that Burn was dylng, and in hi::; last lTIOlnents, :ne aSl\:ed the 
youllg and br i1 L l,ant i','/DdE",:olugi,:;t Ludv.fig Fraeni(el, to undertake 
the experiluent::-::) 'v-Jhlch ile cuu:Ld IH.rt realize hil11self. He wantea 
evidence foI' 111::; hypoiolle:=.i::;, namely, that the corpus lu-ceum is 
an or gall ot internal secretion,the function ut which is rela
ted to the protection 01 the embryo_ 

Fr-aenkel knew that. the rabbi t embryo:3 implant 7-8 daY'S 
after coitus and decided to take out the corpora lutea before 
this time, u:-~in8 ~ither Lutbl oVdri~c.tGr!ly or t1:1t:' select~ive 

cau-teri:3atiUl1 (.)1 the: r:":urpura luted. Pl"egnctncy was arrebted in 
all cases.F!'a~lLl-\..el pre::;eIlted h:i..:~ result,::; iir:-:;t in 1903,and 
faced only ,~ritici:3m. It tOO.K him 7' years more t.o give the 
definitive demon:stration ot hi,s clairu:s(Fraenkel, 19\):3; 1(01.U). 

During these years ana probably without knowing 
Fraenkel's experiment':::J , Pol Souin and Paul Anl..:el in Nancy, were 
followillg their own studies,also published in 19iO.They 
discoveledtllo_ t tlle rabbit uter ine mucosa exh1 bi ta, in early 
pregnancY,a '3peclfic proiiiEeration which they named "dentelle 
endometr-iale". Furi~herIllor'", they delllon:3tra-cecl by an ingenious 
experiluent t~hdt thi::=, lU(JJi'£i~.ation was related to the presence 
of the corpora lut,ea and nut i..-CJ tht:: embryo. They had a 
magnificeEt idea, tu mate their female'3 Witil male:3, which they 
rendered stelil~ by iigcttion of the vas deierens,Ovulation 
tuok place ctwl ·~UI pOlO. ~Lltect were formed, but. in the ah:;ence of 
pregnancy_Nev~lthelesb the uterus exhibited the typical 
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progestational prolifer'ation, the "dentelle endometriale" (Bouin 
and Ancel, 1910) . 

As th", vaginal smear served as a key for the discovery 
of oestrogen,in the same WdY the "dentelle endometriale"of 
Bouin and Ancel,was the key to the discovery of the luteal 
hormone. At Rocrlester, some twenty years later, in 1929, George 
Corner and a medical student named Willard Allen were able to 
obtain this progestational change in ovariectomized rabbits by 
extracts of corpora lutealCorner and Allen,1929). 

At the same time as Fraenkel's,and Bouin and Ancel's 
experimen-ts, the american Leo Loeb was demonstrating in non 
pregnant guinea pigs another relationship between the presence 
of corpora lutea and the uterus i.e. the possibility of the 
induction of a decidual reaction by the irritation of the 
uterine mucosa dur ing 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 aspect:=. of the 
embryo-endometrial interaction'=. and their hormonal control. 

When speaking of the pioneers in our field dnd their 
fascinating discoveries,we have to give a prominent place to 
Walter Heape in Call1<_)lid8e.Heape was profoundly influenced by 
the writinBs of Fer-nand Latdste on the genital cycle.As 
reported by Aldn Parkes,he had annotated ever'y one of the 676 
pages of the bouk,on the breeding habits uf rodents,offered to 
him by Lataste.Heape,in a paper publlshed in 1900,redefined 
the French tel-illS of Latdste, such as cycle gelli tdl etc, and 
introduced l,he terms" rel)l-oduc:ti ve period"," sexual season", and 
also tile new ter InS "CJ~stl·Ubft, If pro-oestr US" , tf di oe::;tr us" etc. 

H~ape i~ G0llsid",red to be the first one to use the 
transfer of fertili~ed ova as a technique,during his studies 
in the rabbit(Heape, IB90).H~ is also the fir"st to observe that 
ovulation in this species is dependant on,and happens 10 hours 
after mating. Heape publishing his results in 1905,suggested 
that ovarian activit,y was conditiolled in this case by some 
extragolldda1 substdnce to which he Bave the name of "genera
t,ive ferment:" ',Heape, 19(5). 

The first findings showing the origin and nature of 
Heape"3 "generative ferment" appeared almost simultaneously 
with the isoLat.ion of the ovarian hormones. In 1927,Philip 
Smith and Earle Engle CIt t,he Columbia Univen3ity,fol.lowing 
up their observations on hypophysectomized rats,tried the 
effect of i-'lct'~ing :3mall. piece:3 of anterior pi tui tary gland 
under' the '3kin of immature anirnals(Smith and Engle,192'1). 
Zondek aiid As<:hheim(1927) in Berlin, were searching for the 
source of extrdgonadal control of the gonads by carrying out 
identical. experiments. Their results showed clearly that the 
anterior pituitary contained substances which would cause in 
the ovary,fullicular I~turdtioll.ovulation and corpus luteum 
formation. HQ'.>{ever, tht! discover-y of pituit~ary gonadotropins 
which followed, corresponded only par'tially to Heape's 
"generative ferrnent ll , 
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1118 .r·t:?~E:'o.:3e .-' ..... i:.'l t.U.l t~rv· hcrmones y';~_::; found in i:.hs 50! s 
by Geoffrey Harris'19~~jin En~land and Jacques Benoit and Ivan 
Assenmacher in Paris at trie (;011888 de France, to be dejJendant 
on SOI~ hypothalamic substance,which should reach the pituIta
ry through the portal vessels. The experiments 01 the French 
investigators,published in 1953,were particularly 
demonstrative. They were done in the duck. The advantage was 
that in this species.le'3ions could be made in ei ther- the 
portal vessels or the nerve fibers of the stalk which connects 
the hypothalamus to the pituitary. Benoit and 
Assenmacher (i953)£Lluud i~llat cutting the portal vessels 
resulted in atrophy 01 the testes,whereas sectioll 
of the nerv~ fIbers uf ~he pituitary stalk (leavIng the portal 
vessels into.,.:;t) was compdtible with normally develoJ:led gonads. 

The fi! '3t attempts to isoldte the hypothalamic factur 
respon':;ible for the relea",e uf l-'ituIt,ar'y gOIla,dotropins, were 
also performed at the College de France by Robert CaUl-riel', 
Roger GUillemin,Marictn ;utisz,Eduuard Sakiz,and Ascbheim's son 
Pierre,in the eally 00'siCourrier et al,1961).They led,as it 
is known,to the discovery of GnRH in the 70's and the award of 
the Nobel Prize to ROBer Guillemin and to Andrew Scbally. 

The placenta,bas been suspected to be another source of 
hOlmonal products since T.i:1e early 190\)'0 by the same Josef 
Hctl baIl of Vienna, who wOll.:ler-ed "How the ovary knows that there 
is J:lreguancv". The expel'';' mental evidence for such a pla.-=-ental 
function takes us back to 1927. 

Aschheim and ZOlldek,at this ti!~ still in Berlin,disco
vered that tile ur:Lne of pregnant womell contained a product 
which stimuldted tl'-le uvai ies ui prepuberal ruice alld rctts, and 
thib obser vctLiUIl was us<=u fell a lung i:irne as a uiological test 
for the ear 1 y u<=tectiofl of pl'<=g'UdflCy i.Aschheim dnd 
Zondel<., 192;~). As._hhelm dwl Zundek :c;ugge'3ted initially that this 
product could Ue released flom the pItuitary of the pregnant 
WOJllan. However. it was ""ouIt accepted that the SDur-ce of this 
gOllacJ.otxophi<_ fa<.:;Lul Wa'o, the fo~tdl l-'art uf tile placenta. 

Hi.ros,=, ill Jct}.Jan [idd dlreauy in 1920,prepared iroJll human 
placentas an ctqueoub emUl.SiUIi wllich induced the fur-mation uf 
corpord lute.:t in Idul)lls.Hiro6e's findl.l.L8 was t:,.oniirlned an.d 
c:olllpleted a few y~-'ctrb lctl,er,alsLl in Japan,by Muratct arid 
Adachi(1927"Thes~ iuv~s~igatols were able to illcJ.uce,by such 
placental extra,_ t'=>, CJval ian mdt,uratiorl, ovulation and lu'teini
zatiun in inullatul'" ,'aobi ~''''' Furthermure, they also prepa! ed 
extra<-,t.b ft um 11letostali,~ ,.:;11or io-epi tllelioIlld. dnd obtained the 
:::;dlue resu 1 t .. 

what all exci tin8 deLiide of years, be'tween 192::; ,';,nd ~:>:3! 

Within these yeals,estru8ens,andrugens,and prugesterone 
wen£:! isoict L",d dnd char,:,,~ terized, dnd their biulogical 
properties ext<=nsively investigated,while i.n additiun the 
liypophyseal awi piaceutal gOlladotropins were also discovered. 
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Most of the actors of this heroic age of reproductive 
Endocr inology lllet each other for the flrs"t time in Paris, at 
the College de France,for a"Colloque International sur les 
Hormones Sexuelles",h81d in June 1937 and sponsored by the 
Fondation Singer-Polignac. In that meeting, which can be consi
dered as the first truly Internat,ional Endocrinology meeting, 
Pol Bouin :served as Chair-man, and the participants were: 
E.C.Dodds,Ruth D8anesly, Robert Courrier, Alan Parkes,Edgar 
Allen, Carl Hartman, SolI y Zuckerman, Fr"ederlc Hisaw, Marc Klein, 
Aura Sev8rinshaus, Phi 1 ip Smi th, S. A:schheim, 'iili 11 iam Young, 
Franci:", Marshall, Hdns :3elye, ldwal Rowlands, among others. 

By the end of the 40's,it was now clear,that estrogens 
and progesterone had the pos:si bi 1 i t Y to promote or to i nhi bi t 
the various uterine functions,by their synergic or antagonis
tic interactions-a concept developed by Robert Courrier,a 
former student of Pol Bouin. The clas:",ica1 book of Robert 
Courrier "Endocrinologie de la Gestation"appeared in 1945.For 
French-readin8 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,Ren~ 
Canivenc,Jean-Jacques Alloiteau, 
among other:",. 

Two maj or observations were of prime impor tallce fur the 
study of the functional relationships 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 mou:se by ezperimentally inducing a delay in 
implantation, tJlthe exi"ctence of a prech.;e hormonal interplay 
controllinp; the timiug of uterille receptivity for nidation. 

'iile owe to Yves Chamhon(1949)the first demun:stration that 
delayed implantation in the rat can 0.1:030 occur after early 
ovariectomy and to Rene Canivenc and his collaborators(1956) , 
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 cldssical paper of M.C.Chang(1950)in the rabbit and 
then that of Ann McLaren and D.Michie(1956)in the mouse,and of 
Bob Noyes dnd Zev Dickmann{19()O)in the rat.Namely,the 
importan,-:e of ct :,;ynchrunisation in the development of the 
uterus and the embryo tor successful implantation,after embryo 
transfer. 

It was in those years that I had the gredt chance to be 
accepted by Robert Cuurrier,to join his"Laboratoire de 
Morphologie Experimentdle et Endocrinologie"at the College de 
France. Professor (;ourrier' asked me to look into the po::o;sibi
lity of t.ran:sferring rat blastocysts in delay, to normal 
pseudopregnant rat:s at various moments of pseudopregnancy. The 
idea WctS that such blastocysts could be more resistant and 
could implant independantly of a synchronized endometrium. 

6 



.l must ,~uni"",,,,~ that I lo:",t two months before 1 found a 
rat blastocyst in uterine flushings performed on Day 5 of 
pregnancy.Th;" rarE; papers available at this time.described 
their size awl shap',,(a ba:3e-ball-like cellular mass,etc)with 
no photos. It alsu happened,in this period that I had to 
continue during the day my clinical specialization in the 
Hospital. I was thus able to work for this research project 
only dUJing the evening. 

It was on a holiday that, working during the morning in 
my lab.l had the great. joy to immediately recognize,in uterine 
flushings performed before noon of Day 5,a lot of blastocysts, 
by the brilliancy of their as yet intact zona pellucida.Trying 
to induce delayed implantation lly an ovariectomy on Day 4,as 
Ren~ Canivenc ~id, I also had no success at the beginning. All 
my raL;; were impianting normally. This, up to another holiday 
when 1 started my ovariectomies before noon of Day 4. In this 
r~;a:5e, all my animal:3 exhi 1:>1 ted delay, amply conf lrming- Professor 
Canivenc's findings. 

Having to work for my first research project late in the 
evening. I obtained thu'," two basic informations, not yet 
available at that time:a)the rat blastocyst loses its zona 
pellucida in the afternoon of Day 5 and b) by the evening of 
Day 4, exugenuus e:3trogen 1:0; no :onger necessary to induce 
egg-implantation in the ra·t. In other words, nidatory estrogen 
intervenes in this species late un Day 4. I succeeded 
finally,in realizing the initial project of transferring 
blastocysts in diapause to pseudopregnant hosts. The results 
were clear [Jut disappointing.The'3e blastocysts as well as the 
non diapausinp; ones, coulQ implant if transferred to 
pseudopregnant uteri before Day 6 of 
pseudopregnancy. [ran'5ferr ed un Day 6 and beyond, they never 
implanted. [ had to wait :,,;ome years more to understand the 
reasons,i.e.the existence uf a pustreceptive uterine 
refractoriness for egg-implantation (Psychoyos, 1963). 

By the end of t.he :)0' s, the study of embryo-endometrial 
interactions and their hormonal control entered a new era. I 
con:3ider t.hat. this was mainly due to the efforts of Professor 
Shelesnyak and his collaborators at the Institute of 
Biodynamics at Rehovoth,in Israel.The new ideas advanced by 
himCShelesnyak,1957)stimulatad several young investigators, 
including myself, t.o con,=ider many new vistas. In less than ten 
years,during the 50's(see review:Psychoyos, 1973) ,several 
point.s concerning the process of eg8-implantai~ion and its 
hormonai correlates wer-e clari£ ied in various species, by the 
contribution of a small group of investigators:Ann 
McLaren,Vince De Feo,Koji Yoshinaga,Alan Enders,Colin Finn,Ove 
Nilsson, Gerard Zeilmacker, David Kir-by. 

David,one of 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. 
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;=:inC~f~ ,~he)l. ·:~ht:- ~ .... :r ~menduu:s uevel:.~1Jru~nt of our knowledge 
CHl the mueie CJ: :lCl·ruOtll:;.' 3.,~tlun, 1 ~direL:t~d tile study of 8Inbryo
end:Jmetr ial .Lntera(::t i.un':; and their horlnurlal r"eguiatiofl to the 
c.el·iuldr anc~ rnulE..;;(~:ulc.l.l levt:.>l.Fartj,Luially by the disccvery of 
th~ intracellular rec~pt01~ by Elwuod Jensen for estrogens,by 
Etienne Baulieu and Edwin M~lglom,by Bert O'MalleY,for 

The new ct;~'hi8Ve111enL's in c:ellular bioc.liemistry stimulated 
several inv~~tigatul~ by the early 70's,in particular,Stan 
"iasser in Hou~tun.Fetnand Leroy in Brussels,Hans Lindner in 
~eLDvDth.Pe~el Heald and St~phen Bell in Gla~cow,who studied 
i~he molecul6.1 t:::'V8IltS lI.1Vulved in endometrial r el~eptivi ty and 
decldualization. In additiun,Harry Weltlauf,Azim Surani,Michael 
Harper, rom Kennedy,S.K.Dey among uthers,tried tu understand 
tll~ pr::Jc",e'=,~=, or bla.::;toc Ybt d.~: ti va t.ion, the nature, bynthesis dnd 
release of embryoni,_ si~nals(see reviews:Weitlaut,19B8;Farr 
and ;- B.l· r l 1 'jl ::. 1;1 i 

During the last d~cade, the discovery of several new 
uterine and embryonic factors involved in early plegnancy,was 
:i!;rE:'a.tlv CJ.dvdHCe(i by tll~ 2mer-gence of new Illultidis\.::iplinary 
'me-:,hod:::;~ ==-Uc:..:ll a.:~ those u::;ing monoclonal antIbodies tor 
immuno{.:'ytu,.:h~mistly,j,Il ·::-)it.u hybrid.ization OT Polymera:::;e Chain 
F~ea .. '_;t,ion, It_ ib wi-r..,h gl·f::Id:: pleasur~.~ that I can ::;6:; tlld.t Illany of 
che detor-s (j[ tilL:; aew era. arc' part.1,_.ipating in this 
meeti.lls\0U==-dt1 K.l.Ifl(_!er,.Juy MuJ.nulldnd dlTIU!le,st uthers). 

tltlnk. th.3.t many of us wurkin.g in animal Iuodels did 
not eXFJe(:.>r~ bat our :finding::::; could hr..?ve a. :::;uch ra.pl1i impac;t en 
(:'lini<>~l prct'~·t,i:=,e.The drive wo.b tllt:~ urgellt need fur Hew 
•. .:.:orJ.tJ-Ctl.Jt:>ptivr= methud:3 and also the :5U(;C:E:;S::"; uf Eo·c) Edwa.l-d:=.. and 

Patrick Steptu~ in obtdininB in i9~G. the filst baby Gonceived 
':-.)"v ill 'l.J:itJI'U f-=-rt,ill....::dt~Un\·E·.lwctJ.d~:::, t:;:::' 6.J..,,'i..;~,DU). 

11l!~;·.7.'t mC:!"l·:-:.iCJl1 ':-It:?l e ::..i1dt Out,ll (.~untrac~.pti ve tE:::chnol.ogy 
(:J.t1\-,~ iei v~tl el: ~-/il.,i~~d ion UW2 6. iut ... to ("jl"t2g(Jry Fincus. 
Fd.i:llf-:'l u.t ti:12 ,::.c}nt.to.t';8pt.iv8 ?ill~lle WaS dJ..SO the .piuneer uf 
ttl~ III V:i.t.i.u ;··'''~.::-till.~::.:''1L~"jIl alld TI'drl:~r8r lliE:!thodulu8y.He had 
UU:\-i..l::3hel.]_ a.i...cea:~_:_v -lil L{~:~4.his ~.;;<pC::'.rllnel1tb ::showing t.hat rabbit 
~~g::.""\ ter.·!.:.i-,-:L=~~·j 1..11 vltru cou.Ld d.~v~::"ufJ rlc.;r.mall)~ after being 
tra,!l·sf~J. 1-8d ~_C) tIlE' ,~~t:[.li ~~dl tral.:t (PiI1'.:;us and Enzmann, 1934). 
;'1 .. L:,,'" UIE,,:=,=ll'- i,1 me .the exi:o;tence uf a 1 imi ted per iod of 
t:=\tldum~tr'iCtl r·et:;?~pt.ivity for eg·8-'ilnpldllta.tiofl f the so-called 
Implantation Wiadow,inltially observed in rats(Psychoyos,1973) 
3T..Jped1'·~ t ... U be a.lso valid in the hUlnan.(lJavo-t et al., 1991).The 
'_.~hI'unulu8il~31 liJui t.::; of thi.;~ period dppear also to olley Cl 
similar hormonal interplay. 

The aim 0';: my talk was to r·emind U:3 of some '~;rucial 

steps of t~e past. I had in mind that this could contribute to 
a be L ter appre:.: iatioll of t.he trelnendous progrE.~ss that has been 
achieved in OUI f~eld.Our Symposium will give us the 
u!)portuniLy to ii.nuw wheee we are at the present,but also,as we 
all hope.to idealify new promising areas of study for the 
years to come,at least until 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 

Endocrinology of Embryo-Endometrium Interactions 
Edited by S.R. Glasser et al., Plenum Press, New York, 1994 11 



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 aI., 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 particularly 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 ofa 
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 
trophoblas\ 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, 199 I). 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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CELL BIOLOGY OF ENDOMETRIAL RECEPTMTY AND OF 
TROPHOBLAST-ENDOMETRIAL INTERACTIONS 

SUMMARY 

Hans-Werner Denker 

Institut fUr Anatomie 
U niversWitsklinikum Essen 
Hufelandstr. 55 
D-W-4300 Essen. Germany 

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 it, 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 polarity 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 matrix 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 at 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 aI., 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 playa 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 a1.. 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 a1. 
(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 galactosyItransferase-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 basolaterall 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 

- Loss of marker enzymes of the brush border type (Classen-Linke et al. 
1987). • 
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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 receptivity (Chavez and Anderson, 1985; Anderson et aI., 
1986: Anderson et aI., 1990). However, in the implantation chamber 
there is an overall trend towards reduction of lectin binding including 
lectins that recognize galactose (Nalbach, 1985: Bukers et aI., 1990). 
This is consistent with findings on reduction of the thickness of the 
glycocalyx and of cell surface charge at receptivity 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 aI., 
1982a: Winterhager. 1985: Wlnterhager et aI., 1990). Unfortunately, 
so far little is known about the interesting question to what extent 
these particles may represent adhesion-related molecules, e. g .. ceIl
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 et aI. (l990) (see also above). Alternatively, 
receptors 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: Polter and Morris, 1990). 

- Formation of "reflexive" gap junctions (Murphy et aI., 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 polarity of epithelia, Chevalier at aI., 
1985; Kilajima et aI., 1985). 

Tight junctions: strands proliferate towards the basal cell pole 
(Murphy et al.. 1982 b; Murphy et aI.. 1982 c; Winterhager and 
KuhneI. 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 at the endometrial "placental 
folds" on days 8 and 9 post coilum immediately before the trophoblast 
attaches and fuses with this epithelium. In this part of the epithelium, 
relocation of 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 cyto
plasmic processes of uterine epithelial cells that penetrate the basal 
lamina (see below) (Donner et al.. 1991. 1992: Donner and Denker. 
unpublished: Denker. 1993). 
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The desmosome-associated protein desmoplakin equally shows a loss 
of maximal conccntration 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 (Bitlon-Casimiri et 
al.. 1977; Schlafke 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 vectorial transport activities through the 
uterine epithelium are traditionally thought 10 serve the specific 
changes in secretory aclivity thai provide a stage-specifically opti
mized milieu [or blastocyst development (Beier. 1974; Parr. 1980. 
1982. 19R3; Parr and Parr. 1977. 1978; Marengo et al.. 1986). 
However. in the context that we are discussing here they must be 
regarded as also potentially serving as a mechanism contributing to 
sorting and re-dislribution of membrane precursors and differential 
transport of degradation products thus regulating differential compo
sition of apical vs. basolateral plasma membranes. Problems o[ 
mimicking this in in-vitro systems have been addressed by Glasser et 
al. (1991). 

Cytoskeleton 

- Upregulation o[ vimentin and a re-distribution along the apico-basal 
axis of polarity 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 hormonc 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-l and bTP-l 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 ct al.. 1986: Greenburg and Hay. 1982. 
1986. 1988: Hay. 1985a. b: Mauchamp et a1.. 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 a1. (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 a!.. 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 aI., 1991) of tropho
blast emigration out of the so-called cytotrophoblastic cell columns of 
anchoring villi suggests. acquisition of invasiveness of trophoblast 
cells is accompanicd by: 

- loss of polar organization with respect to integrin (a6 B4. a3 B d 
distribution in relation to the basement membrane on which 
these cells sit originally. 

- subsequent loss of certain integrins (<X6 B4). 
- acquisition of new types of integrins (a5 ~ d 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 a1.. 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. 

23 



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 ar, f)~. uvomorulin (E-cadherin). 

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

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 a1.. 1991: Mareel et a1.. 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 
"receptivity". 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 far: it does not intend to 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 epithelium (U) are nOll-adhesive (A). they express adhesion molecules when 
acquiring attachment competence {invasiveness)/receptivity (B). (e) and (D) show 
attachment. fusion and beginning penetration into the enctometrial stroma [or the 
fusion type (rabbit). (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 [or Y receptors: 
stars: matrix receptors. e. goo mesenchymal type integrins. (Modified after Denker. 
1990). 
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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 Uh rl~ integrin and acquisition of U5 ~I 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 U I. U v and Ih 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 
aI., 1991: Behrens et al.. 1991: Birchmeier et aI., 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 aI., 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 N 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 aI .. 
1990; Jouvenot et aI .. 1990; Baker et aI., 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 
ai., 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 5mglday progesterone for 4 days and killed within 
4h of the last injection. Uteri were removed and the luminal epithelium isolated hy 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 O.12M 
P04 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 (8. 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, c~pillary, bar = 50um. 
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Figure 2. Protocol for construction of subtracted eDNA 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 III. 
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 ~ 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 aI., 1987). Examples include the cells of 
rapidly cleaving mouse embryos (Taylor and Piko, 1987; Murphy et aI., 1983); cultured 
cells which have been stimulated to divide by serum, heat shock, or transformation 
(Edwards et aI., 1985, Kohnoe et aI., 1987, Singh et aI., 1985); rapidly dividing 
embryocarcinoma cells (Bladon et aI., 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 
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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 one 
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 trans gene 
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-mye, 
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, mye 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 pI 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 

1 3 5 6 7 9 

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. 
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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-l 
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 ai., 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 aI., 1990). Four forms of the protein described as of this date 
are (I)APP695 - a "consensus" precursor protein which releases mature protein into the 
extracellular matrix giving rise to amyloid fibrils (De Strooper et ai, 1991; Kang et ai., 
1987); (2,3) APP751, APP770 - both are comprised of APP695 but contain extra amino 
acids which give them proteinase inhibitor activity (Oltersdorf et ai., 1989; De Strooper 
et ai., 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 (de Sauvage 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 ai., 1989). The promoter region of the gene has an AP-1 
transcription factor binding site and transcription can be induced in HeLa 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 playa 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. 
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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-ATT ACHMENT 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 aI., 1980).In places, the trophoblast and the uterine epithelium are juxtaposed but extra
cellular material prevent cell contacts between the two tissues (GUILLOMOT et aI., 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 endodenn which lines the inner face of the conceptus (Figure 3). 
The cytoplasmic distribution of cytoskeletal proteins (cytokeratins) confinns 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 (oTP 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 playa key role in maternal recognition of pregnancy (see review by 
ROBERTS, et ai., 1992 and contributions of K. IMAKA W A and 1. MART AL 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 ).1m. 
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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: 
endodenn cells. 
TEM. Bar: 5 J.Im. 

Figure 4. Day-14 ovine conceptus. Immunofluorescence localization of oTP in the extra-embryonic trophoblast. 
The embryonic disc is negative. Bar: 50 11m. 
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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-Iateral 
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 (BOSHlER, 1969; GUILWMOT et 
ai., 1981) and by days 18-19 in cow (LEISER, 1975; KING et ai., 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 carunc1es. The caruncular surface becomes wrinkled 
and, in sheep, slightly depressed in its center (Figure 5). This central depression of the 
carunc1es 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 S. Ovine uterine caruncle from a day-I5 pregnant animal. SEM. Bar: 0.2 mm 

Figure 6. Sheep day 15. Uterine epithelial cells with bulbous secretory processes. SEM. Bar: 5 pm. 
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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 )1m. 

Figure 8. Apposition stage, sheep day 15. Contact area between uterine microvillous cells (U) and the smooth 
membrane of trophoblastic cells. TEM. Bar: 1 )1m. 
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Figure 9. Sheep, day 18. Surface of the trophoblast with finger-like villi. SEM. Bar: 100 ).1m. 

Figure 10. Sheep, day 18. Semithin section in a uterine glandular area. A trophoblastic villosity (arrow) is 
growing down into the glandular lumen. Bar: 1(0).lffi. 

46 



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 ~m. 

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 11 a 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 aI., 1982; CHARLIER et al., 1989) and bTP 
(GODKIN et aI., 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 aI., 1991). The proto-oncogenes control numerous of cell functions 
and are supposed to playa 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 IS. Staining of the apical membrane is more intense at day 15. TEM. Bars: 5 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. 
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Figure 14. Immunofluorescence localization of oT? on ovine trophoblast at day 15 (a-c) and at day 17 (d,e). 
a) Section of the embryonic area showing non-stained trophoblast (1'); b) same field observed by interference 
contrast, E: embryo; am: amnion. c) Distal trophoblast is still highly positive for oT? d) Positively stained 
non-adherent trophoblast. e) Section in an adhesion area showing the negatively stained trophoblast (arrows) 
attached to the uterine endometrium (U). Bars: 50 ~m. 
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ADHESION STAGE 

By this stage the trophoblast is finnly 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 aI., 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 transfonnation 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 fonnation (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 aI., 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 aI.,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 aI., 1982) (Figures 18a and b). Moreover, ovine and 
bovine placental lactogen honnones (oPL and bPL) produced by the binucleate cells, have 
been localized in the maternal syncytium as well (MART AL et aI., 1977; WATKINS and 
REDDY, 1980; WOODING, 1981; WOODING and BECKERS, 1987). However, the 
placental lactogen honnones 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 aI., 1982; RUDER et aI., 1988; SASSER et aI., 1986). The PSP are 
a family of immunologically related glycoproteins with molecular weights ranging from 40 
to 78 kD (SASSER et aI., 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 ~m. 

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 ~m. 

molecular weight: 60 leD (CAMOUS et aI., 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 aI., 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 a1. 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 flm. b) Basal pole of a uterine symplasm with 
cytoplasmic processes (arrows) crossing the basal lamina. TEM. Bar: 1 flm. 

Figure 18. Adhesion stage. day 18. Phosphotungstic acid staining (PTA). a) Section of an adhesion area 
between the trophoblast (n 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 )lIn. b) Basal cytoplasm of the uterine syncytium showing positively PTA-stained granules and Golgi 
cisternae (Go). Cytoplasmic processes (arrow) crossing the basal lamina. Bar: I flm. 
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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 )1m. 

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 (oTP 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 aI., 1992). It will be of interest to find out whether 
such cytokines could play a role in conceptus attachment in other species. 
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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-Iuteolytic 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 aI., 1982a,b). Ovine 
trophoblast protein-I, which is secreted during the period of maternal recognition of 
pregnancy in the sheep, also induces the release of specific endometrial polypeptides (Godkin 
et aI., 1984, Vallet et aI., 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 aI., 1989 and Fazleabas et aI., 1989a for reviews), which are also upregulated during 
pregnancy (Fazleabas et aI., 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 aI., 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 (lGFBP-1) and a ~-Iactoglobulin 
homologue (PP14 ) 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 ~-Iactoglobulin homologue are synthesized during the luteal phase and/or during periods 
of progesterone dominance (see Bell et aI., 1989 and Fazleabas et aI., 1991 for reviews). 
Interestingly, however, the baboon uterus produces retinol binding protein (RBP) in a manner 
that parallels ~-Iactoglobulin synthesis by the human endometrium during the menstrual 
cycle and early pregnancy (Donnelly et aI., 1991, 1992; Fazleabas et aI., 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 aI., 1991; Nissley and Lopaczynski, 1991 
for reviews). We have focused our studies on the regulation of IGFBP-l 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 aI., 1989), or either inhibit 
or potentiate the mitogenic action of these peptides (Sara and Hall, 1990; Rosenfeld et aI., 
1990; Lamson et al.. 1991). In both the baboon (Fazleabas et al.. 1992; Tarantino et aI., 
1992) and human (Giudice et aI., 1991) endometrium, protein and messenger RNA for 
IGFBP-l, 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 aI., 1988; Fazleabas et aI., 
1989b; Giudice et aI., 1991; Tarantino et aI., 1992). 

Our initial studies (Fazleabas et aI., 1989b,c) demonstrated that although IGFBP-l 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-l localization is the decidual cell both during the cycle and pregnancy, whereas 
in the baboon IGFBP-l synthesis is confined to the epithelial cells of the deep basal glands 
during the late luteal stage. Synthesis of IGFBP-l within the glandular epithelium begins 
to increase at day 18 of pregnancy. However, it is only when decidual synthesis of IGFBP-l 
is induced at the implantation site that it becomes a significant labelled product on 
fluorographs (Fazleabas et aI., 1993; Tarantino et aI., 1992). As decidualization continues, 
IGFBP-I synthesis increases and this protein eventually becomes the major secretory product 
of the primate decidualized endometrium (Fazleabas et aI., 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, uptakc of retinol is dependent 
upon a membrane bound receptor that recognizes RBP (Ottonello et aI., 1987; Sivaprasadarao 
and Findlay, 1988a,b). Intracellular transport is facilitated via distinct cellular RBP's (Chytil 
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 aI., 1987, 
Giguere et al.. 1987; Brand et aI., 1988; Krust et aI., 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, \953). 
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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 aI., 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 <X.z pregnancy-associated endometrial globulin 
(<X.z-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 
13-lactoglobulin and RBP although its ability to bind retinol has not as yet been 
demonstrated. <X.z-PEG may be involved in retinol transport during implantation and early 
embryonic development (Bell, 1988). Interestingly, although <Xz-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 aI., 1981; Harney et aI., 1990) and bovine 
(Liu and Godkin, 1992) progestational endometrium. Since <X.z-PEG (13-lactoglobulin) has 
potential for binding retinol (Bell et aI., 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. OUf data showed that the synthesis and localization of RBP in the 
non-pregnant baboon endometrium is similar to that observed for IGFBP-l (Donnelly et aI., 
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-l. However, unlike IGFBP-l, RBP 
synthesis is confined to the glandular epithelium and decreases as pregnancy proceeds 
(Donnelly et aI., 1991; Fazleabas et aI., 1992). The synthetic profile of RBP in the baboon 
endometrium is similar to that of the glycosylated 13-lactoglobulin homologue in the human 
(Bell et aI., 1989) and is perhaps the evolutionary counterpart of this human protein 
(Fazleabas et aI., 1989a, & 1992). One major difference between IGFBP-l 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-l and RBP synthesis. In the pregnant endometrium, IGFBP-l 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 aI., 1991, 1992; Tarantino et 
aI., 1992). With IGFBP-l 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 aI., 1992). 

Postulated Functions of IGFBP-I 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 aI., 1993), cell-specific changes in IGFBP-l expression (Fazleabas et aI., 
1989b,c; Tarantino et aI., 1992), upregulation of RBP synthesis (Donnelly et aI., 1991; 
Fazleabas et aI., 1992) and alterations in estrogen and progesterone receptor localization and 
IGF Type I receptor expression (Hild-Petito et aI., 1992a,b). Of all these changes, only 
IGFBP-l, 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-l, which 
binds the mitogenic peptides IGF I and II with an affinity equal to its receptor (see 
Rosenfeld et aI., 1990; Lamson et aI., 1991 for reviews), and RBP, which carries the cell 
differentiating agent retinol (Sporn et aI., 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-I and IGFBP-3 have been shown to potentiate the mitotic activity of IGF's 
(Sara & Hall, 1990, Rosenfeld et aI., 1990; Lamson et aI., 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 aI., 1989; Conover et aI., 1990; Conover and Powell, 
1991). Alternatively, IGFBP-I, 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 aI., 1990; Lamson et aI., 1991; Shimasaki & Ling, 1992). 
We have postulated that in the baboon, IGFBP-l 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-l 
then becomes an inhibitory protein (Fazleabas et aI., 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-l 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 aI., 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-I 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-l 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 aI., 1992b) coincident with IGFBP-l expression in the 
luminal glandular epithelial cells and decidual cells. These two correlated events may 
enhance trophoblast proliferation. IGFBP-l 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-l, The trophoblast produces 
plasminogen activators (Strickland et aI., 1976; Fisher et aI., 1989). Therefore, the potential 
exists for the penetrating and proliferating trophoblast to locally activate plasminogen to 
plasmin, which in tum 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-l synthesis by the decidua 
increases (Fazleabas et aI., 1989c). This increase in IGFBP-l 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 aI., 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 aI., 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-p transcripts in human 
endometrial stromal cells (Prentice et aI., 1992) and increases IGFBP synthesis in MCF-7 
cells (Fontana et aI., 11)1)1). Thus, it is conceivable that in the local uterine environment, 
retinol complexed to RBP may initially up-regulate glandular epithelial IGFBP-l synthesis 
(Tarantino et aI., 1992) and induce stromal cell differentiation and IGFBP-l 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 aI., 1981; Harney et aI., 
1990), sheep (Liu et aI., 1992) or bovine (Liu and Godkin 1992), the baboon placenta does 
not synthesize RBP (Donnelly et aI., 1991, 1992). Since RBP has been reported to bind to 
human placental membranes (Blomhoff et aI., 1991), we suggest that in the baboon, 
endometrial RBP, which is synthesized primarily during fetal organogenesis (Hendrickx 
1971; Fazleabas et aI., 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-l 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 aI., 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, CDlO and 
CD13, were expressed in the endometrial stromal cells, and that CD26 antigens were locali
zed in the glandular epithelial cells (lmai et aI., 1992a, 1992b). CDlO, CDI3, and CD26 
antigens were shown to be identical to neutral endopeptidase (NEP) (Letarte et aI, 1988), 
aminopeptidase N (APN) (Look et a 1.1 989), and dipeptidyl peptidase IV (DPP IV) (Mattern 
et aI., 1989; Stein et aI., 1989;Ulmer et aI., 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 ST AINING 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, CDI0, CDll b, CDI3, CDI4, CD20, and 
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CD26. It was necessary to examine the lymphohematopoietic cell markers CD2 (T lympho
cytes), CDllb (monocytes/granulocytes), CDl4 (monocytes/granulocytes), and CD20 (B 
lymphocytes) in order to evaluate antigen expression in endometrial cells. Peptidase antigens 
of CDIO/NEP, CDI3/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 CD 10 and CDl3 antigens (Fig. lA, IB), while endometrial glandular epithelial 
cells showed weak CD26 antigen expression (Fig. IC). In the secretory phase, the expres
sion of CD 10 and CD 13 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 CDIO or CDl3 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). CDIO 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, CDllb, CDl4 or CD20 antigen-bearing cells were 
sparsely distributed in the endometrium throughout the menstrual cycle and during the first 
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Fig. 1. Indirect immunofluorescence staining of human endometrium in proliferative 
phase. Cryostat sections were stained by using following monoclonal antibodies: A, 
CDIO/Nu-Nl: B. CD13/MCS2; C, CD26/Tal; D, hematoxylin and eosin. 



Fig. 2. Indirect immunofluorescence staining of human endometrium in secretory 
phase . Cryostat sections were stained by using following monoclonal antibodies: A. 
CDIO/Nu-Nl: B. CDI3/MCS2; C. CD26/Tal; D. hematoxylin and eosin. 
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Fig. 3. Indirect immunofluorescence staining of human decidua of 7 weeks gestation. 
Cryostat sections were stained by using following monoclonal antibodies: A, 
CDIO/Nu-Nl; B. CD13/MCS2; C. CD26/Tal; D, hematoxylin and eosin. 
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trimester of pregnancy. Therefore, it was apparent that CDlO/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 CD 10 and CD26 antigen expression was maximal during the 
secretory phase (peri-implantation periods), whereas the intensity of CD 13 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 aI., 1991). The cells were stained with monoclonal antibodies against CD2, 
CDlO, CDllb, CD13, CD14, and CD20 antigens, then examined using a flow cytometer. 
More than 80% of the cells examined were positive for CD lO/NEP and CD13/ APN antigens 
in every experiment, and the fluorescence intensity was relatively strong. CD2, CDllb, 
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 
CDIO/NEP and CDI3/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 
CD 10/ NEP and CD13/APN antigens in cultured stromal cells was subsequently examined. 
Cells were cultured for 7 days with or without estradiol (l0-8M), progesterone (l0-7M), or 
testosterone (l0-8M), and CDlO/NEP and CD13/APN antigen expressions on these cells 
were assessed by mean fluorescence intensity. During the culture period, CD 10 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, CDI3/My7; c, CD 13/MCS2; d, CDlO/Nu-Nl; e, CDI4/LeuM3; 
f, CDllb/Bear-1. Percent positivity was as follows: a, 2.1; b, 92.8; c, 93.1; d, 92.2; e, 
3.9; f, 3.3. Over 90% of the cells were positive for CD 10 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=7) 

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, CDI3/APN antigen expression on stromal cells did not decrease even 
after 14 days' culture, and the expression of CD 13/APN antigen was similarly unaffected by 
the addition of estrogen, progesterone, or androgen alone. A significant enhancement of 
CDI3/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 aI., 1989). The endometrial stromal cell-enriched 
preparation was suspended in PBS containing OAmM alanine-p-nitroanilide and incubated at 
3TC 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-p-naphthylamide was dissolved in 
O.5ml N,N-dimethylformamide and mixed with lOmg Fast Blue B salt dissolved in lOml 
O.IM 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-niu'oanilide 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. 
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Fig. 7. Aminopeptidase activity of cultured endometrial stromal cells. Endometrial 
stromal cells were cultured for 7 days with ovarian steroids: E, 1O-8M; P, 10-7M; T, 
1O-8M. Results were expressed as % of control cultures without ovarian steroids. (N=6) 



Fig. 8. Enz.yme histochemistry of DPP 
IV activity in the human endometrium. 
A. proliferative phase; B. mid· secretory 
phase: C. first trimester of pregnancy 
(7 weeks). 

PEPTIDASES AS POSSIBLE LOCAL REGULATORS OF PEPTIDE FACTORS 

We have shown that human endometrial stromal cells express CDlO/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 
aI., 1989) etc. APN catalyzes the removal of N-terminal amino acids from peptides, such as 
met-Iys-bradykinin and met-enkephalin, somatostatin (Sidorowicz et al., 1981), (Asn 1) 
angiotensin II (Ward et aI., 1990) etc. DPP IV removes dipeptides from the N -termini of 
polypeptides. Its substrates include human gastrin-releasing peptide, human pancreatic 
polypeptide, ex chain of human chorionic gonadotropin (Nausch et aI., 1990), and substance P 
(Ptischel et aI., 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 aI., 1992; Yeager et aI., 1992). DPP IV has been shown to be 
involved in cellular adhesion in extracellular matrix proteins (Hanski et aI., 1985 , 1988; 
Piazza et aI.. 1989; Dang et aI.. 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. 
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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 (BfiSe, 
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 aI., 
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 a1., 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 4-10 kV. 

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 IJ.m, 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 glm1. 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 aI., 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, lmc-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 tonuous 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 11m. 

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 11m. 
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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 = 1 00 ~m. 

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 (lmc) and that of the 
circular muscle layer (cmc), the latter consisting of few and small (4-6 ~m) capillaries. Vascular cast, 26 hours 
after activation from an experimental delay of implantation. Bar = 100 ~m. 
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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. mea - myometrial 
circumferential arteriole, mcv - myometrial circumferential venule. Vascular cast, 26 hours after activation 
from an experimental delay of implantation. Bar = 20 11m. 
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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 ~m. 

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 fonned vessels did not fuse to fonn a capillary network, but became 
continuous with the blood spaces within the Trager trophoblast on day 10 (Figs. 15, 16). It 
was not possible to detennine how trophoblast tapped the sinusoids and the newly fonned 
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 !lm; 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 !lm) 
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 
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fonnation 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 tenns of retainment of the gross anatomical outline of 
the uterus, the well-preserved morphology of endothelial cell nuclear imprints, and the 
apparently nonnal 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 l00-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 fonn 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 = 300 Ilm. Reprinted by permission of Springer -Verlag 
from Christofferson and Nilsson (1988a). 
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Figure 10. The implantation chamber is the anti mesometrial 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 
a decidual 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 11m. 

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 restomtive 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 aI., 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 

85 



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 = 500 11m. 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 = I 
mm. 
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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 pan 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 = I 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 = I(lOf,.Lm. 
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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 spaces of the Trager trophoblast (Ttr) from day 8-9 
of pregnancy. Arterialized maternal blood enters the remnant uterine lumen - which at this stage is occupied 
by the Trager - and reaches the maternal blood spaces and yolk sac placenta, which are drained by the 
mesometrial sinusoids (s). ac - amniotic cavity, a1- allantois, cd - capsular decidua, ecc - exocelomic 
cavity, Rm - Reichert's membrane. Light micrograph of immersion-fixed, cast tissue, day IO of pregnancy. 
Bar = 500 11m. Reprinted by permission (Copyright © John Wiley & Sons, Inc., 1989) from Christofferson 
and Nilsson (I 989). 

Figure 16. Formation of maternal blood spaces. The maternal blood spaces (mbs) were observed as irregular 
blebs of resin within the Trager 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 = 200lJ.m. 
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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. II. Imc -
longitudinal muscle capillary plexus, s - mesometrial sinusoid, arrow - avascular area. Vascular cast, cross
section, day 8 of pregnancy. Bar = 300 I!m. 

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 I!m. 
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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 = 3011m. 

Figure 20. Schematic representation of the rat placenta on day 14 of pregnancy. Arrows indicate the 
direction of blood flow. Stippled: Trager 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 Trager 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. 

ACKNOWLEDGMENTS 

Excellent technical assistance was provided by Barbro Einarsson, Leif Ljung, Marianne 
Ljungkvist, and Lena KArud. This work was supported by the Swedish Medical Research 
Council (project No. 00070), the Swedish Society of Medicine, and grants from the Faculty 
of Medicine at Uppsala University. 

REFERENCES 

BergstrOm, S., 1978, Experimentally delayed implantation, in: "Methods in Mammalian Reproduction", J.C. 
Daniels ed., Academic Press, New York, pp. 419-435. 

Bj1Ie, F., 1950, Studies on placental circulation in rats. II. Vascular pattern illustrated by corrosion 
preparations, Acla Endocrinol (Copenh). 5:369-375. 

Bridgman, J., 1948a, A morphological study of the development of the placenta in the rat. I. An outline of the 
development of the placenta of the white rat, I M orphol. 83:61-87. 

Bridgman, J., 1948b, A morphological study of the development of the placenta in the rat. II. An histological 
and cytological study of the development of the chorioallantoic placenta of the white rat, I Morphol. 
83: 195-225. 

Christofferson, R.H. and Nilsson, B.O., 1988a, Morphology of the endometrial microvasculature during early 
placentation in the rat, Cell Tissue Res. 253:209-220. 

Christofferson, R.H. and Nilsson, B.O., 1988b, Microvascular corrosion casting with analysis in the scanning 
electron microscope, Scanning 10:43-63. 

Christofferson, R.H. and Nilsson, B.O, 1989, Placentation in the rat: a SEM study of microvascular casts, 
in: "Developments in Ultrastructure of Reproduction", P.M. Motta, ed., Alan R. Liss Inc., New York, 
pp. 435-442. 

Christofferson, R.H. and Nilsson, B.O., 1992, Microvascular corrosion casting in angiogenesis research, in: 
"Scanning Electron Microscopy of Vascular Casts: Methods and Applications", P.M. Motta, T. 
Murakami, and H. Fujita, eds., Kluwer Academic Publishers, Boston, pp. 27-37. 

Duval, M., 1891, Le placenta des rongeurs, I Anal. (Paris) ,27:24-73,334-395,515-612. 
Enders, A.C., 1991, Current topic: Structural responses of the primate endometrium to implantation, 

Placenta 12:309-325. 

Folkman, J. and Shing, Y., 1992, Angiogenesis,l Bioi Chern. 267:10931-10934. 
Holmes, R.P. and Davies, D.V., 1948, The vascular pattern of the placenta and its development in the rat, 

I Obstet Gynaecol Brit Ernp. 55:583-607. 
Lametschwandtner, A., Lametschwandtner, U., and Weiger, T., 1990, Scanning electron microscopy of 

vascular corrosion casts - Technique and applications: Updated review, Scanning Microsc. 4:889-941. 
Lundkvist, O. and Ljungkvist, I., 1977, Morphology of the rat endometrial stroma at the appearance of the 

Pontamine blue reaction during implantation after an experimental delay, Cell Tissue Res. 184:453-466. 
Mossman, H.W., 1987, "Vertebrate Fetal Membranes", Macmillan, London. 
Mossman, H. W. and Fischer T.V., 1969, The preplacenta ofpedetes, the trager, and the maternal circulatory 

pattern in rodent placentae,J Reprod Fertil, Suppl. 6: 175-184. 
Murakami, T., 1971, Application of the scanning electron microscope to the study of the fine distribution of 

the blood vessels, Arch Histol lap. 32:445-454. 
Nutting, E.F. and Meyer, R.K., 1963, Implantation delay, nidation and embryonal survival in rats treated with 

ovarian hormones, in: "Delayed Implantation", A.C. Enders, ed., University of Chicago Press, Chicago, 
pp. 233-252. 

Patan, S., Haenni, B., and Burri, P.H., 1993, Evidence for intussusceptive capillary growth in the chicken 
chorio-allantoic membrane (CAM), Anat Embryol. 187: 121-130. 

Psychoyos, A., 1971, Methods for studying changes in capillary permeability of the rat endometrium, in: 
"Methods in Mammalian Embryology", J.C. Daniel, ed., W.H. Freeman and Co, San Francisco, pp. 
334-338. 

Risau, W., 1991, Embryonic angiogenesis factors,PharmacolTher. 51:371-376. 

91 



Rogers, P.A.W. and Gannon, B.J., 1981, The vascular and microvascular anatomy of the rat uterus during the 
oestrus cycle, Ausl J Bioi Sci. 59:667-679. 

Rogers, P.A.W., Murphy, C.R., and Gannon, B.1., 1982, Changes in spatial organization of the uterine 
vasculature during implantation in the rat, J Reprod Ferli!. 65:211-214. 

Takemori, K., Okamura, H., Kanzaki, H., Koshida, M., and Konishi, I., 1984, Scanning electron microscopy 
study on corrosion cast of rat uterine vasculature during the first half of pregnancy,J Anal. 138: 163-173. 

Takemori, K., Okamura, H., Kanzaki, H., Koshida, M., Konishi, I., and Mori, T., 1985, Scanning electron 
microscopy study on corrosion casts of rat uterine vasculature during the second half of pregnancy and 
post partum, J Anal. 142:21-31. 

Torry, R.I. and Rongish, B.1., 1992, Angiogenesis in the uterus: potential regulation and relation to tumor 
angiogenesis, Am J Reprod lmmunol. 27:171-179. 

Welsh, A.O. and Enders A.C., 1991, Chorioallantoic placenta formation in the rat: II. Angiogenesis and 
maternal blood circulation in the mesometrial region of the implantation chamber prior to placenta 
formation, Am J Anal. 192:347-365. 

Young, A., 1956, The vascular architecture of the rat uterus during pregnancy, Trans R Soc Edinb. 63:167-
184. 

92 



RECEPTIVE AND REFRACTORY PERIOD IN HUMAN IMPLANTATION 

J. Mandelbauml, M. Plachotl , A.M. Juncal, 
J. Cohen2, J. Salat-Baroux3 

I U 173 Hopital Necker, 

149, Rue de Sevres 75743 Paris Cedex 15 - France 
2 

CHI Jean Rostand - Sevres (92) 

3 Hopital Tenon - 75020 Paris 

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 in rodents by estrogens 

and is a brief event that after 36 hours automatically leads to the refractoIY 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 cocuItures 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 

Day 0 oocytes + 

Zona bound sperms 

Day + 1 zygotes 

Day + 2 Ie and 2e cleavage 

Pregnancy per 

transfer (%) 

DO Dl 

20% (Rizk et al, 1990) 

(Ahuja et al, 1985) ...... 21 % 

D2 

(FlVNAT, 1993) ............. 18% 

D3 

Day + 3 2e and 3e cleavage (Belalsch-Allart et aI, 1990) 29% ... 32 % 

Day + 5 Morulae and 

D5 

Blastocysts (Guerin 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 (FlV) or zygote tubal transfer (ZIFT). Data collected on 108 IVF centers 

(FIVNAT, 1993). 

FIV (1990) ZIFT (1990) 

oocyte recovery (or) 23883 253 

clinical pregnancy per transfer 24.8% 23.7% 

clinical pregnancy per or 19.7% 20.2% 

delivery per or 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. 

m 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. 
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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 

97 



Table 3 . Transfers of frozen-thawed human embryos (spontaneous cycles) 

Embryo-endometrium Transfers Embryo/T Clinical 

synchrony * (T) pregnancies (%) 

In synchrony 565 2.2 95 (17%)a 

Out of synchrony 287 2.1 32 {1O%}b 

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 2.2 -----------

X2 TEST: NS 

* according to the LH surge initiating rise (LH SIR). 
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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 Ing/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 C~ .. 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-l, -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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ill TIlE 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 b1astocysts. 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 Itl 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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IMPLANT A TION OF HUMAN BLASTOCYSTS FOLLOWING 
IN VITRO FERTILISATION 

Virginia N. Bolton 

Assisted Conception Unit 
Department of Obstetrics & Gynaecology 
King's College School of Medicine & Dentistry 
Denmark Hill 
London SE5 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 CPopp et al.. 1985), and oocyte retrieval (Wikland et a!., 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 a!., 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. 
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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). 
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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 I: 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 aI., 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 aI., 1989), or by the measurement of uptake and production of certain metabolites 
(Gott et aI., 1990; Conaghan et aI., 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 aI., 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 aI., 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 a-amanitin have 
demonstrated that in the human, embryonic gene activation occurs between the 4- and 
8-cell stages (Braude et aI., 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 35S-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. It 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 aI., 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 15S-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 5 

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 a!., 1992a, b; Bongso et a!., 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 a!., 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 aI., 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 5 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 aI., 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 5 after oocyte retrieval 

ET Performed on:-
Day 2 Day 5 

No. (%) of:-

Cycles 63 65 

ETs 63 65 

Pregnancies 14 (22) 17 (26) 
(+ve ~hCG) 

Ongoing Pregnancies 9 (14) 12 (18) 
(FH on ultrasound) 

Embryos transferred 126 124 

Implantations 20 (16), 20 (16)' 

Fetal Hearts 14 (II), 16 (\3)' 

''Yo 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 5, 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 20/1 08 (19%), and the fetal heart (FH) rate per embryo 
transferred was 16/1 08 (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 a!., 1990). Another factor is delayed or abnormal cytokinesis and/or karyokinesis, 
resulting in blastocysts with reduced cell numbers and/or multinucleate cells (Hardy et 
aI., 1989a; Winston et a!., 1991). 

Figure 5. Photomicrographs of human embryos on day 5 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; (e) 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 1 

"Blastocyst" morphology & age 
(days post fertilisation) 

"Normal" Day 5 

"Abnormal" Day 5 

"Normal" Day 6 

"Abnormal" Day 6 

"Normal" Day 7 

I Data from Hardy et aI., 1989a 

No. No. of Range 
Analysed Nuclei 

9 58.3±8.1 24-90 

18 

25 84.4±5.7 27-\36 

15 38.3±6.2 3-86 

II 125.5±19 60-283 

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 aI., 
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 aI., 1972). In comparison, two in vitro-derived blastocysts at 7 days post 
insemination were found to contain 112 and 110 nuclei respectively (Steptoe et aI., 
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 a!., 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 (l 0%) 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 threc 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 
rCM 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 
a!., 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 a!., 1983; Tesarik et a!., 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 B1astocysts 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 a!., 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 a!., 1990; Keenan 
et a!., 1991) as well as maternal age (Cohen et a!., 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 a!., 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 a!., 1990). This study 
was followed by a more extensive series (Cohen et a!., 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 a!., 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 aI., 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 aI., 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 'Je 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 aI., 1989; De Sutter et 
aI., 1991; Gonzales et aI., 1992; Phocas et aI., 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-l (IGF-l). 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 5, 
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 (Arnie I et 
aI., 1991), tumour necrosis factor (Roby and Terranova, 1988; ZoW et aI., 1990), colony 
stimulating factor or interleukin-6 (Zolti et aI., 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 aI., 1986; Hardy et aI., 1989b), but these have proved of 
little use in predicting embryo potential if ET is to be performed on day 2 (Conaghan 
et aI., 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 aI., 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 5, 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. 
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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 irnrnunoradiometric assay in the medium in which human embryos 
have been cultured for 8 days (Lopata and Hay, 1989) or for 7 days (Dokras et ai., 1991; 
Lopata and Oliva, 1993). Recently, using a mouse Leydig cell bioassay, we have 
detected hCG scretion by day 6 blastocysts (Jones et ai., 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 ~I-glycoprotein (SP I)' which is known to be synthesised by the 
syncytiotrophoblast (Home et aI., 1976). Although a recent report, in which SPI 
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 aI., 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 aI., 1992), platelet-derived growth factor (Svalander et ai., 1991), and interferon-a 
(Chard, 1991). We have measured interferon-a levels in medium in which human 
embryos had been cultured for 5 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-a 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 aI., 1991). Given that human preimplantation development may be 

somewhat retarded in vitro, 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 Goteborg, Sweden. 
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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 (POE2) (Holmes et ai., 1989), Colony Stimulating 

Factor-l (CSF-I) (Robertson et ai., 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 (PDOF), CSF-l, Transforming growth factor-p (TOFP), Epidermal growth factor 

(EGF) or the EOF-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, POE2 (Holmes et al., 

1989) and PDOF (Svalander et aI., 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 aI., 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 

aI., 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 aI., 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 aI., 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 aI., 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 aI., 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 aI., 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 

aI., 1950) and morphometric criteria (Johannes son 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 
E2R 
P4R 
PDGFR 
EGFR 
IGF-IR 
CD44 
CD45 
CD56 
BerMac3 
Vitronectin-R 
CD31 
ELAM-I 
ICAM-I 
VCAM-I 
EN 7/44 

RESULTS 

Description 
Nuclear estrogen receptor protein 
Nuclear progesterone receptor protein 
Platelet -derived growth factor AB receptor protein 
Epidennal growth factor receptor protein 
Insulin-like growth factor-l receptor protein 
Leukocyte homing receptor 
Pan-leukocyte marker 
Natural killer cell marker 
Activated macrophages 
Vitronectin receptor, ~-chain 
Platelet -endothelial cell adhesion molecule 
Endothelial-leukocyte adhesion molecule 
Intercellular cell adhesion molecule 
Vascular cell adhesion molecule 
Angiogenesis marker 

Antibody source 
Abbott, Inc. 
Abbott. Inc. 
R&D, Inc. 
Oncogene Science, Inc. 
Oncogene Science, Inc. 
T Cell Diagnostics, Inc. 
Dakopatts, Inc. 
Becton Dickinson, Inc. 
Dakopatts, Inc. 
Takara Shuzo Co., Ltd. 
Dakopatts, Inc. 
Genzyme, Inc. 
Genzyme, Inc. 
Genzyme, Inc. 
Dianova GmbH 

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 aI., 1988; Lessey 

et aI., 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-IR) 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-IR 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 av~3 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 

132 



et aI., 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-I, 

ICAM-I, VCAM-I 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 cellulll!: lQl;!llization Alt!:<ration aft!:<r RU486 
E2R Weak staining in stroma and glands None 
P4R Stroma Glandular epithelial staining 
PDGFR Granular staining around va~cular structures None 
EGFR Stroma None 
IGF-IR 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 
CD3l Vascular structures None 
ELAM-l Negative None 
ICAM-I Negative None 
VCAM-I 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 aI., 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 aI., 1989), CSF-l (Robertson et aI., 1992), hCG (Fishel 

et aI., 1984; Lopata et aI., 1993), IL-la (Sheth et aI., 1991) and IL-lb (Baranao et aI., 1992), 

all of which may, in turn, have an effect on the progesterone-ripening of the endometrium. 

PGE2 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 HEPltODUCTIVE MEDICINE 

Etienne-Emile HAllLlEll 

Unite de Recherches sur les Communications Hormonales 
(INSERM U 33) and Faculte de Medecine Paris-Sud, 80 rue du 
General Leclerc, 94276 Bicetre Cedex, France 

The story of RU486* (Figure I) may be seen as the combined result of the 
women's movement during the 20 th 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 useful 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-hack 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 dear that the available contraceptive 
methods c(Juld not completely ..:()ver the reproductive ..:hoi..:es desired by the 
WOInen of the wurld and their faInilie::>, 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 element::>. The hormone re::>ponsive proteins of 
target cell::> of the reproductive tract, termed receptors, were discovered while 

*Mifepristone, HlJ:l8486, 1711 hydroxy lip (·1 dimethyl atllillophenyll) 17u(pnw1yny/)-estra-
4,9 diene-3 one. Many publication;, aI'" .. tln,ady available: the first paper (HeITmann et aI., 1982) 
summarized the first. laborat.ory a"d dillical data, t.he book edited with S. Segal (Baulieu and 
Segal, 1985) reported un the B"lhlgiu IIIl'('lillg groupillg alnllJst all contributors known at that 
lime, and since, Illany n:view~ han' IJillllidly covered till: field which has become very large: 
Henderson, 1987; .i'h:d, 1987; Baulicil. 1~Jt)~Ja,l),199Ia,b, Laue eI. ai, 1989; Avrech et aL, 1991; 
Philiher·t et. ai, 1991, LJlmann et ai, I~J~JO, Cook and Grimes, 1992; Ilorwitz, 1992; Mao et aI., 
1992; Brodgen d a I . 199:; 
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MIFEPRISTONE (RU 486) 

Figure 1 

.. ~-

progesterone (P), designated by Corner (in 1932!; see Corner, 1963) as the 
hormone uf gestation (pro gestare), was now easy to quantitate by 
radioimmunoassays (Lieberman, 1959). The uterine progesterone receptor (PR) 
(Milgrom et aI., 1970) and the synthesis and action of prostaglandins (PG) 
(Bergstrom et aI., 1972) were described, while the role of progesterone in the 
establishment and maintenance of pregnancy in wumen was demonstrated 
(Csapo and Pulkkinen, 1977). As it became dear that progesterone is involved at 
all steps of the repruductive processes, antagonists to progesterone were actively 
sought. A,;; 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 Cllntraception can also benefit from them, not to mention several 
hormone dependent diseases. 

When developing a procedun~ 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 sbould relieve tbis threat to women's health and, in turn, 
maintain their dignity. Furthermore, the distinction between abortion and 
contraception has become significantly less distinctive, because the beginning of 
pregnancy is now understood, in pbysiolugical terms, tu be a progressive 
succession of ,;;tep,;;. Hence, I have pl'Opo';;ed the term cuntragestion (Baulieu, 
1985, 1989a,b) to dearly de,;;ignate a method which call provoke pregnancy 
interruption (cuntra gestation) and operates as soon as po,;;,;;ible after fertilization 
might have occllrt'ed, before the word abortion is appropriate (is an IUD 
considered an abortifacient?) (see later disl:U';;sion). This change in concept may 
be one of the most important outcomes of RU486 usage. 

AN'I'IHOItMONES: '1'1-11<: 20 YEAUS BEFOH. .. : I{U486 

The aim 41f suppressing hormone adivity is almost as old as the word 
hormone (wPlJriv; to excite) itself. 

If a hormonal molecule is excitatory for the target cells, then suppression of 
its effects can be attained by i) abulition uf 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 ::;teroid::; such a::; P, which act intracellularly, prevention of its 
entry into potentially responsive cells. At present, only the first of these three 
possibilities, ::;uppression of biosynthe::;is, seem::; feasible in humans. For 
example, the u::;e of enzymatic inhibiturs ::;uch as the drug Epostane (4,5-epoxy-
17{3-hydroxy-4,17a-dimethyl-3-oxoo 5uandrll::;tane-2-carbonitrile, an inhibitor of 
3{3-hydroxy steroid dehydrogena::;e) ha::; been te::;ted with some success in abortion 
(Birgerson and Odlind, 1987, Crooij and Janssens, 1988). However, an 
antihormone at the receptor levellllay ael more rapidly and be more specific than 
an inhibitor of a key enzyme invulved ill the ::;ynthesis of many steroids. An 
approach to block the action uj hormone::;, the u::;e of ::;pecific antibodies for 
instance, interacting with P in the hluud ur in target urgans (Wang et aI., 1989) 
does not seem easily applicable tu hUIl"tll;:,. III fael, the center of hormone action 
and thu::; the best mulecular target fur :1lltilwrmunal action is the receptor (R) 
protein molecule, a mandatory element fur udlular re::;ponses to hormone t . The 
image of receptor::; purtrayed a::; a luck whuse key is the hormone and whose key
hole (in fact a "binding ::;ite") can be cumpetitively occupied and consequently put 
out of order by a false key (an antihormolle) has been popular for decades. 
Becau::;e steroids are rigid mulendcs uf well defined conformation, as also should 
be the high affinity binding ::;ilL' of the receptor, it ::;eemed logical to expect a 
breakthrough in the hormone Hntag()nism field would occur via the antisteroid 
field+. Initially, receptors were deteeled by the binding of a traceable (labeled) 
hormone to tissue extrads. The fir::;t lIf these so-called radio-receptor 
experiments wa::; perfurmed with tritiated estradiol (the natural estrogen), and 
an antiestrogen such as MEl( 25 competed efficiently for the radioactive 
hormone uptake and retentiull ill thl: uteru::; (Jensen and Jacobson, 1962). The 
structure of MER 25 (Figure 2) i::; nut that "f a ::;teroid, but a triphenyl-ethylene 
derivative of stilbene with two phenyl cycll:::; mimicking ring A and D of the 
steroids. X-ray crystallographic ::;tudies uf the non steroidal estrogen 
diethylstilbestrul (DES) and e::;tradi()l (E), have delineated their similarity 
(Hospital et aI., 1972). The third cycle ()f triphenylethylene derivatives is 
perpendicular to the rest (If the steroid mimicking t:>keleLon (Figures 2 and 3). 
This wa::; of great importance; c()n::;idering the high affinity that molecules such 
as E and DES show fur the reccptm, i l was Ilut surpri::;ing that triphenyl-ethylene 
derivativet:> such a::; MEl{ 25 and taIl}t)xifell (Figure 2) had lower affinity than the 
agoni::;t::;. In fad, the pre::;Clln' til' "b"cllcc of the third cycle is not the critical 
fador fur determining bindillg affillity, bince 4-hydroxytamoxifen, with an 
additiunal hydruxyl to the ring Ae411ivalent of the tamoxifen molecule and 
mimicking the 3hydruxyl gruup ()f estradiol, renders the compound with high 
affinity fur the receptur and a reslliting' ::;trong antiestrugenic effed ("pure", with 
no agonit:>t activity in the chick (Sllthed,wd et aI., 1977). I was very impressed by 
these data, because they c()ntl'adicted the current thinking, in that all known 
antagonists tested at that time had low affinity for their respective receptor. 
Antiestrogens (e.g. tamoxifen), antiandrogen::; (e.g. cyproterone acetate, 
flutamid), antiglucocorticusteroids (e.g. P), antialdu::;terone (e.g. spironolactone, 
P), and screening for antihuml!lnal steroids tended to eliminate compounds 
demon::;trating a high affinity for the receptor. Indeed, there was no adequate 

HH.J 48G LOan IJe aCCO'llllloualt;d 1,(;( we," I"'" i,t1ly llllWOUlld, double-stranded DN A bases by 
computer 1ll()(ll:lillg Yd the alll,n,d L<IIlio/"lllali()n ()f DNA cannot be correlated to the 
pharmacological properties of anl iprogf':i( illS (Ilendry and Mahesh, 1992). 

:j:Thyroid hormones are other slllall, rif.:ld <lnd lipophilic h()rmOlJes, and lhe corresponding 
anlihorlllOlles "logically" could have I'l,,'" i"oulld earlier lIowever, we do not yet know of an 
antit.hyroid hormolle C()III POlllld actillg <I[lhe reeep .. or level 
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theoretical reason to relate the quantitative notion of high affinity to the 
q ualitati ve property of hormone antagonism, since the latter was predictably due 
to specific transconformation of receptor domain(s) involved in the ~ranscription 
!!ctivation functions (TAFs) of the receptor, in particular in the ligand !;!inding 
~omain (LBD), while steroid binding affinity, reflecting interaction with the 
binding site also located in the LBD, is unly important for kinetic quantitative 
aspects of the activity. I presented this scenario to Robert Bucourt, then head of 
the chemistry at Roussel-U dar in the early seventies. 

Interestingly, Dr Bucourt and his colleagues also collaborated with us to 
purify the estrogen receptor by affinity chromatography. Initially, this involved 
the screening of potential receptor ligands and among the synthetic derivatives 
tested, by Helene Richard Foy, were estrogen::; with a long side chain grafted at 
the 7a position. We selected one of them for receptor purification (Bucourt et aI., 
1978); however, Roussel did not test its biulogical activity. It was found to be an 
antagonist of estrogens by the leI researcher::; about ten years later! (Wakeling 
and Bowler, 1988). It is important to nute that the 7a-substitution on the steroid 
skeleton is somewhat symmetrical to an 1111 substitution, consistent with the 
structures of the triphenyl-ethylene antiestrogens and of the Up-phenyl 
derivative compound::; orthe RU486 series. 
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SUPERIMPOSITION OF RU 486 AND TAMOXIFEN SKELETONS 

Figure 3. Calculations have been maJ" itUlll X IL.1'y Cl)slallographic dala by Jean-Paul Mornon 

(I.aboraloire Je Cryslallographie, eN W:; I: l{i\ ml and I ill i versilcs Paris V I and Paris VII). 

Also in the early seventies, the Roussel chemists, while working to improve 
synthesis of new g lucocorticosteroids, found a new way to produce 1113-
derivatives of steroids. They discovered that 50, 100 epoxides obtained by 
metachloroperbenzoic acid trea tmen t of 5( 1 0), 9( 11 )estradienes are prone to 
nucleophilic opening with Grignard reagents (Nedelec and Gasc, 1970). In 
addition, either copper chloride catalyzed Grignard reagents or lithium 
organocuprates efficiently gave the corresponding regio- and stereo-specific 1113-
substituted 4,9-estradienes (Teutsch and Belanger, 1979; Belanger et aI., 1981). 
Interestingly, the size of the substituent appears to largely determine agonistic 
or antagonistic activities. 

Thus chemical research for the synthesis of glucocorticosteroids and 
biological studies of estrogens/antiestrogens had converged when the RU486 
series of compounds were synthesized by Georges Teutsch and colleagues 
(Teutsch et a!., 1988). The remarkable analogy of orientation of the third cycle of 
tamoxifen and fifth cycle ofRU 486 (approximately coplanar with C9-Cl1 bound), 
both perpendicular to the basic stilbene or steroid skeletons is shown in Figure 3. 
Indeed, the 1113-phenyl- Ndimethyl substituted estradiol is a strong antiestrogen 
(unpublished result). 

Briefly, the rest of the IUJ4H6 story, which has been presented in several 
publications (see note* p. 1), continued with the antiglucocorticosteroid activity 
of RU486 being observed, and thereafter the demonstration of its 
anti progesterone property. The deci::;ion to test it for human abortion was made 
after the endocrinological and (JharmacoJogical studies performed by Daniel 
Philibert and colleagues. The compound was active and probably safe, we 
proposed, but the idea of using HU486 in human beings was almost "killed" by 
toxicologists who did not correctly in terprete the signs of cortisol insufficiency 
when the product was given at very high doses in monkeys for several 
consecutive weeks: RU486 was rescued by my insistance that it was just a 
beautiful demonstration of the activity of the compound in primates (Baulieu, 
1991c). 
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The career of the compound al::;o became the ::;ubject of political debate, and 
this is not relevant to thi::; resume. However, the scientific story is not finished, 
and should be pursued in order to improve and to extend the first discoveries. 

NOV"~L MOLECULES 

All the powerful anti progestin::; and antiglucocorticosteroids so far 
described are II/I phenyl substituted steroid:;. The relatively long half-life of 
RU486 in human beings (- 20 hours) seems to be due to its ability to bind to 
plasma orosomucoid (an aI-glucoprotein) (Moguilewski and Philibert, 1985; 
Grimaldi et aI., 1992); this binding is not found in non-human primates or other 
animals. RU40555 (see Figure 4 for structure of thi::; and other compounds 
discussed in this section) does not bind to the orosomucoid, and has a shorter 
half-life which may be of interest for the kinetic assessment of the hypothalamo
pituitary-adrenal axis in clinical endocrinology (Bertagna d aI., 1984; Gaillard 
et aI., 1984). However, the binding of RlJ486 and lilopristone (ZK98734) to 
orosomucoid Ilwy enhance the antisteroid activity since it protects the drug 
against mdabulic inactivation and provides a reservoir system for sustained 
delivery to target cells. 
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Since the early :studie:s with IUJ.1bti, rheilli:,b have tried to dissociate the 
two main anti hormonal activitie:s "j the Clllll~UUlj(i and wished, for obvious 
medical rea:sons, to obtaill "pure" antilJrogestin(s) and "pure" 
antiglucocorticosteruid(:s), which, in additwn, would not display any other 
endocrine effects. 

At the pre:sent time, there i", no Pllbli:,hed aCCullnt of a pure anllprogestin 
compound, However, it i:, impurtant tu note that for abortion the 
antiglucocorticosteroid effed i:s apparently neither neces:sary nor even useful, 
and that a single do:se of s GOO mg of Rl J 486 does nut create any medical problem 
related to corticosteroid in:sufflciellcy. RlJ486 derivatives9, such as RU46556 and 
RU49295 are :strong antiprogestins with limited antiglucocorticosteroid activity. 
ORC 31710 (more active) and (mG 31806 have less antiglucocorticosteroid 
activity than RlJ480 (Mizut,lIli et aI., 1992). A 17u-acetoxy derivative such as 
HRP2000 (Research Triangle Illstitute, Cuok et aI., 1992), with a 1713-
progesterone sidech,tin and iI 1111 RU486-like substituent, is both an 
anti progestin and an antiglu('()l'urtico:steroid. C uriuu:sly, 17~-acety I, 16o-ethyl 
derivatives of I Illpheny l:su bsti lu ted steroid:s are proge:stin agonists (Cook et aI., 
1992). The Schering gruup has synthesized liiopri:stone, with a 1713 side chain 
slightly different frum that Ilf HLJ4Ho, with less antiglucocorticu:steroid activity 
and higher binding to the androgen receptor. Anuther compound (ZK 112993) 
abo has reduced antiglul'u("urtil'lJsleruid adivity in the rat, due to the acetyl 
group on the 1] ~·phenyl g/"Uup. A ::;ig'nificant change in the RU486 structure was 
obtained u:sing onapristune (ZK 9H 299); due to photochemical epimerization at 
C 13 there is in versiufl of the I) ri ng and sub:stitutions at the C 17 position (N eef 
et aI., 1984). Onapristulle does nut bind looro::;ull1ucoid (contrary to RU486), does 
not bind to the chick (c) PH (as IUJ486) (Nath et aI., 1991), is an anti progesterone 
(but less than IUJ48ti) and has weak antiglucocorticosteroid activity. Its 
mechanism uf action may not involve binding to DNA (see later). 

A pure anliglucocorllcoster()/(i may oe easier to use chronically in women. 
One possibility i:s IUJ40016, an RU4H6 like compound with inversion of 
substituents at the CI7 positiun. While not very active, it has relatively more 
antiglucocortieu:steroid and les::; anti progestin effects than RU486. RU43044 is 
chemically very different, since the additional phenyl sub:stituent is in the lOP 
position, and even if this ring is :spacially partially superimposable to a phenyl 
group in 1111, there is nu binding tu the PR and the activity is purely 
antiglucocurtico:steroid (even weaker than that uf RU486). The compound, 
perhaps because of metabolic reasons, ha:s no activity in vivo in animals, but 
being active in :situ it provides some c1ue:s for the :synthesis of a series of locally 
active therapeutic agents, 

In cOl1clu SWfl, the II ~-pheny I substi tution is es:sential in determining the 
antagonistic properties of most antisteroids, while an I1f3·aliphatic chain may 
result in agonistic derivatives (Figure 5). However, no steroidal structure carries 
per se an abs()lute utlrinsic property o/"agorllsm or antagonism, as demonstrated 
by steroid binding differences between the PR of different species, changes of 
activity when mutating the receptor LHI), and when the compound acts in 
different target cells themselve:s in different physiological states. 

§HU46534 is a vlry adive "ctJntrug"sllv(" "gelll ill dogs. Th" only structural difference with 
HU486 is its ally I it: 17" side d",in 
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RU486 and many corresponding Schering and ORG compounds do not bind 
to the cPR (Groyer et aI., 1985), contrary to the binding found to the PR of 
humans (h) and most mammal::;. The change ofa cysteine in the N-terminal 
region ofthe cPR LilD (Cy~ 575) to a corre~punding glycine re~idue found in the 
hPR (cPR Cys 57.5 -~ Gly), permits the binding of lUJ486 and anti steroid activity. 
Interestingly, HU39115, that is RLJ486 minus N-dimethyl, is an antagonist of 
the hPR, but an agonist uf the "humanized" cPR 575-. Gly, indicating that the 
interaction of steroid and receptor i~ more complex than just binding ability, and 
may depend on the uverall structure of the LBD and consequently modify TAF2 
function (see later). Systematic experimenb indicate that according to the 
nature and positioning uf the 11 f~-phenyl substituent, one may produce 11{3-
substituted steroid~ with prugestin agoni~tic, antagonistic, or mixed agonistic 
and antagonistic activities (with, as expected, no relationship with binding 
affinity) (Benhamou et aI., 1992; Garcia et aI., 1992) (Figure 6). 

Indeed it isjust logical that the structure of the steroids and that of the LBD 
combine to ultimately dired the conformation and thus the function of TAF2, 
thus "deciding" if a cum pound will act as an agoni~t or an antagonist. This is 
potentially important for cancer treatment, since steroid receptor mutations 
observed in certain tumor~ may, therefore, radically change the properties and 
then the applicability ofstel'oidal drugs. 

__ -----------HPR------------__ ~ 
RU27987 ... -- ++ -- ++ -- ++ -- ++ -- ++ -- ++ -- ++ -

L-J 

~' f , ~ , y ; ~I 

~ ~ I, 9 ~ ~ ¢ ~ , , 
'I 'I 

Figul'e 5. Agonistic and antagonist ic pott:ntial of two series of I I (l-substitutited steroids that 

differ from !{[J486 only in their 11(1 substilutions or their II() and 17a-substitutions. The 

chemical symbols in the top right con,,:/" of the upper paneb illustrate the 17a-substitutions. 

Tanscription activat.ion was 4uanlitated from normalized CAT assays in lIeLa transiently 

transfected cells with the M MTVCAT n;port(;l" gene and the hl'l{ expression vector hPRl in the 

presence of the various compollnds. The agonistic potential of ,the hPR in the presence of 1 JlM of 

these steroids alone ( HU27,987 al the top) is expressed as a positive value relative to the 

activation seen with \0 nM IUJ27,987 (arbitrarily asssigned t 1(0). Antagonistic potential was 

assayed by exposing t.ransfeded cell~ t.o I 11M of a given steroid plus 10 nM RU27,987 

(+RU27,987 at the top) and is expres,;ed as a negative value, with 100 indicating complete 

inhibition of IUJ27,987 induced transcription The individual II(lsubstitutions are depicted. 

RU27,987 is a 170,21 di.lldhvl :l,20 dioxo,21 hydroxy-19-nor pregna-4,9-diene progestin 

agonist: (Garcia (;( ai, 1992) 
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~~ ~ 

+ - + + + ... 
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. ... . . . . . . 
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........ 

Figure 6. Ligands for the hPR lI1a.\ t;l'n!:l'att: tlln:!: distincL types of TAF. 2 ·dependent 

transcriptional responses: they act as u!.;"l/i~I ., with 110 antagollisli.: potential, or as antagonists 

with no agonistic pote ntial, or they lIlay generale a lltixecl respOllse , since they both activate and 

antagonize transcription activatioll . ll e l.a eel" were transiently transfected with a I'eportcr gene 

and a l'l{l~, and exposed to the steroids in th" absence ur presence of RU27,987 (Figure 5). 

Steroids were used at 111M ( lUJ27 ,9!l7 ; lalll:S :; , 5, and 7), in cases where the antagonistic 

poU,ntial was analyzed , activation was ac hit: v(:d with 10 nM I{U27,987; lanes 4, 6, and 8). Note 

thatl{U28,289 ads as buill agonist and alltdt;olli s t tll " n :ia d aI. , 1992). 

Table I. RU486: use in reproductive medicine 

CONl'RACEPTION/CONTHAGESTION/ABORTION 
5~9 week s of amenunhea 
occasionalluleal cOlllragl!::;tioll 
once a mun th men::;e!; indudiun 
emergency clJnlracepliulI 
once a month antiimpluntatiun 
"endometrial" cuntraceplion 
!;uppre::;sion ofovulaliun 

MEDICAL INTERUPTION OF 1'lmGNANCY 
2nd trimester 
3rd trimester 

LABOR INDUCTION 

145 



REPRODUCTIVE MEDICINE (Tablo.: II 

Voluntary Early Pregnancy IntelTuptioll 

On the ba~is of animal experimo.:llb. Wo.: o.:xfJ\;ded RU486 to meet the 
recognized need for an efficient medical 1110.:<111::' "I' early abortion, safer than an 
instrumental technique and relatively cO/lvenient and cheap (no anesthesia, no 
operating room). To develop a mediL'alllletilUd ()f aburtion was a must in terms of 
women'~ health, and potentially a ~lep tuward mure privacy for those having 
taken the difficult decisiun uf pregnancy termi (HI tiui!. 

Early abortion offered the first uppurtunity to te~t RU486 activity in 
human~, and this was initially perfunned on a ~mall group of women volunteers, 
under the diredion of Walter HeITmann at the 1I6pital Cantonal in Geneva in 
1982, Since the po~tulated mechanisIll of actiull (Figure 7) suggested that a 
single dose ~huuld be ~ufficient, and sillt'o.: t.he Clllll[lollnd was rapidly eliminated 
from the body, unly rather shurl ltlxiculugind ::,ludie;:; were necessary. 

The result;:; were so striking Lilat j{lJ4~6 immediately got the nick-name of 
"abortion pill". This wa~ in ~pite ul'the many uther medical potentialities already 
predicted when the compound wa;:; annuunced (they progressively become 
reality), The fir~t large scale stlldie;:; indicated approximately 80% success in s 
42 days of amenorrhea pregnancie;:; (Couzinet et aI., 1986), and the compound 
was presented for registratiun t" the French Ministry uf Health. However, 
following the Bygdeman trial (Bygdelllan and Swaim, 1985) Crable 2), the 
improved re~ults obtained with the ::'lIbsequent (approximately 48 hours later) 
administration of a small dose of IJf'"",taglandin 48 h after J{IJ486 (Baird et al., 

Figure 7. Physio pharmacological Jll('ChallislII (If action of IUJ486 on the implant.ed blastocyst. 

Temporally, the antiprogesterouc "ffelt "I' Htj·Hltj tomes first, and t.hen an increase of PG 

concentration and action, and a decn,dsc "r her; sustained corpus luteulJl function 
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Table 2. Uterine activity during early pregnancy in control 
and RU486 treated patient::; (Montevideo Units; mean ± SEM) 

---- -_._-----

mean uterine activity (j ± 4 

::;ulpro::;tone 0.05 mg* 

• "dlllinislen:ti 0.5 hou!" art.er ,Iarl "j" re ... II.1illg 

(Swahn ML and Bygdemall, M. 19~K) 

36 h after 
RlJ486 (50 mg) 

222 ± 93 

711 ± 136 

1988; Dubui::; et al., 1988a} led to the approval ("AMM"; .!!utori::;ation de mise sur 
Ie marehe) of RU486 + pro::;taglandiu for up to 49 days of amenorrhea 
pregnancies, in September 1988, in the context of the French law of abortion. 
Sulprostone (a PGE z analog, 250 l-lg intramu::;culariy injected) was the 
pro::;taglandin mo::;ily used. In Great Britaiu, the trial::; with gemeprost (a PGE} 
analog, 0.5 mg admini::;tered vaginally) were ::;atisfactory when given up to 63 
days of amenorrhea, and regi::;tration wa::; acquired in July 1991, as in Sweden in 
1992 with the ::;ame protocol. The iarge::;t ::;tudy (U lmann et aI., 1992) indicated 
95% complete efficacy, with 1 'Yr. ur ongoing pregnancies, emphasizing the 
obligation to in::;trumentally evacuate the uterus in ca::;e offailure. There were no 
particular bleeding problem::; with only approximately 111000 patients receiving 
a transfusion. However, three myucardial infarctions, including one fatal case (a 
medical mi::;take occured when sulpro::;tune was injected into a woman at great 
risk), were recorded after more than 60,000 case::;. Sulprostone for intramuscular 
administration, respon::;ible for the accidents, has since been withdrawn from the 
market in France. 

Coincidently, the death of a patient was reported at the same time as the 
first trial ofRU486 plus orally active misoprostol (a PGE) derivative) instead of 
Sulprostone, was reported (Auheny and Baulieu, 1991). We had hoped to use a 
safer prostaglandin (misopro::;tol ha::; a record of millions of users for prevention 
and treatment of gastrointestinal ulcers in individuals often more at 
cardiovascular risk than nonnal pregnant women). It was also obvious that an 
orally effective, already availabk, cheap, and easy to store prostaglandin, had 
the potential to be an impurtant illlpnJvernent, leading to a more convenient and 
private method. Most result::; (Peyron et aI., 1993) have been obtained using 
600 mg of RU486 and mi::;opru::;tul 400 Ill{ (two tablets) 48 h later. Four hours 
after misoprostol, approx 70'1, ut' Wlllllen expelled; if expubion did not occur, a 
third misopro:>tol tablet (200 Ilg) wa::; given, and thi::; method provided > 98% 
efficacy, according to the t.:lIl'l'ent triab in :0:; 49 days amenorrhea pregnancies 
(,rable 3) and, besides ::;al'ety, W,1::; well tolerated (uterine cramps were 
minimized). Details and di::;cu::;::.i(J1l uf the method are found ebewhere (Peyron et 
al.,1993). 

Currently in France, a WOlHau ::;U::;lJt.:d.illg an unwanted pregnancy sees a 
physician for a first visit, and after a delay for reflection she may return (second 
visit) to take the RlJ486 pilb. Two days later, the third visit to the Center is to 
receive prostaglandin (she stay::; for four hours), and a control visit (fourth) 
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should take place 10-15 days later. This method is currently not applicable to 
heavy smokers and women older than 35. All these precautions need to be 
reexamined, and most appear to be di::;pensable. In the future, it is hoped that 
women consult their physician as early as pussible in case of missed menses, then 
receive, if this is their choice, RU486 frum a medically competent person who will 
have examined her. She then will take hume the pills of misoprostol for self 
administration 48 h later and cunsult fur a check up approximately 2 weeks 
later. 

While RU486 and misuproslul are sat"<: drugs, pregnancy itself is a risk for 
women no matter whether they wish tu interrupt ur to continue their pregnancy 
(for example: ectopic pregnancy is nut aburted by HU 486 and may be fatal if not 
mechanically treated). To maintain contact with a physician is mandatory and 
there should be an appropriate permanent Clifllledion with a competent medical 
center in case of complications. While it may be sufficient, in the vast majority of 
cases, that physicians (preferably gynec(J!og'ists) see patients privately, it has 
been reported that many wumen prefer to be treated within a group at a medical 
center (Thong et aI., 1992). I{esearch should be conducted to define the best ways 
to administer the medication::; under specific conditions. It is certain that 
requirements for skilled personnel and sterilized surgical facilities will be 
decreased (EI-Refaey et aI., 1992). The mechanism of action of prostaglandin at 
low doses indicates that their effect takes place only when progesterone activity 
has been much decreased by the antisteroid, after more than 24 hours. Whether a 
combination of RlJ486 and prustaglandin, to be administered simultaneously, 
will become available is not predictable, no technulugy for delayed prostaglandin 
release being in sigh t. 

Application of the methud in developing countries is necessarily more 
difficult and local conditions lllU::;t be considered, including the availability of 
medical facilities and persollnel, the cultural traditions (bleeding for several 
days may be a problem), social context, etc ... However, women have the right to 
obtain medical assistance in case of suspected pregnancy, to have the choice to 
decide to abort and if so, to alsu have the choice of either a surgical or a medical 
method. We ought, whether ill develuping or indu:;trialized countries, to offer a 
complete medical choice to women. Even the RU486 plus misoprostol method 
may be imperfectly applied for a period uf time in certain countries, but it can 
only be a definite impruvement of the present situation. It is also successfully 
applicable to missed ahurtions and anembryonie pregnancies (El-Refaey et aI., 
1992). Whether RU4H6 plus misoprostol may be used tu compensate for the lack 
of access to family planning and to health facilities is another question. 
Generally speaking, the best solution is to make available widely accepted and 
very efficient methods of contraception. 

Pregnancy InterTuptioll After' 9 Weeks of Amenorrhea 

The effects of progesterone, essentially un the decidua (implantation), the 
myometrium (calming effect) and LH secretiun (depressed with lack of ovulation) 
are observed throughout the cuurse of pregnancy. Thus it is not surprising that 
an anti progesterone is potentially useful for pregnancy interruption and labor 
induction. 

In France voluntary pregnancy interruplion is legally permitted until 12 
weeks of amenorrhea. When women have pa::;:;ed beyond the current legal limit 
for RU486 plus misoprustol treatment (7 weeks), vacuum aspiration is performed 
and this can be greatly facilitated by RU486 taken 24-48 h before. This is 
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preoperative cervical preparatwII (ripening) (L1en::;haw and Templeton, 1991; 
Urquhart and Templetun, 1990). it lIlay 1101, be due to a change of prostaglandin 
metabolism in the cervix (Radestad and BygdelllaIl, 1992), but to a decrease of 
Q2-adrenoreceptors (Kovac::; and Falkay, 199:3). A dose of 200600 mg of RU486 
decreases the furce required tu dilate the cervix, and ha::; sig'nificantly fewer side 
effects than gemepro::;t (vaginal pe::;::;ary). It abo compares favorably with 
mechanical dilators such as lamicel (II" dilapall (Cohn and Stewart, 1991; 
Henshaw and Templeton, 1991; Gupta and ,]uhn::;on, 1992; Thong and Baird, 
1992). 

In therapeutic second (l/ui /)/Ird !r/llles/a u{wrtwTls, HU486 is most often 
used before the administration (Jf pro::;taglandin, who::;e dose can be decreased, 
while pain and other ::;ide effects an~ reduced ,Inti expulsiun accelerated (Rodger 
and Baird, 1990). HU486 also i::; decrea::;illg Lhe waiting time and thus pain and 
psychological suffering in ca::;e::; uf deuel/du., ill utero (eabrol et al., 1985), 

Initiation of Labor 

A decrease of proge::;terone adi vi ty ''''cW's d lIri ng parturition, but its precise 
role in successful delivery is unclear, particularly in primates (including 
humans) where it does nut seelll tu be the primary event. In rats RU486 can 
synchronize delivery (Bu::;(' d it! . 19H5), and in cattle (Li et al., 1991) it is also 
very efficient in facilitating parturition. ]n rhesus IlWl'aques near term, RU486 
provokes cha nge::; uf pru::;ta g Ia ndi Il::; and of the eerv i ca I status, bu t these 
modifications do nut fullow the ::;allle orderly ::;equence as these found during 
spontaneou~ deli very (II al u::;ka et a I., 1987; Wolf et aI., ] 993). It is not known if 
RU486 inerea::;es gap junclillns between myometrial cells in women as occurs in 
treated rats (Garfield et aI., 1987) wllile l\~-adren()re,:eptor levels are unchanged 
in the myometriuJIl (EI AJj el aI., Eli:l9). 

RU486 has been tested in wumen at term will! require labor induction for 
various medical indicatiun::; (pust date, preeclampsia, etc ... ). When compared to 
placebo contro\::;, the lllllllbe r (If ::;pUIl taneou::; deli veries i::; ::;i g'nificantly increased, 
and the amount uf IT(jllired uxytocin is efficaceous at much lower levels after 
mifepristone, and tlte time til induce lalll)l' is shortelled (Frydman et al., 1992). 
No undesirable incident, ill m()tilers and llewborns, W1i::; observed with the dose 
u::;ed (two time::; 2()() mg), ::;illlilar to ()b::;ervation::; made in munkey studies (Wolf 
etal.,1989). 

Summarizing thi::; ::;eeLiull, Hl )elbti appear::; tu be a s(j/;~ lfIducing agent for 
labo{' when the continuation ()f pregnancy is a risk fur the fetus and/or the 
mother. Systematic ::;tudies should now folluw the development of babies born 
after RU486 treatment, ::;ince it i::; l{nown that in primates RlJ486 passes from 
mother to fetu::; during pregnancy (Wulf et aI., 1988) and effects of neonatal and 
even embryonic (Wolf et aI., 1990) eX!Josllre need to be carefully assessed 
(Weinstein et aI., 1991) I) ntil absolute ::;afety is proved in cases where there is a 
medical indicatiun, the use of the anti progestin to induce labor for conveniency 
should be /(){'blddell. 

Contl'agestive and Contr'aceplivc Methods Using HLJ486 

The previou::; cunsideration::; apply to pregnanl:y, suspected by menses 
suspension and demunstrated by a pusitive pregnancy test, a situation clear to all 
women. Befure thi::; well defined stale, even if the biological steps are known, 
there is sti II confusion and ignorance a::; tll when dues pregnancy begin, As a 
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re~:iUlt, the vocabulary used tu ddine till' f.l(ls::iilJie anti hormonal interventions 
along the prot:esses uflhe establisillllel! L oj! prcgllallCY, lIeed:; tu be clarified. 

If menses do not (jt:t:ur and the f.lregll<tllCY te"t is positive, interruption at 
this stage is dearly defined a:; u/)()f'lwll. l!owever, vacuum a:;piration practked 
very early, within approximately two week" of menses delay, is called "menses 
regulation" (MR) (e.g. officially ill Banglade"h and Turkey) or menstrual 
induction, and can be considered a" cuntrage"tive. Differently, any manouver 
precluding ferli liza Lioll i" called C()11 lmceptwfl , for contra· conception. The word 
conception i" generally understoud as fertilization; this is etymolugically wrong, 
since cOflcipire (latin) means to retain (originally retain sperm and mother blood 
in the uterus UJ make the child) 

Contrat:eption i:;, there/ill·e, CUlIlIllullly 1IlH/c:rstoud as a method to preclude 
fertilizatiun, fur instance by "up]Jressioli (If ovulation or preventing sperm to 
attain the ovum. However, phy"icians a/c,,, designate, as contraceptive, the 
methuds whit:h are a]Jplied befure illlplanUILi()1I is cumpleted. They argue that a 
fertilized ovum nut implanted after III vitru fertilization does not define a 
pregnancy. In fact, the available preglHllh'Y tests are based on the passage of 
human c1wrionic gunadutru]Jin (heG), prudll,· .. :d by the embyronit: chorion, into 
the woman's bluud, which occurs ({Illy after illlplantation has been initiated. 
lUI>:; can be defined a" "cuntrat:eptive" t()ub lll't:ause t.hey work, in part, as anti
implantatiun agent". The wurd pust"oilal <"IJlltracept.iun it; also largely accepted 
and applie:; to a po"sibly fertilized ()VUIII. Nute a\t;u that the process of 
implantation i" not instantaneuu" alld tal,es several dayt; during the last week of 
the fertile menstrual cycle, ju!:>t befure the time at which menses would occur. 
Coincidently, the development of the embryu is t:haracterized by the streak (a 
marker indicating that an individual embryo has been formed, and there is no 
further risk oftwint;), which shuuld uccur at approximately the same time, about 
15 days after fertilization. Before, not only may genetit: abnormalities or defect of 
implantation stop the process leading to pregnancy, but the very definition of a 
single potential person cannot be rigorously applied. In short, during the period 
between fertilizatiun and the time at which menset; should ot:cur, interrupting 
methods are cuntralje;;tive, differing frum buth abortion and contraception as 
defined above, and not hiding the fael that they oppose pregnancy. 

In summary, contragestion includes all treatments that operate over a 
period of appruximately four week" po"t·ft.:rtilization. Such treatments include 
RU486, other "Illorning-after" pilb, early vacuum aspiration and IUDs (as well 
as a potentially anti-hCG "vaccine"). 

According to lhe previous disClI"siun, ;;ix methods using RU486 can be 
classified under the contraceptiveicontragestive terms (Figure 8). 

A) Emerljellcy po;;i-coLiul c(llLtrueeptiort (contraceptive or contragestive 
act:ording to when it is applied) 

Recent studies have :;h()wn that IUJ486 (single 600 mg dose) given to 
women after unproteded intercuurse within the preceding 72 hours is highly 
efficient at preventing pregnancy (Cla"ier et aI., 1992; Grimes, 1992; Webb et aI., 
1992), most likely acting a:; an anti implantation agent. It is at least as effective 
as the high-dot;e combined e"trugell and progestin preparations, and better 
tolerated by the women. Research needs tu be pursued in order to determine the 
appropriate dose, and whether the admiltistratiun can be repeated, how many 
times, and for how long, a po:;silJility which appears rather remote because of 
prubable change" in men:;trual cyclicity. 

B) Late Luteal pha;;e udrrllfllstru/{(I// (UCC{lSWflU/ liS,') (contragestive) 
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The administration of 400 Of 600 mg of RU486, once or twice, two days 
before the expected menses time, gives - 20% failure in terms of initiating 
pregnancy. Since the probability of being pregnant is - 20% in normal couples, 
this leaves only 4°k, of women being pregnant (to be secondarily interrupted by 
other means) (Dubois et ai., 1988b; Lahteenmaki et ai., 1988; Grimes et aI., 
1992). The method is well tolerated and may be improved with the associated use 
of Misoprostol. 

C} Monthly premenstrual (lale Luteal phase administration, repeated use) 
(contragestive) 

To give RU4t16 approximately two days before the expected day of menses, 
over several months, has not been successful (Van San ten and Haspels, 1987), 
the main reason being the irregularity of cycles, often due to the retardation of 
ovulation which is induced by the eompound. In uldel' to try to overcome this 
difficulty, a trial using a lower dose of R1l486 plus mi::;oprostol, two days before 
and on the expected day ufmenses, has been undertaken. The prostaglandin may 
permit more rapid evacuation of the blastocyst and therefore a faster decline of 
heG which disturbs folliculogenesis during the next cycle (Aubeny and Baulieu, 
work in progress). 

J)) A nti-impla rltalwll (J11I.:e per month (early Luteal phase administration) 
P acts on the endometrium to prepare for implantation. This has been 

studied in detail in the ovariectomized rhesus monkey by analyzing the decidual 
transformation and the epithelial plaque formed in response to deciduogenic 
stimulus (Ghosh and Sengupta, 1992). An immunocytochemical study, assessing 
an endometrial secretory glycan (sialo-oligosacl;haride), has shown that its 
production is P-dependent (Graham et ai., 1991). Moreover, experiments in 
rabbits have shown that endometrial receptivity aBd embryo implantation can 
be modified by antiprogestins (Hegele-Hartung et aI., 1992) and RU486 induces 
epithelium apoptosis (Rotell(), 1992). Treatment with 2()O mg of RU486 was 
performed on wumen at the 2 days post LH stage who had had unprotected 
intercourse at least unce during the periud three days before to one day after 
ovulation. Over 157 cycles, only one pregnancy occured (Gemzell-Danielson et 
aI., 1993). The main dm wbal;k uf the methlld is the timing of the treatment, and 
to use the method monthly, ovulatiun ddediun needs to become routine in the 
future. Ten mg doses ofRU486 admini::.tered Ilil days 5 and 8 after the LH surge 
do not provoke hormonal change but interrupt endometrial maturation with 
lowered PR-Ievels (Greene et aI., 1992), 

E) "Endometrial ('ontruceplwn" {duily delllJery of'very low dose} 
(contraceptive and contragestive) 

This provisional denomination is given tu the continuous exposure to a very 
low dose of RU486, which may modify the g'enital trad in such a way that 
implantation and possibly fertilization does not occur, while ovulation and the 
pattern of estrogen and progestenme secretiun are unchanged, and adrenal 
fundion is not modified. Daily USe in cycling guinea pig prevents implantation 
(BatistaetaI., L991). 

After administration of HU4H6 a low duse (12.5 mg to rhesus monkeys once 
per week), there was complete tUlIpurary infertility, while the modifications of 
the cycle were very limited during three cycles of the experiment (Gary Hodgen, 
unpublished). In five women, I mg ufIUJ4i)o given daily for 30 days established a 
plasma concentration of c' 50 ngiml; ill Illle ease ovulation was suppressed 
(Croxatto et aI., 1993). In a similar study, RLJ486 (I mg) given daily to nine 
women, delayed ovulation and enduIlletrial maturation, with a reduced peak of 
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placental prole·in 14 (a glyct)filIJkin lll<lrker 1'111' endumetl'ium function) (Batista 
et aI., 1992). 

Currently ::;tudie::; are bellig IIrganiz<:d u::;ing even luwer daily doses of 
RlJ4l:S6 given to women. All internatiunal ('(JfIlparative ::;tudy will define the 
highest d(Jse (Jf KlJ4l:Sfi (adllally Vt,ry ::;IlIall) which can be administered 
permanently tu women witholl! 1'~·rtlirhaLi(jll (,fUle cycle. Furthermore, this dose 
will be tested for contraceptive dtJcacy. Initially, these studies will be conducted 
using lUJ486-containing pill::; administered daiJy. Secondarily, in case of success, 
we will move from pills tu injectable microspheres that will allow the slow 
release of HU4Kfi for severallll()llth::;. 

PJ OvulatlOl! suppress/<JII r "ully delwery uf/uw dose) (contraceptive) 
A number of ob::;ervati(Jll::; demunstrate lhat P contributes to ovulation 

(Collins and Hudgen, 19K6; Lill el aI., 1987; Shuupe el aI., 1987; Luukkainen et 
aI., 1988; Danforth et aI., 1~)H9) The administration uf RU486 during the 
follicular pha::;e delay::; (II' ::;llppre::;::;e::; uvulatiun. 'l'hi::; may designate a new 
method of e::;trugen free cuntnll;eptiull, the main prublem being to find an 
effective, well tulerated du::;e. l)::;ing 5 mg of RlJ486 per day, there may be 
ovulation blockade and nu change in adrenal function (Ledger et aI., 1992; 
Croxatlo el aI., 1993). The ::;eltuelltial administratiun ()fRLJ486 and progestin in 
order to maintain men::;trua I bleeding IUt::; been proposed (Croxatto and 
Salvatierra, 1991 J. We submit that this method with ovulation ::;uppression will 
be more difficult tu create n'lalive to cuntinuuus administration of a very low 
dose. 

In eonclu::;ion, there i::; already hope, nut tu ~;ay certainty, for an occasional 
contraceptive/contrage::;tive method, and "endometrial contraception" is a very 
appealing possibility. However, allY cuntnlceptive method should be studied 
carefully for a rather lung periud ()f time in order tu delineate the possiblity of 
side-effects for the women and ,t1teration of the embryo in case of failure (Wu, 
1992). 

Male C()ntraception 

Prugesterune increase::; calciulIl uptake by human sperm and favors the 
acrumosal reactiun (Baldi et aI., 1991; Blacklllure et aI., 1991; Parinaud et aI., 
1992; Uhler et 211.,1992). There j,; likely to bl' a membnme receptor mediating its 
action, a::; in the progester()neind llced rei ni WI tioll of meiosis in Xenopus laevis 
oocyte::; (Blondeau and Balllieu, HI85). However, in sperm, as well as in oocytes, 
RlJ486 doe::; nut act as an antiprog'e::;tin al Lhe membrane receptor level. A 
preliminary report (ep I'uri. yatent pleview WO 9210194Al, 1992) of a 
c()ntraceptive effect of RLJ486 in monkey::; with it decrea::;e of ::;perm counts has 
not, to my current knowledge, been cunjirIlll~d. 
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CONCEPT OF PREGNANCY RECOGNITION 

The descriptive term "Maternal Recognition of Pregnancy" was first coined by Short in 
1969 at a symposium on fetal autonomy while making a radical question on how an animal 
can know that it is pregnant I). Ever since the discovery of an indispensable role of the corpus 
luteum for maintenance of pregnancy in rabbits by Fraenkel around the turn of the century, 
numerous scientific endeavours have continued to elucidate what and how signals from the 
conceptus operate to prolong functional life-span of the corpus luteum during pregnancy. To 
date, an abundant knowledge has accumulated to indicate that a wide variety of endocrine 
principles with species difference are involved in this mechanism. Apart from these 
endocrine recognition, owing to the great stride of advancement in reproductive immunology, 
it is now apparent that the mother recognizes the allogeneic embryos by responding to the 
paternal antigen(s) in terms of humoral and cellular immunity such as production of 
alloantibodies, induction of suppressor T cells and recruitment of natural killer (NK) cells at 
the site of implantation. Generally speaking, these immune responses are thought to alter the 
maternal immune system to accept the allogeneic conceptus. Therefore, the concept of 
pregnancy recognition should now implicate in two categories of endocrine and immune 
recognitions. 

A background evidence for the concept was provided by a series of biological 
experiments in sheep by Moor and Rowson in 1960's to show that the presence of the 
conceptus was required for establishment of pregnancy and subsequent continuation2). In this 
sense, the signal should come from preimplantation embryos for maternal recognition even 
before implantation, but the timing of signal emission is different among mammalian species 
in relation to implantation. Therefore, on considering the endocrine recognition the 
relationship between the corpus luteum and the placenta in progesterone (P) production is 
needed. Two distinct events appear to occur sequentially for continual production of P ; one is 
luteal activation of cyclic to pregnancy corpus luteum and the other luteoplacental shift. The 
modes of involvement of embryonic signals in P production by these two sources seem to be 
greatly different among mammalian species depending on the mechanism of luteal activation 
and on the timing of luteoplacental sift. We must look back the mechanism and temporal 
relationship between these two events to identity the physiological role of embryonic signals 
in pregnancy recognition from the view point of comparative endocrinology. 
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Since uterine PGF2U is known to be the major, if not only, luteolytic factor in sheep, 
some anti-luteolytic principle must be delivered from preimplantation embryos in utero on 
day 13 after estrus to overcome the lytic action of PGF2U , because the cyclic corpus luteum 
starts regressing on day 14 but implantation usually begins to take place on day 18. As 
luteoplacental shift of P production is shown to be on day 50 in this species, the signal for 
maternal recognition should come from the conceptus in the pre-and postimplantation period. 
The substantial basis of this signal has been identified as ovine Trophoblast Protein-l (oTP-l) 
or ovine Trophoblastin (oTP), which exerts its luteotrophic action by suppressing uterine 
production of PGF2U. The homologous type of signal transmission even before implantation 
is believed to occur in cows by bovine Trophoblast Protein (bTP) and in pigs. 

The situation of luteal activation and luteoplacental shift in primates is quite different as 
compared to that of sheep. An initial and marginal rise of chorionic gonadotropin (CG) 
secreted from the conceptus immediately after implantation rescues the function of the cyclic 
corpus luteum at the stage of impending regression as exemplified in monkeys. Since PGF2U 
of corpus luteal but not uterine origin is believed to be the luteolytic factor in primates, the 
principal motivation of luteal activation is the predominance of luteotrophic action of CG over 
luteolytic action of luteal PGF2U ; thereby necessitating direct action of CG on cyclic corpus 
luteum for its activation. However, functional life-span of the activated corpus luteum seems 
limited approximately to 14 days in humans as assessed by circulating levels of 17HO-P 
which the placenta is not capable of producing3). As luteoplacental shift occurs around 10th 
weeks of gestation, namely 7 weeks after implantation, in humans, regulatory mechanisms of 
P production during the transient period of 5 weeks between functional decline of activated 
corpus luteum and commencement of placental function remains as the major question. It is 
likely that some other embryonic signals are required to maintain P production during this 
period. 

A further regulation unique to rats and perhaps also to mice can be noted with luteal 
activation. Following mating stimuli or pseudopregnant treatments, pituitary prolactin is 
destined to be released with regular rhythms to enhance P accumulation as the result of 
blocking the conversion of P to biologically inactive 20uHO-P. Since no discernible 
difference in circulating level of P between pregnant and pseudopregnant rats before 
luteoplacental shift on day 15, any embryo-derived signal may not necessary to maintain P 
production. Though hysterectomy can prolong the functional life-span of pseudopregnant 
corpus luteum in this species up until parturition, the major stimulatory factor of P production 
by the placenta in the last third of pregnancy period is likely to be placental lactogen. because 
P level is much higher in pregnant rats than in hysterectomized pseudopregnant rats after the 
time of luteoplacental shift. If a signal from the conceptus has any effect on P production 
during pregnancy, it is an anti-Iuteolytic factor suppressing production of uterine PGF2U after 
the luteoplacental shift. Unfortunately. biochemical nature of this substance has not yet been 
defined. 

POTENTIAL AGENTS FOR PREGNANCY RECOGNITION 

Since thrombocytopenia due to platelet consumption is an initial maternal response to 
conception in mice, platelet-activating factor (PAF) has been proposed as a mediator for 
pregnancy recognition4). Though production of PAF is reported in human, mice and cattle 
preimplantation embryos with presumed physiological significance for promoting 
implantation as a embryonic autacoid, direct luteotrophic action of this substance is less well 
documented. Rather, it may serve as luteotrophic factor indirectly via platelet-activated 
compounds including platelet-derived growth factor (PDGF) and serotonin which has 
recently been demonstrated to enhance P production by bovine luteal ceIls5). A further 
maternal response to the embryonic PAF is the production of early pregnancy factor (EPF), 
of which an immunosuppressive role has been proclaimed with still ambiguity. Since PAF 
itself reduces proliferation of lymphocytes and interleukin-2 production while enhancing 
suppressor and NK activity, this substance may have a potential role in immune recognition 
of pregnancy. As antigenicaIly specific reactions can no longer be defined in PAF-related 
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maternal immune response, the only conceivable mode for PAF to involve in this way is to 
convey an inflammatory stimulus of the embryo to maternal immune system. Thus, PAF 
could be involved both in endocrine and non-specific immune recognition of pregnancy. 

Though oTP-1 was first recognized as an anti-Iuteolytic principle secreted by the 
trophectoderm of sheep conceptuses6), a remarkably high homology in amino acid sequence 
and molecular structure of cDNA with interferon (IFN)-a class II was subsequently noted 7) 

and now is duely called embryonic IFN, because it possesses anti-viral activity. A similar 
bovine Trophoblast Protein IFN and its gene have also identified. The mechanism by which 
oTP-1 reveals its anti-Iuteolytic action is possibly thought to inhibit uterine production of 
PG F2a, the production of which is usually stimulated by oxytocin though this cytokine is 
proved to reduce P production on porcine granulosa cells in vitro8). However, molecular 
mechanism of the regulation of oTP-1 production is far from clear and a detailed information 
including proto-oncogenes, cytokines is expected to become available in this session. Another 
aspect of trophoblast IFN a II concerning with pregnancy recognition is its immunosup
pressive potency. Both decidualized stromal cells and activated macrophages in response to 
implantation stimuli are capable of secreting PGE2 which, in turn, is reported to suppress 
NK activity. This is an explanation why decidual NK cells consisting of a great majority of 
decidual mononuclear cells stay dormant in the decidua9). Further informations on 
involvement of oTP-l in feto-maternal immune system is anticipted to be presented. As 
pleiotropic action is generally observed with cytokines, this trophoblastic IFN may participate 
in pregnancy recognition through endocrine and immune systems. 
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Introduction 

In early pregnancy, local signals derived from the uterine 
epithelium regulate extensive differentiation and 
reorganization of stroma cells. However, molecular mechanisms 
associated with rapid cellular reorganization of the uterus, 
particularly biochemical events associated with uterine 
recepti vi ty, are poorly understood. Only a number of potential 
mediators that are involved in embryo-maternal, and in 
inter-uterine cellular communication have been identified, but 
their physiological significance in vivo remains to be 
determined. Recently, it has become apparent that 
lympho-hemopoietic growth factors derived from maternal 
endometrial cells are required for proper placental cell growth 
and differentiation. 

There is accumulating evidence that failure in 
embryo-maternal signalling during pregnancy recognition is a 
signif icant source of embryonic loss in mammalian species. 
ovine trophoblast interferon (IFN; ovine trophoblast protein-1, 
OTP-1), a low molecular weight secretory polypeptide produced 
by the preattached blastocysts, appears to be involved in 
maternal-fetal communication in sheep. It has been suggested 
that induction of trophoblast IFN expression may be a 
developmentally preprogrammed event involving autocrine factors 
and may not require uterine factors; however, the sufficient 
production of trophoblast IFN may be stimulated by uterine 
factors. Molecular events that maintain the massive' production 
of trophoblast IFN required for pregnancy establishment in vivo 
remain obscure. It is our hypothesis that the sufficient 
expression and termination of trophoblast IFN genes are 
controlled by uterine factors. Presented are our recent 
findings regarding possible roles of hemopoietic growth factors 
as means of maternal-fetal communication that are associated 
with differential expression of trophoblast IFN genes. 

Endocrinology of Embryo-Endometrium Interactions 
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ovine trophoblast protein-l is an interferon, oIFNT 

During the process of pregnancy establishment, biochemical 
communication between the mother and the conceptus is required 
to prevent the normal cyclic regression of the corpus luteum 
and to ensure continued production of progesterone. This 
phenomenon, maternal recognition of pregnancy (Short, 1969), 
has led to discovery of an antiluteolytic hormone, oTP-1 
(Godkin et al., 1982), also called trophoblast in (Martal et 
al. , 1979) , which is transiently secreted from the 
trophectoderm of sheep concepti between days 12-21 of pregnancy 
(day 0 = day of estrus). Isolation and analysis of cDNA 
sequences corresponding to this polypeptide revealed that amino 
acid sequence of oTP-1 is similar to that of IFN alpha family 
(Imakawa et al., 1987; Stewart et al., 1987), more specifically 
all (Capon et al., 1985) or omega (Hauptmann and Swetly, 1985) 
subfamily. This observation was independently confirmed by 
N-terminal amino acid sequences analyzing trophoblast in 
(Charpigny et al., 1988). Because oTP-1 is antigenically 
distinct from other IFNas and omega and is produced by 
non-lymphatic, trophoblast cells, this IFN is named as ovine 
IFNr (tau; Roberts et al., 1992). oIFNr will be used to 
describe the antiluteolytic polypeptide, oTP-1 and 
trophoblastin, throughout this communication. Although several 
lines of evidence suggest that the existence of this particular 
IFN, IFNr, is limited to only ruminants (Leaman and Roberts, 
1992), the presence of this type of polypeptide in other 
species remains to be investigated. 

ovine IFNT belongs to a gene family 

In the human and bovine, IFN-omega is encoded by multiple, 
functional genes (Capon et al., 1985). Several observations 
suggest that this may also be true for oIFNr: 1) at least five 
isoforms of oIFNr exist (Godkin et al., 1982); 2) ce'll-free 
translation of poly (A) + RNA extracted from ovine concepti 
produces polypeptides with multiple isoelectric variants 
(Anthony et al., 1988); 3) multiple oIFNr cDNAs have been 
isolated (Imakawa et al., 1987; Klemann et al., 1990); 4) 
Southern blot analysis of high molecular weight (HMW) ovine DNA 
reveals numerous hybridizing bands that most likely represent 
multiple genes (Charlier et al., 1991). 

Ovine HMW DNA from adult lymphocytes has been isolated 
(Nephew et al., 1993). The HMW DNA was subjected to Southern 
blot analysis using various restriction endonucleases and a 
specific oIFNr probe (Fig. 1). There are multiple bands 
regardless of restriction endonucleases which clearly suggest 
multiple genes exist for oIFNr. 

Isolation and characterization of multiple oIFNT genes 

Based on the observation described in the previous section, 
multiple oIFNr genes are potentially transcribed in order to 
maintain sufficient production of oIFNr during the period of 
maternal recognition of pregnancy. Objectives of this study 
were to isolate multiple oIFNr genes using oIFNr cDNA probe and 
to characterize the nucleotide sequences of IFNr particularly 
in the 5 I -promoter regions (Nephew et al., 1993). A 10 ug 
sample of HMW DNA extracted from day 25 concepti was digested 
with EcoRI restriction endonuclease and was subjected to 
electrophoretic analysis. Nine DNA fragments ranging from 1 to 
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Figure 1. Southern blot analysis 
of HMW DNA extracted from sheep 
lymphocytes with the IFNT probe. 
Five ug DNA were digested with 
restriction endonucleases, 
electrophoresed, and transferred 
to a nylon membrane for 
hybridization. Blot was 
hybridized with a specific oIFNT 
probe derived from the 3'
nontranslated region of the oIFNT 
cDNA (Imakawa et al., 1987). 
Molecular sizes are indicated in 
kilobase pairs . 

10 kb (approximately 1 kb/range) extracted from the agarose gel 
were each analyzed with polymerase chain reaction (PCR) using 
oIFNr specific oligonucleotide primers (Nephew et al., 1993). 
The DNA fragment of 3.0 to 4.2 kb size range which strongly 
responded to a PCR analysis was cloned into Agt 11 vector. 
This subgenomic library was subsequently screened to identify 
multiple genes. Four oIFNr genes were isolated and their 
nucleotides between -1 to +1 kb (+1 is a cap site) were 
completely sequenced. Although their coding regions were 
similarly oriented as was seen in the inferred amino acid 
sequences (Fig. 2), the 5 ' -flanking regions of these clones 
revealed a wide range of disparity (Fig. 3). It was of 
interest that clone 010 contained an AP-1, transcription 
enhancer element, in its promoter region. It was hypothesized 
that variations among the 5' non-coding regions may contribute 
to differential expression of oIFNT genes within various 
uterine environments. 

Are these oIFNT mRNAs similarly expressed? 

The objective of the following experiments was to 
investigate whether a particular oIFNr gene(s) isolated in the 
previous section was transcribed during conceptus development 
(Nephew et al., 1993). Unsuccessful attempts were made to 
distinguish the levels of different oIFNr mRNAs using northern 
blot analysis with various probes including oligonucleotides. 
Next, quantitative reverse transcription (RT)-PCR analyses with 
specific oligonucleotide primers were used to distinguish 
various oIFNT mRNAs. Because the oIFNr clones isolated were so 
highly related, only two of the four could be distinguished 
using specific primers. The third set of primers was designed 
to detect all of the available oIFNr mRNAs and therefore served 
as a positive control. While quantitative RT-PCR reactions for 
oIFNr mRNAs were performed, titrated amounts of cRNA 
corresponding to various oIFNr mRNAs were always used as an 
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oTP Met Ala Phe Val Leu Ser Leu Leu Met Ala Leu Val Leu Val Ser Tyr G1y Pro G1y G1y 
02 
07 
08 

010 
Sl S20 

oTP Ser Leu G1y CYB Tyr Leu Ser G1u Arg Leu Met Leu ABP Ala Arg G1u ABn Leu LYB Leu 
02 G1n Arg 
07 Arg Arg 
08 G1n Arg 

010 G1n 
S21 1 17 

oTP Leu Asp Arg Met ABn Arg Leu Ser Pro His Ser Cye Leu G1n ABP Arg LYB ABp Phe G1y 
02 
07 
08 

010 G1u Pro 
18 37 

oTP Leu Pro G1n G1u Met Val G1u G1y ABp G1n Leu G1n LYB ABP G1n Ala Phe Pro Val Leu 
02 G1u Ala eys 
07 
08 G1u 

010 
38 57 

oTP Tyr G1u Met Leu G1n G1n Ser Phe ABn Leu Phe Tyr Thr G1u HiB Ser Ser Ala Ala Trp 
02 HiB Arg 
07 
08 

010 Thr HiB 
58 77 

oTP ABP Thr Thr Leu Leu G1u G1n Leu CyB Thr G1y Leu G1n G1n G1n Leu ABP HiB Leu ABp 
02 ABn G1u ABp 
07 
08 ABP G1u ABp 

010 G1u ABp 
78 97 

oTP Thr CyB Arg G1y G1n Val Met G1y G1u G1u ABP Ser G1u Leu G1y ABn Met ABP Pro 11e 
02 Pro LYB LyB 
07 LyB LyB 
08 

010 
98 117 

oTP Val Thr Val LyB LyB Tyr Phe G1n G1y 11e Tyr ABp Tyr Leu G1n G1u LYB G1y Tyr Ser 
02 HiB 
07 His 
08 

010 
118 137 

oTP ABP CyB Ala Trp Glu Ile Val Arg Val G1u Met Met Arg Ala Leu Thr Val Ser Thr Thr 
02 Thr Ser 
07 Ser 
08 Ser 

010 
138 157 

oTP Leu Gln LYB Arg Leu Thr LyB Met G1y Gly ABp Leu ABn Ser Pro 
02 Thr 
07 
08 Thr 

010 
158 172 

Figure 2. An alignment of the amino acid sequence deduced from oIFNT cDNA 
and IFNT genes (02, 07, 08 and 010). Data are from Imakawa et al. (1987) 
and Nephew et al. (1993) . A potential glycosylation site (Asn-x-Thr) on 
IFNT 02 is located at positions 78-80. 
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internal standard in the same RT-PCR reaction where unknown 
samples were examined. Furthermore, PCR products were cloned 
and their nucleotides were sequenced in order to confirm primer 
specificity (Nephew et al., 1993). As shown in Fig. 4, the 
mRNA corresponding to one of the oIFNr genes contains an AP-1 
site in its 5 1 -flanking region and was expressed predominantly 
in day 13-45 concepti, suggesting that differential expression 
of oIFNr genes exists at least at the transcriptional level, 
and that these differences are due to morphological and 
endocrinological changes in the uterine environment. 

Growth factors in pregnancy 

In the bovine, in vitro fertilized concepti cultured for 11 
days start to produce bovine trophoblast protein-1 (bTP-1, 
bIFNr) without maternal uterine influences (Hernandez-Ledezma 
et al., 1992). However, the concepti co-cultured with 
endometrium explants produce -2000 times more IFNr, suggesting 
that IFNr production in vivo is supported by maternal uterine 
factors. In sheep, it is well documented that morphological 
changes of concepti from spherical to tubular to filamentous 
forms coincide with drastic increases in oIFNr production 
(Ashworth and Bazer, 1989). It is conceivable that while oIFNr 
production can be initiated developmentally without maternal 
factors, a progesterone dominated uterine environment is 
required either for massive amounts of oIFNr production or for 
sufficient production of morphological changes of the 
conceptus, leading to the production of oIFNr levels required 
for the maternal recognition of pregnancy. 

800 

• oTP·1 

• 010 
~ 600 z • 02 a:: 
~ 

'" ,2 

'" e 
<0( 400 
z 
II: 
E 
=> • 
~ 
!: 200 

o 
13 15 17 20 30 45 

DAYS OF GESTATION 

Figure 4. Amounts of oIFNT mRNAs between 13 and 45 days of pregnancy. 
RT-PCR was used extensively as means to detect total oIFNT (oTP-1), 010 and 
02 mRNAs. Five ug of tcRNA were reverse-transcribed and subjected to 25 
cycles of PCR analyses (Nephew et al., 1993). One of the oIFNT genes (010) 
containing an AP-1 site in the promoter region (Fig. 3) had the highest 
amounts of transcripts during the period of maternal recognition of 
pregnancy. 
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Figure 5. Fluorography illustrating radiolabeled proteins detected by 20 
SOS-PAGE in day 17 ovine conceptus (24 hr) culture: (a) control, no 
cytokines; (b) culture treated with 300 U/ml hPOGF; (c) 300 U/ml hGM-CSF. 
Enhanced production of oIFNT can be seen in the two protein isoforms at 
21,0000, as indicated by the arrow. 

Numerous growth factors (both mRNA and polypeptides) have 
been detected in uterine, fetal and placental tissues and the 
role of endometrial growth factors in maternal-fetal 
communications has been proposed (Armstrong and Chaouat, 1989; 
Brown et al., 1989; Paria and Dey, 1990; Simmen and Simmen, 
1991). There is also ample evidence that the conceptus may 
benefit from the local abundance of inflammatory cytokines. 
Both pre implantation conceptus and trophoblast cells have been 
shown to express receptors for cytokines derived from uterine 
epithelial cells. This supports the idea that the epithelium 
may be a primary source of paracrine regulators in early 
embryonic and placental development (Pollard, 1990) . 
Furthermore, conceptus production of cytokines and growth 
factors during the period of early conceptus development is 
considered to affect the progressive, endocrinological and 
immunological changes of uterine endometrium necessary for 
pregnancy establishment. Various cytokines and growth factors 
including EGF (Brown et al., 1989) IGF I (Ko et al., 1991), IGF 
II (Ko et al., 1991), G-CSF (Nicola et al., 1979), GM-CSF 
(Wegmann et al., 1989; Robertson et al., 1992), M-CSF (Pollard 
et al . , 1987), IL-6 (Robertson et al., 1992) and PDGF (Goustin 
et al., 1985; Rappolee et al., 1988) are known to be present at 
the maternal-fetal interface. 

To determine which growth factors/cytokines affect oIFNT 
production in in vitro culture system, the following study was 
conducted. Conceptus tissues from ewes on day 17 of gestation 
(n = 5) were divided into five roughly equal masses (200 mg, 
wet weight) and placed in 7 ml Eagle's Minimum Essential Medium 
(MEM) containing 50 uCi 3H-leucine. To each culture dish was 
added: (1) no treatment, (2) insulin [0.2 U/ml (12.7 nM»), (3) 
PDGF [300 U/ml (150 pM»), (4) M-CSF [300 U/ml (60 pM»), or (5) 
GM-CSF [300 U/ml (130 pM»). Because this was the initial 
experiment, the effect of single factors (not combination of 
factors) on oIFNT production was examined in five replicates 
(Fig. 5). Increase in oIFNT was observed in 0 (no treatment, 
0%), 2 (insulin, 40%), 1 (PDGF, 20%), 2 (M-CSF, 40%) and 4 (GM
CSF, 80%) out of five replicates when the culture media were 
analyzed by two dimensional sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (2D SDS-PAGE) and 
fluorography (Imakawa et al., 1993). 
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The results obtained from the initial experiment were 
somewhat surprising because several cytokines including M-CSF 
provided relatively low responses (Fig. 5). The effect of 
GM-CSF on oIFNr production (Fig. 6) was expected because (1) 
GM-CSF has been shown to stimulate the proliferation of 
trophoblast cells in vitro, with maximal effects observed in 
ectoplacental cone trophoblast derived from 7.5 day mouse 
embryos (Armstrong and Chaouat, 1989), (2) GM-CSF is released 
from decidual cell cultures (Wegmann et al., 1989), (3) GM-CSF 
mRNA of conventional and unique sizes are expressed in murine 
decidua (crainie et al., 1990), and (4) using in situ 
hybridization techniques (Lawrence and Singer, 1985; Hunt et 
al., 1992) GM-CSF mRNA has been detected in the endometrium 
(Fig. 7; Imakawa et al., 1993). 

Apart from those observations, Imakawa et al. (1993) 
hypothesized that GM-CSF may enhance oIFNr production because 
(1) one of five oIFNr genes isolated contains an AP-1 site in 
the 5 1 -flanking region (Fig. 3; Nephew et al., 1993), (2) this 
oIFNr gene is highly expressed (up to 75% of total oIFNr mRNAs) 
between days 13 and 20 of pregnancy (Nephew et al., 1993), (3) 
c-fos mRNA has been detected within the trophoblast cells of 
ovine concepti and its expression coincides with that of oIFNr 
mRNA (Xavier et al., 1991), and (4) GM-CSF increases expression 
of nuclear protooncogenes, c-fos and c- j un (Adunyah et al., 
1991) and these oncogenic proteins, Fos and Jun, form a 
heterodimer which interacts with a cis-acting element, an AP-1 
site, resulting in the enhancement of the gene transcription 
(Bohmann et al., 1987). 

Is the effect of GM-CSF limited to oIFNT? 

GM-CSF appears to be a component of CSF bioacti vi ty in 
supernatants from cultures of human placenta and murine 
decidual cells (Wegmann et al., 1989), and conventional and 
unique sizes of GM-CSF mRNAs have been detected in murine 
placental tissues (Crainie et al., 1990). It has been proposed 
that T lymphocytes responding to fetal alloantigens are the 
origin of decidual GM-CSF (Wegmann et al., 1989). Recently, it 

334bp 

174 

GM-CSF 
(300U/MU 

o + + + 
Figure 6. RT-PCR and Southern 
blot analysis of oIFN-r (oTP-l) 
mRNA. Concepti (day 17, 200 mg 
wet weight/culture dish) were 
cultured with 300 U/ml GM-CSF 
(lane 2-4) or without GM-CSF 
(lane 1) for 18 hrs. The media 
were analyzed by 20 SDS-PAGE and 
the tissues were subjected to 
tcRNA extraction and RT-PCR 
analysis using the oIFN-r primers. 
The top panel represents an 
ethidium bromide-stained gel of 
the PCR amplified products. The 
bottom panel is an autoradiograph 
of these products hybridized with 
32P-labelled oIFN-r cDNA. 



Figure 7. Localization of GM-CSF 
mRNA in uterine endometrium (day 
17) utilizing (a) sense and (b) 
antisense GM-CSF cRNA probes in in 
situ hybridization experiments. 
concepti (day 17) analyzed for the 
presence of GM-CSF mRNA did not 
respond to the probe (data not 
shown) • 
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Figure 8. Northern blot analysis 
of conceptus tcRNA for the 
enhancement of oIFNT mRNA by IL-3 
treatment. Five ug tcRNA extracted 
from concepti were electrophoresed, 
transferred to a nylon membrane and 
hybridized with a full length oIFNT 
cDNA probe (top panel): (1) control 
no hIL-3; (2) culture treated with 
75 U/ml hIL-3; (3) 150 U/ml hIL-3; 
(4) 300 U/ml hIL-3. Northern blot 
analysis with y-actin probe is 
shown at the bottom. 

was reported that endometrial derived T cells are not a major 
source of GM-CSF and that uterine glandular and/or luminal 
epithelial cells harvested from the murine uterus in early 
pregnancy, and in mid gestation are a potent source of GM-CSF 
(Robertson and Seamark, 1990). GM-CSF derived from endometrial 
cells is not distinguishable from GM-CSF of other cellular 
sources and the supernatant from endometrial cell cultures 
stimulates granulocyte and macrophage colony formation in a 
bone marrow colony assay (Robertson and Seamark, 1992), 
suggesting that both T lymphocytes and endometrial cells 
derived GM-CSF polypeptides are the same, at least in their 
bioactivities. 

GM-CSF stimulates proliferation of placental trophoblast 
cells. Tartakovsky et al. (1991) reported that GM-CSF 
administered to pregnant CBA/J female mice (mating to DBA/2 
males is known to create high incidence of fetal loss through 
resorption during the first four days of pregnancy) was able to 
restore normal development of fertilized eggs, and 
administration between days 6.5 and 10.5 increased fetal and 
placental weights. It is therefore possible that in addition 
to stimulatory effect on oIFNr, GM-CSF may play a role in 
promoting trophoblast and placental cell growth. The presence 
and physiological significance of uterine GM-CSF during 
mid-late gestation in domestic animals awaits further 
investigation. 
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Is GH-CSF the only cytokine enhancing oIFNT production? 

The presence of other hemopoietic growth factors such as 
M-CSF, IL-3 and IL-6 has been detected in the feto-maternal 
compartment. Because the addition of M-CSF in in vitro 
conceptus culture system minimally affected the production of 
oIFNr (Imakawa et a1., 1993), M-CSF was excluded from our 
subsequent studies. 

Both IL-3 and GM-CSF are potent hemopoietic growth factors 
that stimulate the proliferation and differentiation of various 
lineages of hemopoietic cells including multipotent hemopoietic 
stem cells and lineage-committed cells (Schrader, 1986; 
Metcalf, 1986). These overlapping biological activities of 
IL-3 and GM-CSF are consistent with the observations that both 
IL-3 and GM-CSF activate similar signal transduction pathways: 
tyrosine phosphorylation of a similar set of proteins (Kanakura 
et al., 1990; Isfort and Ilhe, 1990) and activation of p21 ras 
(Satoh et al., 1991). In addition, it has been reported that 
binding of IL-3 to hemopoietic cells is partially inhibited by 
GM-CSF and that the high affinity binding of GM-CSF is 
inhibited by IL-3 (Gesner et a1., 1988). Because GM-CSF 
enhanced IFNr production in vitro, it was questioned whether 
IL-3 would also stimulate oIFNr expression. IL-3 (doses of 
IL-3 in this study were the same as GM-CSF) enhanced oIFNr 
production at both mRNA (Fig. 8) and polypeptide levels (not 
shown). The degree of oIFNr enhancement achieved by IL-3 was 
very similar to that of GM-CSF. However, at present, it is not 
possible to clarify whether IL-3 has exhibited effects on oIFNr 
production through its own receptor or GM-CSF receptor (Gearing 
et a1., 1989; Kitamura et a1., 1991). Furthermore, whether 
sheep uterine epithelial cells produce IL-3 needs further 
investigation. 

IL-6 is a multifunctional cytokine with diverse biological 
properties including regulation of hemopoiesis, proliferation 
of Band T lymphocytes and macrophages, and participation in 
acute-phase reactions (Van Snick, 1990). It has been noted 
that human placental trophoblast cells synthesize IL-6 and IL-6 
receptors, and IL-6 mRNA expression is regulated by estrogen in 
human endometrial stromal cells (Nishino et al., 1990). 
Recently, Robertson et al. (1992) reported in vitro production 
of IL-6 by uterine glandular and luminal epithelial cells and 
Mathialagan et al. (1992) found the expression of IL-6 mRNA in 
porcine, ovine and bovine preimplantation concepti. Therefore, 
experiments examining the effect of IL-6 on oIFNr production in 
vitro were conducted. IL-6, regardless of doses tested, 
enhanced both oIFNr mRNA and oIFNr production (unpublished 
observation, Imakawa, K., and Christenson, R.K.). 

Is endometrial production of GH-CSF regulated by steroids? 

Robertson and Seamark (1990) have demonstrated that GM-CSF 
synthesis is almost completely abrogated in ovariectomized 
mice. These investigators (Robertson and Seamark, 1992) 
subsequently show that ovariectomized mice treated with 
estrogen, but not progesterone, secrete more GM-CSF in utero 
than untreated control animals. In addition, GM-CSF synthesis 
is not inhibited by treatment with the anti-progestin RU 486, 
while mice treated with ZK 119010 (estrogen antagonist) yield 
endometrial cells that synthesize significantly less GM-CSF. 
These observations strongly suggest that the production of 
uterine GM-CSF is regulated by estrogen in mice. 
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Figure 9. Localization of GM-CSF 
mRNA in uterine endometrium using 
antisense GM-CSF cRNA probe: (a) 
the endometrium from luteal phase 
(day 8), and (b) pregnant (day 17). 
Tissues were fixed within the same 
block. 
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Figure 10. Denstometric analysis 
of oIFNT mRNA detected by Northern 
blot analysis. Concepti (200 mg 
wet weight) were cultured with (1) 
no hGM-CSF, no RA, (2) 150 U jml 
hGM-CSF, ( 3 ) 1 uM RA, or ( 4 ) a 
combination of 150 Ujml hGM-CSF and 
1 uM RA. 

Again, using in situ hybridization techniques (Imakawa et 
al., 1993), the presence of GM-CSF mRNA in endometrial tissue 
obtained from day 8, 10 and 12 cyclic ewes was examined. For 
the purpose of qualitative comparison, endometrial tissues from 
both cyclic and pregnant ewes were fixed within the same block. 
It was found that the intensity of hybridization signal was 
lower in cyclic animals than those in pregnant animals (Fig. 
9), further suggesting that the presence of conceptus and/or 
conceptus products enhances GM-CSF mRNA transcripts by the 
endometrium. 

Termination of oIFNT production 

within one week of the peri-implantation period (day 13-19 
concepti), massive production of oIFNT is abruptly terminated 
(Godkin et al . , 1982). The molecular mechanism(s) responsible 
for the termination of transcription and/or translation of 
oIFNT genes has not been adequately studied. Guillomot et al. 
(1991) reported that oIFNT expression was reduced at the 
attachment sites of the trophoblast to the uterine epithelium 
and that by day 22, when most of the trophoblast was attached, 
expression of oIFNT was virtually undetectable. Thus, contact 
between the trophoblast and the uterine epithelium appeared to 
terminate oIFNT gene expression (Guillomot et al., 1990; Xavier 
et al., 1991). 

It is known that vitamin A (retinol) plays an essential 
role in vision, in growth, and in the maintenance of 
differentiated epithelium, and that it possesses properties of 
an embryonic morphogen, capable of distinctive regulation of 
pattern formation in developing embryo (Wolf, 1984). It is 
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well established that retinoic acid (RA) affects gene 
transcription, steroidogenesis, hematopoiesis and immune cell 
function and interferon production. RA has also been shown to 
suppress carcinogenesis and metastasis, and RA or its analogs 
have been used clinically to treat head and neck tumors, 
promyelocytic leukemia and melanoma. studies on the inhibition 
of collagenase gene transcription by RA revealed that this 
inhibi tion is due to an interaction between retinoic acid 
receptors (RARs) and AP-1 proteins (a heterodimer of Fos and 
Jun) , resulting in mutual loss of DNA binding activity (Schule 
et al., 1991). Recently, Busam et al. (1992) have demonstrated 
that RA blocks c-fos transcription and that this suppression 
involves a serum response element of the c-fos promoter. 

As stated previously, one of four oIFNr genes contains an 
AP-1 site in the 5 ' -flanking region and is expressed 
predominantly at the transcriptional level between day 13-20 of 
pregnancy. If in fact the AP-1 site of the oIFNr gene 
represents one of major transcriptional regulators, it is 
possible that ovine concepti cultured with RA might have 
reduced c-fos transcription and thus the AP-1 site no longer 
serves as a transcriptional enhancer, thereby resulting in the 
reduction of oIFNr mRNA. It was therefore hypothesized that an 
abrupt drop in oIFNr production around day 20-22 of pregnancy 
was at least in part controlled by RA. conceptus (day 17) 
tissues were divided into four roughly equal masses (200 mg, 
wet weight) and placed in 7 ml MEM containing 50 u ci 
3H-leucine. To each culture dish was added: (1) no treatment, 
(2) GM-CSF [150 U/ml (65 pM)], (3) RA (1 uM) or (4) a 
combination of GM-CSF (150 U/ml) and RA (1 uM). As shown in 
Fig. 10, RA reduced oIFNr mRNA and GM-CSF treatment did not 
overcome the effect of RA, suggesting that the suppression of 
oIFNr mRNA involved the AP-1 site located in the oIFNr 
promoter. 

The mechanism by which vitamin A is transported from the 
mother to the fetus is not fully understood, but it appears to 
involve maternal andlor fetal retinol binding proteins (RBPs) 
(Harney et al., 1990). RBPs are major components of porcine 
and ovine conceptus secretory proteins and are also secreted by 
endometrial epithelium of pigs in response to progesterone. It 
has been discovered that RBP is synthesized by ovine placenta 
as early as day 23 (Liu et al., 1992). In fact, bovine IFNr 
production diminishes around the period when conceptus 
production of RBP becomes prominent (Liu and Godkin, 1992), 
further suggesting a possible role of RA on IFNr expression. 

Concluding Remarks 

IFNs are known to possess functional properties such as 
effects on cell proliferation and differentiation, and the 
induction of specific gene transcription in target cells. 
coexpression of hemopoietic cytokine and trophoblast IFN during 
the period of pregnancy establishment strongly suggests that 
both GM-CSF and oIFNr participate in local regulation of the 
uterine immune system. 

The phenomenon of maternal recognition of pregnancy is 
generally implied to explain the process of prolongation of 
corpus luteum function, resulting in a continued secretion of 
progesterone. It is also considered as a one time, two-way 
communication from the fetus to the mother. However, the facts 
that even non-pregnant (cyclic) animals possess GM-CSF mRNA and 
that the endometrium from pregnant animals contains the 
increased amounts of GM-CSF mRNA support the idea of an 
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autocrine-paracrine network of cytokines during early 
pregnancy. Expression of various endometrial growth factors is 
carefully regulated and the degree of their expression is 
controlled by substances secreted by the conceptus and 
endometrium. Therefore, the degree and timing of their 
expression in utero are orchestrated by frequent and 
progressi ve communication between the uterus and developing 
conceptus. 
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INTRODUCTION 

In most mammalian species, the earliest macroscopically identifiable event in the 
process of blastocyst implantation is an increase in endometrial vascular permeability which 
is localized to implantation sites (Psychoyos, 1973). In the rat this increase in permeability 
can be first detected some 20-24 hours before trophoblastic invasion of the endometrium 
(Psychoyos, 1973). In those species in which stimulation of the uterus results in 
decidualization, an increase in endometrial vascular permeability precedes the 
decidualization; depending on the nature of the stimulus applied, the permeability response 
and subsequent decidualization may be localized or generalized. 

The localized nature of the endometrial response at implantation infers that there 
is a localized interaction between the implanting blastocyst and the endometrium. What is 
the nature of this interaction? It is possible that the interactions are entirely physical in 
nature (Kennedy and Armstrong, 1981); the blastocyst, by virtue of its close contact with 
the endometrial luminal epithelium (Psychoyos, 1973; Enders and Schlafke, 1979) possibly 
augmented by rhythmic contractions and expansions (Kennedy, 1983), stimulates a change 
in the metabolism of the luminal epithelial cells. This results in the production of a signal 
which diffuses to the endometrial stroma where it initiates responses which ultimately result 
in increased endometrial vascular permeability followed, in many species, by proliferation 
and differentiation of endometrial stromal cells to give rise, ultimately, to the maternal 
component of the placenta. Alternatively, the signal from the blastocyst may be chemical 
in nature. It may act on the luminal epithelium to produce another signal, or it may diffuse 
across the epithelium to act within the stroma. Because of the evidence for an essential 
transductive role of the luminal epithelium in implantation and decidualization (Ferrando 
and Nalbandov, 1968; Lejeune et al., 1981), it seems likely that the epithelial cells are a 
source of essential components of the cascade. 

This chapter will review the current state of knowledge of putative mediators 
involved in blastocyst implantation, with particular emphasis on recent developments. 
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LOCAL MEDIA TORS - CRITERIA 

Recently there has been an escalated interest in potential local mediators of 
implantation and decidualization. It is therefore appropriate to establish criteria which 
should be met if a compound is to be implicated as a mediator. The following criteria have 
been suggested (Yee et aI., 1993): 

1. The compound should be produced by either the conceptus or the uterus at 
the appropriate time. 

2. Receptors for the compound should be present within the uterus. 
3. Treatment with inhibitors of synthesis or antagonists of the compound should 

inhibit implantation and/or decidualization. 
4. Treatment with exogenous agonists should override the inhibition. 

It is quite likely that two or more compounds interact to bring about the endometrial 
responses. 

Strategies for implicating compounds as mediators follow from the above criteria. 
In addition to investigations in pregnancy, the use of artificially induced decidualization in 
pseudopregnant or ovariectomized, steroid-treated animals has been profitable, particularly 
for investigating criterion 4. Because it is difficult, if not impossible, to deliver exogenous 
compounds into the uterus in a manner which mimics that which occurs in pregnancy, 
generalized, rather than localized, endometrial responses are obtained in these experiments. 

PUTATIVE LOCAL MEDIATORS 

An ever-lengthening list of potential mediators has arisen; it includes histamine, 
blastocyst-produced estrogen, prostaglandins, leukotrienes, platelet-activating factor, 
angiotensin II, and neutrophil-derived factors. 

Histamine and Blastocyst-Produced Estrogen 

Evidence for the role of histamine and of blastocyst-produced estrogen has been 
reviewed previously (Kennedy, 1983; Kennedy et aI., 1989) and because there have not 
been any new developments, the interested reader is referred to these earlier reviews. In 
terms of the criteria given above, there is some evidence for histamine production by 
blastocysts, and for histamine receptors within the endometrium. However, the effects of 
inhibitors of synthesis, and particularly those of antagonists, are very controversial. 

In some species there is good evidence for the production of estrogens by 
blastocysts. However, this estrogen has been linked to the maternal recognition of 
pregnancy (Flint et aI., 1979; Bazer et aI., 1989) rather than to implantation. In species 
where blastocysts remain small prior to implantation, there is little direct evidence of 
production of estrogens by blastocysts. Estrogen receptors are present in the endometrium 
(Korach et aI., 1988; Brenner et aI., 1990). Data from studies in which inhibitors of 
estrogen synthesis or estrogen antagonists have been utilized have been difficult to interpret 
because of the well-established requirement in some species for estrogen in addition to 
progesterone in order to obtain an endometrium which will allow implantation. In the 
hamster which does not require a maternal source of estrogen for implantation (Prasad et 
aI., 1960; Harper et aI., 1969), inhibition of estrogen biosynthesis did not affect the 
initiation of implantation in ovariectomized-adrenalectomized, progestin-treated animals 
(Evans and Kennedy, 1980). 

More recently, attention has focused on the possibility that catechol-estrogens may 
be involved in the initiation of implantation (Hoversland et al., 1982; Kantor et al., 1985; 
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Dey et al., 1986). Implantation can be induced in ovariectomized pregnant mice by the 
systemic administration of either 4-hydroxy- or 2-hydroxy-estradiol, although the latter is 
substantially less potent (Hoverland et al., 1982). Studies utilizing fluorinated estrogens, 
potent estrogens with limited capacity to form catechol-estrogens, have suggested that the 
formation of catechol-estrogens is required for the initiation of implantation and 
decidualization. However, the results obtained with the fluorinated estrogens are contrary 
to what would be expected based on the potencies of the catechol-estrogens; Dey et al. 
(1986) initiated implantation in ovariectomized pregnant rats with 4-fluoro-estradiol but not 
with 2-fluoro-estradiol. These data have been interpreted as indicating that the vasoactive 
component of estrogen action in decidualization requires the conversion of estrogen to a 
catechol-estrogen (Dey and Johnson, 1987). Clearly more work needs to be done, in 
particular to assess the local effects of catechol-estrogens in the endometrium. 

Prostaglandins 

There is now considerable evidence from a variety of species that prostaglandins 
are involved, at least partially, in the increase in endometrial vascular permeability and 
subsequent decidualization (reviewed by Kennedy, 1990; Kennedy et al., 1989). During 
pregnancy, the concentrations of prostaglandins are elevated at implantation sites. Binding 
sites, presumably representing receptors, are present in the endometrium. Inhibitors of 
prostaglandin synthesis and prostaglandin antagonists inhibit or delay the initiation of 
implantation, and this inhibition can be overridden, at least partially, by exogenous 
prostaglandins. 

During artificially induced decidualization, uterine concentrations of prostaglandins 
are elevated, suggesting increased uterine prostaglandin production, with a time-course 
consistent with the prostaglandin concentrations being elevated as the cause, rather than the 
consequence, of the endometrial responses. Inhibitors of prostaglandin synthesis 
substantially attenuate the increases in endometrial vascular permeability, alkaline 
phosphatase activity (Yee and Kennedy, 1988) and subsequent decidualization that otherwise 
occur in response to an artificial deciduogenic stimulus. These responses can be restored 
by the intrauterine administration of prostaglandins. At present, it is thought that 
prostaglandin Ez is the prostaglandin most likely involved. Although both prostaglandin 
Ez and prostaglandin F2a are able to restore the endometrial responses after inhibition of 
prostaglandin production, prostaglandin Ez is in general more effective. In addition, the 
endometrial binding sites are specific for prostaglandins of the E-series (Kennedy et al., 
1983); no binding sites for prostaglandin F2a have been detected (Martel et al., 1985). 
When analogues of prostaglandin Ez or prostaglandin F2a were infused into the uterine 
lumen of rats in which endogenous prostaglandin production had been inhibited, 
decidualization was obtained in response to the prostaglandin Ez analogue only (Kennedy 
and Doktorcik, 1988). Finally, rat endometrial stromal cells in vitro respond to 
prostaglandin E2 but not prostaglandin F2a with accelerated decidualization, as assessed by 
alkaline phosphatase activity (Yee and Kennedy, 1991). 

Within the uterus the sites of synthesis of the prostaglandins involved in 
implantation and decidualization are at present unknown. Blastocysts are capable of 
prostaglandin synthesis (reviewed by Kennedy et al., 1989; Kennedy, 1990), but as yet 
there is no good evidence that it is blastocyst-produced prostaglandins which mediate the 
endometrial responses. In contrast, embryo transfer experiments in rabbits suggested that 
an endometrial source was more likely (Snabes and Harper, 1984). In many species both 
the epithelial and stromal ceIls are capable of prostaglandin synthesis. Indirect evidence 
that the luminal epithelial cells may be an important source comes from the observations 
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of Parr et al. (1988) of immunohistochemical localization of prostaglandin synthase in these 
cells at the time of implantation, and of decreased arachidonic acid content of epithelial 
cells after the application of an artificial deciduogenic stimulus (Moulton and Russell, 
1989). In addition, polarized cultures of luminal epithelial cells secrete prostaglandins 
preferentially in the basal direction (Cherny and Findlay, 1990; Jacobs et al., 1990), a 
characteristic which, if operating in vivo, would facilitate the accumulation of 
prostaglandins in the stroma, their presumed site of action. 

The sites of action of the prostaglandins within the uterus are also uncertain. In the 
rat, prostaglandin E binding sites are detectable in the endometrial stroma, but not luminal 
epithelium (Kennedy et al., 1983) while in the human binding has been localized by 
autoradiography to stromal cells, glandular epithelium, arterioles and erythrocytes (Chegini 
et al., 1986). The binding sites on the stromal cells are apparently functional because 
isolated endometrial cells cultured in vitro respond to prostaglandin ~ with an accelerated 
rate of decidualization, as indicated by the time-course of changes in alkaline phosphatase 
activity, and this response is mediated at least in part by increased production of cAMP 
(Yee and Kennedy, 1991). 

Leukotrienes 

There is interest in the potential involvement of leukotrienes in implantation and 
decidualization because (i) of their vasoactive properties (Hammarstrom, 1983), (ii) the 5-
lipoxygenase pathway which leads to the formation of the leukotrienes is present in the 
uterus (Pakrasi et aI., 1985; Pakrasi and Dey, 1985; Malathay et al., 1986; Tawfik et al., 
1987; Rees et aI., 1987), and (iii) specific leukotriene C4 binding sites are present in 
endometrium (Chegini and Rao, 1988a,b). Evidence for the involvement of leukotrienes 
in implantation has come from studies employing nordihydroguaretic acid, an inhibitor of 
leukotriene synthesis; this compound inhibits the ability of exogenous estrogen to induce 
implantation in pregnant mice ovariectomized prior to the nidatory estrogen surge (Gupta 
et aI., 1989). Simultaneous treatment with leukotriene C4 overrode the inhibition. When 
infused into the uterus, nordihydroguaretic acid inhibited decidualization in pseudopregnant 
rats (Tawfik and Dey, 1988); this was overridden in part by the simultaneous infusion of 
leukotriene C4, and completely by a combination of leukotriene C4 and prostaglandin ~. 
In our hands the inhibitory effect of nordihydroguaretic acid on both the endometrial 
vascular permeability response (assessed with 12SI-Iabelled bovine serum albumin 10 hours 
after uterine stimulation, the intrauterine infusion at 1 J,£l/hour of phosphate-buffered saline; 
Kennedy and Lukash, 1982) and decidualization (assessed by uterine weights 5 days after 
uterine stimulation) in rats were completely restored by the simultaneous infusion of 
prostaglandin ~ at the rate of 1 J,£g/hour (T.G. Kennedy and H.E. Ross, unpublished 
observations). Because nordihydroguaretic acid inhibits both 5-lipoxygenase and 
prostaglandin synthase, we have subsequently utilized more specific inhibitors: piriprost 
for 5-lipoxygenase (Bach et aI., 1985), and indomethacin for prostaglandin synthase (Vane, 
1971). When infused into the uterine lumen of rats at the rate of 2.3 J,£g1hour (5 
nmol/hour), piriprost inhibited both the endometrial vascular permeability response and 
decidualization; at one-tenth the rate (0.23 J,£g/hour) it was without effect (1. Little and 
T.G. Kennedy, unpublished observations). Unfortunately, because of cross-reactivity of 
piriprost in our prostaglandin ~ radioimmunoassay, we have been unable to determine if 
piriprost, when infused at the rate which is effective, affects uterine prostaglandin 
concentrations. When rats were treated with both piriprost and indomethacin and then 
given exogenous leukotriene C4 with or without prostaglandin ~, leukotriene C4 had no 
significant effect, either alone or in combination with prostaglandin ~, on either 
endometrial vascular permeability (assessed with 12sI-labelled bovine serum albumin) or 
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decidualization (assessed by uterine weights). By contrast, prostaglandin Ez infusion 
restored the endometrial vascular permeability response to a level not statistically different 
from vehicle-treated animals, and decidualization to a level almost equivalent (Figure 1; 
Little and Kennedy, unpublished observations). Although these data do not support the 
notion that leukotrienes are involved in decidualization, they should be interpreted 
cautiously. It is possible, for example, that interactions between prostaglandin Ez and the 
leukotrienes were not observed because a supramaximal rate of infusion of the prostaglandin 
was used. 

For rat endometrial stromal cells cultured in vitro, leukotrienes and piriprost have 
only marginal effects on the rate of decidualization, as assessed by alkaline phosphatase 
activity (Cejic and Kennedy, 1991a,b). 

Additional work needs to be done on the possible involvement of leukotrienes in 
implantation and decidualization, and this will be aided by the development of specific 
antagonists for the leukotrienes. 

Platelet-Activating Factor 

Evidence for the involvement of platelet-activating factor in implantation and 
decidualization is controversial. There are contradictory reports on the ability of the 
preimplantation conceptus to produce this factor, with some studies producing evidence for 
production (O'Neill, 1985; O'Neill et al., 1987; Collier et al., 1988, 1990; Ryan et al., 
1989; Battye et aI., 1991), and others finding no evidence for production (Angle et al., 
1988; Arnie! et aI., 1989; Smal et al., 1990; Kasamo et al., 1992). By contrast there is 
more general agreement that the uterus is a potential source of platelet-activating factor 
(Yasuda et aI., 1986; Angle et al,. 1988; Alecozay et al., 1991; Kasamo et al., 1992). 

Platelet-activating factor receptors are present in the endometrium (Kudolo and 
Harper, 1989; Kasamo et aI., 1992) although the ability of the biologically inactive platelet
activating factor precursor/ metabolite, lyso-platelet -activating factor, to compete for binding 
raises questions about their physiological significance. Based on two lines of evidence it 
seems likely that the receptors are located on the luminal epithelial cells. By 
autoradiography eH]-platelet-activating factor binding was localized to these cells (Kudolo 
et aI., 1991), and Squires et aI. (1991) found that epithelial, but not stromal cells from rat 
uteri responded to platelet-activating factor with rapid, transient increases in cytosolic free 
calcium concentrations. 

The effects of antagonists of platelet-activating factor on implantation and artificially 
induced decidualization are also controversial. Spinks and O'Neill (1988) reported that 
platelet-activating factor antagonists impaired implantation in mice. Subsequently, based 
on the results of embryo transfer experiments and lack of effect of antagonists on artificially 
induced decidualization, Spinks et al. (1990) concluded that the antagonists act on the 
embryo rather than on the uterus. By contrast, Ando et al. (1990) reported that a platelet
activating factor antagonist inhibited implantation when administered to recipients in embryo 
transfer experiments, without any apparent effect on embryonic development. Milligan and 
Finn (1990) were unable to inhibit implantation in mice with a number of platelet-activating 
factor antagonists. In addition, platelet-activating factor did not induce decidualization 
when introduced into the uterus. Again by contrast, Acker et aI. (1989) reported that the 
intrauterine injection of platelet-activating factor induced a decidual response, inhibitable 
by a platelet-activating factor antagonist, in pseudopregnant rats. 

We have tested the hypothesis that artificial deciduogenic stimuli result in elevated 
platelet-activating factor synthesis with the factor then mediating the endometrial responses 
by infusing platelet-activating factor antagonists into the uterine lumen of rats. Under the 
conditions of the experiments the vehicle for the infusion of the antagonists is itself a 
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A 

28 CJ NON-INFUSED HORN 

~ INFUSED HORN 

VEHICLE 1M + PP 1M + PP 1M + PP 1101 + PP + 
+ PCE 2 + LTC 4 PCE 2+ LTC 4 

B 

4 
CJ NON-INFUSED HORN 

~ INFUSED HORN 

VEHICLE 1M + PP 1101 + PP 1101 + PP 1101 + PP + 
+ PGE 2 + LTC 4 PCE 2+ LTC 4 

Figure 1. Determination of the ability of intrauterine-infused prostaglandin ~ (PG~; 1 
JLg/h) and leukotriene C4 (L TC4 ; 20 ng/h) to override the inhibitory effects of combined 
treatment with indomethacin (1M; 2 mg sc prior to pump insertion and 0.5 nmol/h in infusate) 
and piriprost (PP; 5 nmol/h) on endometrial vascular permeability (A) and decidualization 
(B). Ovariectomized rats were treated with estradiol and progesterone to sensitize the uteri 
for decidualization, and then received unilateral intrauterine infusions. Endometrial vascular 
permeability was assessed 10 h later by uterine concentrations of radioactivity 15 min after 
an iv injection of 125I-Iabelled bovine serum albumin. Decidualization was assessed 5 days 
later by uterine weights. Control animals received an intrauterine infusion of the vehicle, 2 % 
ethanol in 0.05 M sodium phosphate, 0.154 M sodium chloride, pH 7.4, 1 JLl/h. For detailed 
methodology, see Kennedy and Lukash (1982). 
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deciduogenic stimulus. The results of experiments utilizing WEB-2086 are shown in Figure 
2. At no rate of infusion of the antagonist was the endometrial vascular permeability 
response, assessed by the concentration of radioactivity in the uterine horns 15 min after 
the intravenous injection of 125I-labelled bovine serum albumin, or decidualization, assessed 
by uterine weight, affected. 

Angiotensin 

There is evidence for the local production of angiotensin II, and for the presence 
of the enzymes involved in its synthesis, renin and angiotensin-converting enzyme, in the 
uteri of a number of species (Cushman and Cheung, 1971; Deboben et al., 1983; Naruse 
et al., 1985). Specific and saturable angiotensin II binding, consistent with the presence 
of receptors, has also been demonstrated in the uterus (Lin and Goodfriend, 1970). The 
receptors are probably present on endometrial stromal cells; angiotensin II causes a transient 
increase in cytosolic intracellular calcium concentrations in stromal, but not epithelial cells 
(Squires et al., 1993). 

An indication that angiotensin II may be involved in decidualization comes from the 
results of Squires and Kennedy (1992) who found that the infusion of enalaprilat, an 
angiotensin-converting enzyme inhibitor, into the uterine lumen of rats inhibited the 
vascular permeability response and subsequent decidualization. However, the inhibition 
was not reversed by angiotensin II infusion, possibly because the peptide was unable to gain 
access to the endometrial stroma when infused into the uterine lumen. This interpretation 
is supported by observations that in vitro decidualization of endometrial stromal cells is also 
inhibited by enalaprilat, and this inhibition can be reversed by angiotensin II (Squires and 
Kennedy, 1992). The effect of angiotensin is mediated in part, but not completely, by 
prostaglandins (Squires and Kennedy, 1992; Squires et al., 1993). 

Neutrophils 

In response to blastocyst implantation and to the application of artificial 
deciduogenic stimuli, there is an infiltration of neutrophils into the endometrium (Finn and 
Pope, 1991; Orlando-Mathur and Kennedy, 1993). In some vascular beds, increased 
permeability is a neutrophil-dependent process (Smith et al., 1987; Wallace et al., 1990), 
and consequently it seemed possible that in the uterus neutrophils, by releasing some 
vasoactive compound, might have an essential role in mediating the endometrial vascular 
responses at implantation and following the application of an artificial deciduogenic 
stimulus. This possibility has been tested by making rats neutropenic by treatment with 
either methotrexate or antineutrophil serum. In response to these treatments, endometrial 
neutrophil infiltration in response to an artificial deciduogenic stimulus was virtually 
abolished, but the increase in endometrial vascular permeability and subsequent 
decidualization was unaffected. In addition, in antineutrophil serum-treated rats, blastocyst 
implantation and the progression of pregnancy were not affected (Orlando-Mathur and 
Kennedy, 1993). These results, and those of Rogers et al. (1992) suggest that neutrophils 
do not have an essential role in implantation/decidualization. 

SUMMARY AND CONCLUSIONS 

There is experimental evidence for local interactions occurring between the 
blastocyst and endometrium at the time of implantation. The initial interaction probably 
initiates a cascade of events and these can be mimicked, at least in part in some species, 
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Figure 2. Effects of the intrauterine infusion of WEB-2086, a platelet-activating factor 
antagonist, at various rates on endometrial vascular permeability (A) and decidualization (B). 
Ovariectomized rats were treated with estradiol and progesterone to sensitize the uteri for 
decidualization, and then received unilateral intrauterine infusions of the vehicle (0.05 M 
sodium phosphate, 0.154 M sodium chloride, pH 7.4, 1 J.'lIh) or various amounts of WEB-
2086. Endometrial vascular permeability was assessed 10 h later by uterine concentrations 
of radioactivity 15 min after an iv injection of 125J-Iabelled bovine serum albumin. 
Decidualization was assessed 5 days later by uterine weights. For detailed methodology, see 
Kennedy and Lukash (1982). 
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by the application of an artificial deciduogenic stimulus to the appropriately sensitized 
uterus. A number of compounds have been implicated as mediators of the uterine 
responses. At present it is not possible to exclude any of the compounds with certainty, 
and it is likely that the responses may be a consequence of interactions between compounds. 
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INTRODUCTION 

It has been recently shown in ruminants that interferons are constitutively produced 
by the trophoblast during the critical peri-implantation period. Ruminant trophoblast IFN 
gene sequences provide evidence that these IFNs recently called IFN-t constitute a distinct 
family of other interferons of type I (a, 6, co). Embryonic IFNs are not confined in 
ruminants but have been found in other species though their structural characteristics can 
be different. In culture of ovine endometrial cells, ovine Trophoblast Protein (oTP) is able 
to inhibit the biosynthesis of prostaglandin F2a, even when stimulated by oxytocin. In vivo, 
recombinant oTP (r.oTP) inhibits the cyclic luteolysis of recipient ewes for 1 month or 
more as do trophoblast homogenates or trophoblastic vesicles and better than bovine 
recombinant IFNa. Furthennore, r.oTP is able to block the cyclic PGF2a pulsatility thus 
showing the key role played by the ruminant trophoblastins in the mechanisms of maternal 
recognition of pregnancy. Besides displaying a paracrine antiluteolytic function, r.oTP 
exhibits immunoregulatory activities similar to the natural oTP isofonns. It blocks 
phytohemagglutinin A (PHA) driven lymphocyte proliferation on murine, human and ovine 
lymphocytes. oTP is acting especially on human, murine and ovine CD4 T cells (helper 
lymphocytes). It does not block in mice interleukin-2 dependent cell proliferation when 
assayed on CTL-L2 cell line (CDs+) but inhibits in sheep PHA driven CDs T lymphocyte 
proliferation. oTP and r.oTP were found to be immunosuppressive on a murine and a 
human Mixed Lymphocyte Reaction which is usually considered as a maternal allo
recognition of paternal antigens of the conceptus. In vivo, r.oTP also exhibits 
immunosuppressive activity in mice on a Graft Versus Host (Popliteal Lymph Nodes) 
assay. Finally, r.oTP strongly inhibits immunological embryonic abortion in the usual 
model of CBNJ x DBN2 mice if given early in pregnancy, at days 5 and 8 but not later 
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(days 8 and 10). In conclusion, we propose a working hypothesis of the immunoendocrine 
function of ovine trophoblastin in the mechanisms of embryo immunotolerance. 

A. UBIQUITOUS PROPERTY OF TROPHOBLAST IFNs 

I. Trophoblastins or ruminant IFN-'t 

1. Structural characteristics of trophoblastins (TP or IFN-'t). Interferons (IFN) 
are molecules induced by a viral infection (Isaacs and Lindenmann, 1957, see review by 
Lefevre, 1989). They are secreted by leukocytes (IFN-a and IFN-oo) or by fibroblasts (IFN-
6) or by activated T lymphocytes (IFN-y). IFN-a, -6 and -00 constitute the type I and IFN-y 
the type II. Antiviral, antitumoral and immunoregulatory properties are well known (De 
Mayer and De Mayer-Guignard, 1988). In searching the biochemical structure of an ovine 
embryonic antiluteolytic protein, named trophoblastin (oTP) (Marta! et al., 1979) and in 
characterizing a major protein secreted by the trophoblast (oTP-l) (Godkin et al., 1982, 
1984a,b), we found that the trophoblast was constitutively producing interferons (Imakawa 
et al., 1987; Stewart et al., 1987; Charpigny et al., 1988a,b). Ovine trophoblastins (oTP) 
are holoproteins with apparent molecular weight (MW) around 20 kDa. On the opposite 
IFNs are usually glycoproteins. Bovine trophoblastins (bTP) have apparent MW of 20 and 
22 kDa and exhibit a N-glycosylation site (Godkin et aI., 1982; Marta! et at., 1984; Helmer 
et al., 1987; Baumbach et al., 1990). 

Both N-terminal sequence (Stewart et al., 1987; Charpigny et al., 1988a) and amino 
acid sequence deduced from oTP cDNA (Imakawa et al., 1987; Stewart et al., 1989; 
Charlier et al., 1989; Whaley et al., 1991) share high identity with IFN-a (55%) and even 
higher with IFN-oo (70%). Ovine and bovine IFN't exhibit a higher homology between 
themselves (around 82%) than with their homologous IFN-oo (72% with oIFN-oo and 79% 
with bIFN-oo) (Imakawa et al., 1989; Charlier et al., 1989). Encoding sequences deduced 
from oTP and bTP genes confrrm these similarities. Like other type I IFN genes, IFN-'t 
genes are intronless and constitute a multigenic family (Stewart et at., 1990; Charlier et al., 
1991). In their 5' and 3' flanking sequences, oTP and bTP genes share much higher 
homology than with their homologous IFN-oo (respectively 89% and 81 % between oTP and 
bTP, 58% and 62% between oTP and oIFN-oo, and 55% and 68% between bTP and bIFN-
00). These structural features added to physiological properties have brought us to consider 
these trophoblastins as a new class of type I IFN termed IFN-'t (Charpigny et al., 1988a,b; 
Martal et al., 1988; Imakawa et aI., 1989; Kleeman et al., 1990; Roberts et al., 1991; 
Charlier et aI., 1991; Martal et al., 1991a). The trophoblastins obtained by conceptus culture 
exhibit antiviral properties characteristic to IFNs (Pontzer et al., 1988; Martal et al., 1988; 
Martal and Chene, 1992). As opposed to most IFNs, the antiviral activity of IFN-'t is not 
species specific since oTP is active on bovine, porcine, human, murine, canine cells 
challenged with VSV (Vesicular Stomatitis Virus). Similarly a strong antiviral activity can 
be detected in COS cells medium after oTP cDNA transfection (Charlier et al., 1989). 

Both IFN-'t and IFN-oo polypeptide chains are composed of 172 amino acids (aa) 
whereas IFN-a and IFN-6 contain 166 aa. IFN-'t show two disulfide bridges (1-99,29-139), 
a consensus sequence characteristic of IFNs (139-146: Cys-Ala-Trp-Glu-Ile-Val-Arg-Val) 
and a signal peptide of 23 aa. IFN-'t also share the consensus nucleotide sequence 
characteristic to inflammatory mediators, IT A TIT A T: IFN s, TNF (Tumor Necrosis Factor) 
and Interleukins. 

2. Expression of trophoblastins. Six oTP isoforms can be produced by only one 
embryo (Charpigny et al., 1988a,b; Martal et aI., 1988; Fillion et al., 1990; Reinaud et al., 
unpublished data). This result is consistent with the finding of several oTP cDNA and oTP 
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genes (Kleeman et aI., 1990; Roberts et al., 1991; Nephew et al., 1993). Several functional 
oTP genes can therefore be simultanously expressed by a single conceptus. 

The experiments of intra-uterine injections of trophoblast homogenates or vesicles 
fIrst showed that trophoblastin, an antiluteolytic protein is produced during a short period 
of time by the conceptus from day 9 to 22 (Rowson and Moor, 1967; Martal et al., 1979, 
1987; Heyman et al., 1984). These results have been confIrmed by Northern blotting of oTP 
mRNA (Hansen et al., 1988; Charlier et al., 1989) and by culture experiments of ovine 
conceptuses (Godkin et aI., 1982). oTP and its mRNA have been specifIcally located into 
the extra-embryonic trophectoderm by immunohistological techniques (Godkin et al., 
1984b), in situ hybridization and immunohistofluorescence (Farin et al., 1989; Guillomot 
et aI., 1990). Surprisingly, that last method revealed oTP expression into not cultivated 
blastocysts from day 10 of pregnancy (Guillomot et al., 1990) suggesting that oTP 
expression could be derepressed in vitro before this stage. The induction of IFN-'t 
expression seems to be genetically determined because bTP mRNA transcripts have been 
found by RT-PCR in bovine blastocysts cultured in vitro after in vitro oocyte maturation 
and in vitro fertilization (Hernandez-Ledezma et al., 1992). However, the TP expression 
level might be modulated in vivo by the maternal uterine environment. Following this 
hypothesis the regulation of the IFN-'t expression needs further investigation. The 
maximum of oTP secretion is observed on day 14 of gestation and this level is decreasing 
by day 16. The arrest of oTP synthesis has been found during the implantation of the 
trophoblast on maternal caruncles (Guillomot et al., 1990) and begins on day 15 of 
pregnancy in sheep. Several growth factors or cytokines are involved in the positive control 
of the oTP secretion such as IGFt and IGFu (Ko et aI., 1991) or GM-CSF (Nephew et al., 
1993). Indeed, these factors are produced by both trophoblast and endometrium during the 
ovine peri-implantation period (Chene et al., 1991, and unpublished data). In addition, it 
is known that other cytokines as LIF (Leukemia Inhibitory Factor) and IL6 (Interleukin 6) 
are capable of inducing a trans nuclear factor, IRFJ (Interferon Regulatory Factor-I) which 
increases the IFN-a. expression (Abdollahi et aI., 1991). 

II. Other trophoblast IFNs in non-ruminants 

1. The pig trophoblast constitutively produces IFNs (Cross and Roberts, 1989; 
Mirando et al., 1990a; La Bonnardiere et al., 1991). Like in ruminants, antiviral activity is 
detected in pig uterine flushings and in pig conceptus culture media during the peri
implantation period (day 12 to 20) with a maximum on days 14-16 of pregnancy. After day 
20 of gestation, IFN activity is almost undetectable either in the uterine flushings, or in the 
conceptus culture media. The comparison of trophoblast IFN production between the very 
prolifIc Meishan breed (about 15 piglets by litter) and Large White breed (about 10.5 
piglets by litter) showed a slight but signifIcant precocity for Meishan. The antiviral activity 
produced by pig conceptuses on day 15 is much lower than that produced by ruminants: 
about 105 IU per pig conceptus versus 108 IU per ovine conceptus at the same stage. In 
addition, the nature of trophoblast IFN in pig is very different from that in ruminants. The 
porcine conceptus secretes IFN-y (Lefevre et aI., 1990) the encoding nucleotide sequence 
of which is strictly identical to that of porcine lymphocyte IFN-y (146 aa and several 
introns). Only a single IFN-y gene was observed. The antiviral activity produced by pig 
trophoblast is not completly neutralized by an anti-r.p IFN-y (recombinant porcine IFN-y) 
serum. It is also immunoneutralized by an anti-human leukocyte IFN serum (La 
Bonnardiere et aI., 1991). Although expressed much lower than pig trophoblast IFN-y, this 
other pig trophoblast IFN corresponds to a new family of type I IFN, different from IFN-a., 
G, ro and 't (Lerevre et aI., 1991). The amino acid sequence deduced from cDNA revealed 
a very short polypeptide (149 aa) as compared to type I IFN which shares an identity 
between 27 and 42% with IFN-a., S, ro, 'to The temporary name spl IFN (for short porcine 
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type I IFN) has been recently proposed by Lefevre (personal communication). The co
expression of type I and II IFN s in the pig trophectodenn therefore suggests a unique 
tissue-specific regulation of these IFN genes. Like the other type I IFN, the spl IFN gene 
is un spliced. 

Since the maintenance of the pig pregnancy corpus luteum is considered to be due 
to an oestrogen-dependent mechanism of a bi-directional change in endocrine to exocrine 
uterine PGF2a secretions (Bazer and Thatcher, 1977; Bazer, 1989), the porcine trophoblast 
IFNs (yand spI) do not seem to be involved in the control of the luteal function as is the 
case with ruminant trophoblast IFNs. Their possible physiological effects are not clear, 
since they might playa role in the mechanisms of embryo non-rejection by the dam or in 
the control of the embryogenesis (La Bonnardiere and Martal, 1991). 

2. The equine trophoblast produces low antiviral activity (103 ill/conceptus or 100 
times lower than in pig and 10 ()()() times lower than in ruminants: bovine, ovine, caprine) 
(Zouari et al., 1991a). It is worth underlining that this antiviral activity is observed during 
a very short period: 14 to 18 days of pregnancy. This antiviral activity is also present in 
concentrated uterine flushings. This antiviral activity can be seroneutralized with a serum 
against oTP. This protein bears an apparent molecular weight of 20 kDa and has been 
located by immunohistofluorescence in the extra-embryonic trophectoderm like pig and 
ruminant trophoblast IFN s. On the other hand, this yet unidentified equine IFN only 
appears during the pre-implantatory phase (implantation occurs on Day 30 in horse). The 
kinetic of its expression corresponds exactly to the organogenesis from inner cell mass: on 
Day 15 the totipotent cells of embryonic disc can be observed. So can the main organs 
such as the heart which starts beating on Day 17. 

3. The rabbit endometrium exhibits an antivral activity (Zouari et al., 1991b). 
Paradoxically, the uterine secretion of not only the pregnant rabbit but also the 
pseudopregnant one shows an antiviral activity on MDBK cells infected by VSV. This 
activity is immunoneutralized by sera against natural oTP. However, the molecular nature 
of this activity has still to be determined. Furthennore there is no immunological cross
reaction with rabbit IFN-ro (Charlier et al., 1993). Although the concentration of the rabbit 
antiviral activity secreted in uterine flushings and endometrial fibroblast cultures is 
particularly low as compared to ruminant and pig trophoblast interferons, it is regularly 
expressed on Days 6 and 7 of pregnancy and pseudopregnancy. As opposed to trophoblast 
IFNs previously described in other species, an antiviral activity was exceptionnally 
observed in the rabbit conceptus, in our experimental conditions. Thus, the ubiquitous 
property of trophoblast IFN in early pregnancy is not established in every placental 
mammals. 

4. In the human species, the existence of placental IFN throughout pregnancy has 
been demonstrated by Lebon et al. (1982, 1985), Duc-Goiran et al. (1985), Taguchi et al. 
(1985), Bocci et al. (1985), Chard et al. (1986). IFN-a and IFN-8 are present in the foetal 
tissues. IFN-a was detectable at very low concentrations in the blood (Shiozawa et al., 
1988) and tissues (Khan et al., 1989) of normal subjects. The highest circulating levels are 
measured in young adults (Shiozawa et ai., 1986, 1989) but much higher concentrations 
have been determined in the foetal-placental unit: foetal blood, foetal organs, placenta, 
membranes, amniotic fluid and decidua (Chard et al., 1986; Chard and Iles, 1992). 
Nevertheless, these placental IFN-a and IFN-8 are expressed much later and at a much 
lower concentration than the ruminant and pig embryonic IFNs. 

However several human genomic clones have recently been shown to exhibit a high 
structural identity with ovine trophoblastin (about 85%) (Whaley et al., 1991), but the 
physiological chronology of their expression during pregnancy is still unknown. 
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5. In the mouse trophoblast, the existence of embryonic IFN is controversial 
(Cross and aI., 1990; Baker and Nieder, 1990; Perez et aI., 1991; Roberts et aI., 1992a,b) 
although there is no doubt later in pregnancy about the presence of placental IFN (Fowler 
et aI., 1980; Weislow et aI., 1983; Barlow et aI., 1984; Yamada et aI., 1985). 

Finally, the presence of IFNs during the peri-implantation period seems to be 
confIrmed in several species but their physiological importance and/or molecular nature 
need to be determined. 

B. PARACRINE ANTILUTEOLYTIC FUNCTION OF TROPHOBLASTINS IN 
RUMINANTS 

I. Local antiluteolytic etTect of conceptus 

In sheep, Moor and Rowson (1966) were the fIrst to demonstrate that the conceptus 
(embryo and membranes) inhibits the uterine cyclic luteolytic activity after transfer into the 
uterine hom ipsilateral or contralateral to corpus luteum. On the contrary, when one uterine 
hom is ligated, the embryo can inhibit the cyclic luteolysis only if it is transfered into the 
uterine hom adjacent to the corpus luteum. Thus the antiluteolytic embryonic factor acts 
by a local mechanism and not by general circulation as opposed to human Chorionic 
Gonadotropin. The authors have also demonstrated that embryo transfer into cyclic recipient 
ewes inhibits luteolysis only when performed before day 12 of oestrous cycle. Daily uterine 
infusions of ovine 14-16-day-old trophoblast homogenates to recipient cyclic ewes maintain 
luteal function over one month whereas infusions of 21-23-day-old do not (Rowson and 
Moor, 1967; Martal et aI., 1979). The embryonic antiluteolytic signal is a protein because 
it is inactivated by heat and by protease. It is synthesized at least from day 12 to 22 and 
it was been ftrst termed trophoblastin (Martal et aI., 1979), then oTP-l (ovine Trophoblastic 
Protein-I) (Godkin et aI., 1984a,b), oTP-B (ovine Trophoblastic Protein B) (Martal et aI., 
1984), oTP (Trophoblastin) (Charlier et aI., 1989) and at last IFN-'t. 

II. AntiIuteolytic etTect of natural purified oTP 

Daily uterine infusions of partly purifIed natural oTP into recipient cyclic ewes can 
delay the luteolysis for several days (Godkin et aI., 1984a; Fincher et aI., 1986; Vallet et 
aI., 1988). Similar results with bTP were obtained in cattle (Knickerbocker et aI., 1986; 
Helmer et aI" 1987; Thatcher et aI., 1989). oTP specifIcally binds to the endometrial 
receptors (Godkin et aI., 1984b) and competes with recombinant bovine IFN-a (r.b.IFNa) 
(Stewart et aI., 1987). oTP binds to both high and low affInity endometrial receptors 
whereas r.b.IFNa binds only to the high affinity ones (Hansen et aI., 1989). Uterine 
infusions of oTP considerably reduce the secretion of the main stable PGF2ametabolite 
(PGFM: 15-keto-13-14 dihydro PGF2a) even after injections of oestradiol or oxytocin 
(Finsher et aI., 1986; Vallet et aI., 1988) the luteolytic activity of which has been 
established. In these experimental conditions, highly enriched purifIed oTP maintained 
luteal function as uterine infusions of total proteins of ruminant conceptus culture media 
did. Nevertheless, it was difficult to know from these experiments whether some 
contaminant of purifIed natural oTP or some isoforms play an additional important function 
in the maintenance of the cyclic corpus luteum. 

III. Antiluteolytic etTect of recombinant bovine IFN-a (r.b.IFN-a) 

Although structurally distinct (- 35%) from IFN-'t but very similar in in vitro 
biological assays, commercially available (Ciba-Geigy) recombinant bovine IFN-a (r.b.IFN-
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a) was used in experiments with cyclic ewes and cows. Uterine infusions of high 
concentrations (2 mg daily per ewe) r.b.IFN-a could maintain the cyclic corpus luteum but 
only for several days (Plante et al., 1988; Stewart et al., 1989; Flint et al., 1991; Schaule
Francis et al., 1991; Parkinson et al., 1992). 

When r.b.IFN-a (kind gift from Ciba-Geigy) and recombinant oTP are injected in 
strictly similar experimental conditions (350 pg twice daily from days 10 to 17, by uterine 
route) in cyclic recipient ewes, recombinant bovine IFN-a is far less efficient on the 
maintenance of the corpus luteum than r.oTP. It appears therefore that IFN-a has to be 
introduced in the uterus in considerably higher quantities compared to natural trophoblast 
IFN in order to achieve an extension of the luteal function (Roberts et al., 1992b). 

IV. Antiluteolytic effect of recombinant trophoblastin (r.oTP) 

From the oTP cDNA (Charlier et al., 1989) we obtained high amounts of r.oTP 
thanks to the kind help of Transgene Society (Strasbourg, France). After trying several 
expression systems: baculovirus-insect cells system (Cerruti et aI., 1991), E. Coli and yeast 
(Degryse et aI., 1992), the latter has been chosen because of the addition of a dipeptide 
spacer that significantly improved the secretion of ovine trophoblastin. Large amounts of 
r.oTP (5-10 mg/l) are obtained by yeast fermentation. oTP-cDNA was fused to the pre-pro 
nucleotide sequence encoding the pre-pro peptide of the yeast a-factor precursor (KEX 2 
gene product). The cleavage site for the processing enzyme (KEX 2p) was at the Lys
Arg iCYSl bond liberating mature oTP. To improve the r.oTP secretion, Degryse et al. 
(1992) performed an extension of the signal peptidase cleavage site in the pre-oTP fusion 
in the plasmid pTG 7908. The presence of the Ala-Pro extension of r.oTP was observed 
by N-terminal sequencing of purified r.oTP by HPLC. The specific activity (1-2.5 x 108 

IU/mg) of the Ala-Pro-r.oTP is similar to natural oTP and the recombinant molecule retains 
its biological activity in vivo (Martal et ai., 1990). No significant differences have been 
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Figure 1. Comparative effects of r.olP and r.b.IFN-a on the maintenance of the corpus luteum after intra
uterine injections into recipient cyclic ewes. 

200 



observed between r.oTP and natural oTP in many assays: SDS-polyacrylamide 
electrophoresis, radioimmunoassays, inhibition of in vitro PGF2a secretion by endometrial 
epithelial cells, cellular immunological assays. New conditions of semi-preparative 
purification of yeast culture media have been defined and r.oTP preparations have been 
obtained with a purity degree over 98%. Uterine influsion of r.oTP (350 pg twice daily per 
cyclic ewe from days 10 to 17) was able to extend the luteal function for about one month 
in 60% of recipient animals (Martal et al., 1990). Recombinant ovine trophoblastin 
appeared as efficient as trophoblast homogenates or vesicles (Martal and Chene, 1992) to 
increase the duration of the progesterone luteal secretion. Since r.oTP is produced by yeasts 
from only one cDNA, other isoforms are not absolutely necessary to the paracrine 
antiluteolytic function of the conceptus. Nevertheless, one has to inject quantities equivalent 
to the sum of the isoforms in order to produce the same result as in natural conditions. This 
observation leads to the conclusion that the isoforms help the paracrine antiluteolytic 
function. These results also show that no other proteins than oTP need to be considered to 
explain the luteolytic inhibition mechanisms in early pregnancy. 

Finally, it has been demonstrated that intramuscular injections of r.b.IFN-a could 
improve both the embryonic survival and the prolificity of treated pregnant ewes (Nephew 
et al., 1990). This suggest that r.oTP which is more efficient than r.b.IFN-a in the 
luteolysis inhibition assay, could be useful in the new reproductive biotechnologies. 

V. Mechanisms of in vitro antiluteolytic action of trophoblastin 

In endometrial cell culture, oTP reduces PGF2a and PG~ secretion (Salamonsen et 
al., 1988, 1991). Basal levels of PGF2a secreted by uterine epithelial cells are 100 times 
higher than those of stromal cells. After a 12-24h pre-treatment, oTP reduced by about 50% 
the secretion of PGF2a by epithelial cells and by around 30% the secretion by stromal 
fibroblasts. When added in vitro before and along with oxytocin, oTP can inhibit the PGF2a 
secretion induced by oxytocin (Charpigny et aI., 1991). We know that oxytocin, once bound 
to its receptor, stimulates the prostaglandin synthesis by phosphoinositides hydrolysis (Flint 
et al., 1986). The resulting triphosphate inositol (IP3) provokes intracellular calcium 
mobilization which activates phospholipase A2 and then, from hydrolysed phospholipids, 
the formation of arachidonic acid, the prostaglandins precursor. Despite of oxytocin, oTP 
inhibits phosphatidylinotisols cycle (Bazer, 1989; Vallet and Bazer, 1989; Mirando et al., 
1990b). oTP also blocks the PGF2a synthesis induced by a protein kinase C activator 
(phorbol ester, PMA) (Charpigny et ai., 1991). oTP could foster the synthesis and/or the 
activation of an endometrial prostaglandin synthetase inhibitor (EPS!) (Gross et ai., 1988). 
oTP could also be responsible for the induction and/or activation of an other potential 
endometrial inhibitor involved in the phospholipase A2 (PLA2) activity reduction, as 
suggested by the comparison of this PLA2 activity in pregnant ewes (D12-DI4) and cyclic 
ewes (DI2-DI4) endometrium (Tam by et al., 1991). 

VI. Mechanism of in vivo oTP antiluteolytic paracrine action: inhibition of endometrial 
PGF 2a pulsatile secretion 

1. PGF2a pulsatile secretion. Endometrial PGF2a is the hormone responsible for 
luteolysis in ruminants (Mc Cracken et al., 1981; Schramm et al., 1983). It crosses by 
counter-current from the utero-ovarian vein to the ovarian artery (Mc Cracken et al., 1972). 
PGF2a secretion starts on Day 12 of the oestrous cycle and requires at least 5 successive 
pulses to induce complete luteolysis. In early pregnancy those PGF2a peaks are inhibited 
(Thorburn et ai., 1973; Nett et ai., 1976; Zarco et ai., 1988). During luteolysis, the 
simultaneous increases in PGF2a and oxytocin result from reciprocal interactions between 
luteal oxytocin and uterine PGF2a (Flint and Sheldrick, 1986). The plasma oxytocin 
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concentrations are almost identical in pregnant and cyclic ewes between Day 13 and Day 
16 (Hooper et al., 1986). On the opposite, the concentrations of endometrial receptors to 
oxytocin are high in luteolysis and low in early pregnancy (Mc Cracken, 1980; Sheldrick 
and Flint, 1985; Flint and Sheldrick, 1986). 

2. Endocrine control of endometrial receptors to oxytocin (ROT)' The results 
above underlined the importance of oxytocin receptors in regulation of PGF2a pulsatile 
secretion (Flint et al., 1990). In ruminants, the endometrial concentrations of ROT are 
controlled by oestrogens and progesterone during luteolysis. Oestrogens could allow the 
increase in RoT only after progesterone has fallen (Mc Cracken, 1981; Zhang et aI., 1992). 
A sequential treatment of progesterone (10 days)-oestrogens (2 days) and progesterone (5-
12 days) showed that the progesterone level particularly increases the endometrial RoT 
concentrations (Vallet et al., 1990) instead of reducing it, like in the Mc Cracken's classical 
hypothesis of RoT regulation (1980). In addition, with a continuous treatment of 
progesterone (P4) and oestradiol (~) during 9 days followed by only E2 treatment (3 days), 
the endometrial ROT increase, but not if P4 and ~ are continuous during 12 days (Zhang 
et al, 1992). We can no more assume that the absence of oestrogens is responsible for the 
reduction of endometrial ROT in early pregnancy. In cyclic ewes, the endometrial RoT 
concentration is strongly reduced by uterine infusion of total proteins of conceptus culture 
media or of r.b.lFNa (l mglhorn) (Vallet and Lamming, 1991), suggesting that 
trophoblastins could inhibit the ROT synthesis. 

3. Inhibition of PGF2a pulsatility by r.oTP. The main stable PGF2a metabolite 
(PGFM: 15-keto-13-14-dihydro-PGF2a) was measured by radioimmunoassay in blood 
samples taken from the jugular vein, hourly round the clock, from days 12 to 18 of 
oestrous cycle of recipient ewes. In this way PGFM pulsatile episodes can be determined 
as Zarco et al. (1988) flrst showed. Silastic catheters were surgically introduced into the 
uterine horns (Martal et aI., 1979) and corpora lutea marked with India ink. Control cyclic 
recipient ewes received, by uterine route, bovine serum albumin at the same dose (350 pg 
twice daily from days 10 to 17) as cyclic ewes treated with recombinant trophoblastin. As 
shown in Figure 2b, r.oTP is able to inhibit PGF2a pulsatility in recipient cyclic ewes 
exhibiting a maintenance of luteal progesterone secretion (AssaI et al., unpublished data). 
Trophoblastin could act in two ways: by decreasing uterine PGF2a synthesis and possibly 
by reducing endometrial oxytocin receptors. 
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injections: 350 JIg/twice daily from days 10-17. 
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Figure 2b. Comparative patterns of PGFM and p. of recipient cyclic ewe treated by r.oTP (7582). r.oTP 
intrauterine injections: 350 )lg/twice daily from days 10-17. 

Consequently, in ruminants, trophoblast interferons constitute the main embryonic 
signal of maternal recognition of pregnancy. We can consider with Chard (1991) and 
othersthat IFN-'t acts like an actual reproductive hormone although it remains confined into 
the conceptus-endometrium interface and does not circulate in blood. 

C. IMMUNO-ENDOCRINE FUNCTION OF TROPHOBLASTIN IN THE 
MECHANISMS OF IMMUNE TOLERANCE OF THE CONCEPTUS 

I. Necessity of local immunoregulatory mechanisms for maintaining the embryonic 
semi-allograft 

The non-rejection of the conceptus presents an immunological paradox because the 
fetus is produced by the mating of genetically dissimilar individuals resulting in an allograft 
which is highly successful. 
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Figure 3. Inhibitory effect of oTP isoforms 1,2,3 on PHA driven proliferation of human lymphocytes. *** 
P < 0.001; ** P < 0.05; oTP isoforms were obtained after DEAE HPLC chromatography in according with 
Charpigny et aI. (1988). 
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Figure 4. Inhibitory effect of oTP isofonns 4, 5 on PHA driven proliferation of human lymphocytes. *** P 
< 0.001; oTP isofonns were obtained after DEAE HPLC chromatography in according with Charpigny et al. 
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Figure 5. Inhibitory effect of r.oTP on ovine T lymphocyte proliferation assessed on purified CD. + and CDs + 

PHA blasts selected by panning 24h after mitogen stimulation and placed in r.oTP-containing medium. 5.10" 
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Figure 6. Inhibitory effect of r.olP and olP on murine mixed lymphocyte reaction. 

At the early implantation stage, the conceptus is resistant to Natural Killer cells 
(NK) and to Cytotoxic T Lymphocyte (CTL)-mediated lysis (Croy and Rossant, 1987) in 
mice. However, freshly isolated trophoblast cells could be the target of LAKCs 
(lymphokine-activated Killer cells) or CTLs endowed with some LAKCs properties after 
growth in vitro (Drake and Head, 1988, 1989). Moreover TNF (Tumor Necrosis Factor) 
released by NK, CTL, and others, could trigger the uterine smooth muscle motility (Warner 
and Libby, 1989). Delayed type hypersensitivity (DTH)-like phenomenon to embryonic or 
paternal antigens could also lead to an inflammatory reaction or abnormal uterine 
contractions resulting in early pregnancy wastage. Thus, local immunosuppressive 
mechanisms appear necessary for the embryo to avoid its own rejection at the implantation 
eventhough MHC (Major Histocompatibility Complex) antigens are few and transitory for 
some of them (Chaouat, 1978). 

II. The IFN-'t inhibits the helper (CD,n and cytotoxic (CDg+) T lymphocyte 
proliferation 

Five natural ovine trophoblastin isoforms exhibit antiproliferative properties on the 
lymphocyte blastogenesis: they inhibit in vitro PHA (Phytohemagglutinin A)-induced 
proliferation of heterologous (murine and human) lymphocytes, as shown in Figures 3 and 
4 (Fillion et aI., 1991) and homologous (ovine) ones as shown in Figure 5 (Assal-Meliani 
et aI., 1991, 1992). After isolation of CD//CDg+ T lymphocytes by using monoclonal 
antibodies against CD//CDg+ murine, human (Fillion et al., 1991) and ovine determinants 
(Assal et al., 1991, 1992; Martal et aI., 1991b) oTP and r.oTP show a cytostatic activity 
on CD/ lymphocytes suggesting that IFN-'t is immunosuppressive on helper T lymphocytes 
across species barriers. On the contrary, this ovine trophoblast IFN acts in different ways 
on PHA-induced proliferation of heterologous CDg+ T lymphocytes: for example it does not 
block the murine ~ dependent CTL-L2 but inhibits human ones (Fillion et al., 1991) and 
ovine CDg T cells, in figure 5 (AssaI et aI., 1993a; ovine monoclonal antibodies against 
CD/ and CDg+ were kindly gifted by Dr. Mackay of Basel Institute for Immunology). In 
addition in these various immunological assays, oTP and r.oTP does not modify the 
lymphocyte viability consistently with the physiological nature of these non-viral induced 
trophoblast interferons, suggesting no cytotoxic effect, in own experimental conditions 
(Assal-Meliani et aI., 1993). 

Finally, oTP can inhibit PHA-induced proliferation of helper T lymphocytes (CD/) 
across species barriers (mice, human, sheep) and particularly its homologous CTL (CDg+). 
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In. The IFN-'t inhibits in vitro and in vivo allogenic reactions (MLR and GVHR) 

Ovine trophoblastin exhibits a cytostatic activity in the in vitro allogenic type 
cytolytic reactions: oTP and r.oTP strongly inhibited cellular lysis obtained in the Mixed 
Lymphocyte Reactions (MLR) between two lymphocyte populations obtained from different 
mice strains (Balb/c and ~H) (Assal-Meliani et al., 1993). In these in vitro uni- or bi
directional MLR, CTLs are produced by the allogeneic lymphocytes and are able to 
provoke the lysis of the other population. In presence of IFN-'t, the lysis is strongly 
inhibited (Figure 6). 

Similarly, in vivo, in the local graft versus host reaction, r.oTP highly inhibited the 
immune rejection reaction of allogenic splenic lymphocytes (Balb/c) versus host lymph 
node cells (Balb/b x B6) injected into the foot pads (Figure 7). Recombinant trophoblastin 
inhibited both the reactional lymph nodes and the cellular prolifemtion of lymph nodes 
(Assal-Meliani et al., 1993). Consequently, IFN-'t are able to inhibit the local GVH across 
strong species barriers. 

IV. The IFN-'t slightly stimulates NK proliferation 

Natural purified oTP and r.oTP stimulated NK activation (mice K462 target cell 
line) as did IFN-a (much more) and IFN-y (still more). In spite of this apparent paradoxal 
property which seems to favour conceptus rejection, the immunotrophism theory (Wegman, 
1987; Wegman and Gill, 1991) considered that NK could increase, by a weak TNF (Tumor 
Necrosis Factor) secretion, the GM-CSF or CSF! production by macrophages, for instance. 
Then, these cytokines could increase trophoblast growth. This source of cytokine secretion 
added to the natural production by trophoblast andlor endometrium could favour 
implantation success. With this new integmtive hypothesis (Wegman et al., 1993; Chaouat 
et aI., 1993), we could better understand how scidlscid, bglbg mice which are deficient in 
B, T and NK cells, can exhibit nonnal implantation and fertility (Croy and Chapeau, 1990). 
Wegman et a1. (1993) distinghished on the one hand, negative cytokines which have 
deleterious effect such as TNF, I~ (Interleukin 2) and IFN-y (at least in mice) and on the 
other hand, positive cytokines favouring the trophoblast growth, such as GM-CSF, CSF!, 
IL3, IL6, ILIO ••• especially in mice and human (Athanas sakis et al" 1987; Pollard et al., 
1987; Armstrong et aI., 1989; Wegman et al., 1989; Chaouat, 1990a,b; Mathialagan et al., 
1992; Chaouat et aI., 1993). We could add also the LIF (Leukemia Inhibitor Factor) (Fry 
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Figure 7. Effect of r.oTP on graft versus host reaction. Mean poplitea1lymph node (PLN) stimulation index 
as estimated from PLN weight on Balb/c spleen ceUs injected into footpads of (Balb/I) x B6) FI mice 
recipients. PLN were harvested on day 5. ( ) Number of animals. r.oTP: 2 Jlg/ml. 
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Figure 8. Foetal resorption in mice ~ CBAjJ x ~ DBN2 treated by recombinant ovine trophoblastin i.p. 
given on Days 5 and 8. 

et al., 1992; Stewart et al., 1992) and the IFN-'t and possibly other trophoblast IFNs. 
Moreover some Growth Factors such as TGFs2 are produced by Natural Suppressive cells 
(NS) (Clark et al., 1991). In sheep, some of these aforementioned cytokines or growth 
factors are actually secreted by trophoblast and/or endometrium (Chene et al., 1991 and 
unpublished data). 

v. The IFN-'t highly improves the embryonic semi-allograft in the immunological 
murine CBAlJ x DBAl2 model (Assal-Meliani et al., unpublished data) 

In DBN2 mated-CBNJ females, we usually observed 50 to 70% spontaneous fetal 
resorptions which would be mediated by cell of the NK lineage (Asialo GMl+) (Chaouat 
et al., 1990a,b, 1991). After ovine recombinant trophoblastin treatment on Days 5 and 8 of 
pregnancy, these mice exhibited a 80% decrease in fetal resorption observed on Day 15 
(Fig. 8). On the contrary, r.h.IFN-y treatment on Days 5 and 8 of pregnancy resulted in 
85% of embryonic wastage in this NK mediated DBNJ x DBN2 system according to 
Chaouat et al. (1991). The stage chosen for r.oTP treatment is determinant since when 
administered on Days 5 and 8 or only on Day 5, this IFN-'t decreased the fetal abortion but 
increased it after treatment on Days 8 and 10 (Figure 9). On the opposite, recombinant 
murine IFN-Cl or r.h.IFN-y led to a strong fetal resorption at any stage (Figure 9). The 
embryonic mortality CBNJ x DBN2 model allowed to demonstrate for the first time such 
a great difference between IFN-'t and IFN-Cl in their biological properties. 

In fact, when we further analyze in Figure 10 the r.oTP fetal resorption decrease, 
we can observe that the number of implantation sites doubles (49 vs 23) and the number 
ofliving foetuses increases three times (42 vs 14). In other words, embryonic mortality rate 
actually tripled as soon as implantation started and IFN-'t therefore improved embryonic 
survival and consequently the fetal one. 

Recent results obtained with Wegman's collaboration (Chaouat et al., 1993, 
unpublished data) showed that IFN-'t stimulated particularly the decidua and placental ILIO 
production in the r.oTP treated CBNJ x DBN2 mice. In addition, ILIO treatment to the 
DBN2 mated-CBA/J females from Day 5 of pregnancy, could reduce strongly foetal 
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Figure 9. Fetal resorptions in mice ~ CBNJ x d' DBA/2 treated by r.oTP given on Days 5 and 8, or 8 and 
10, by r.h.IFN-yand by r.MuIFN-a. 

resorption like r.oTP treatment. Consequently, the immunosuppressive effect of IFN-'t 
seems to be partly mediated by the endometrial and placental ll...\O production in this CBNJ 
x DBAI2 murine model. 

Obviously, the different experiments reported here in mice do not prove the 
immunoregulatory properties of trophoblastin in ruminants. Nevertheless, the oTP 
immunological activity in early pregnancy in rodents, strongly suggests a possible 
implication of IFN-'t in the natural immunosuppressive mechanisms in the conceptus 
tolerance by its dam. 
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Figure 10. Increase in foetal survival in mice ~ CBA/J x d' DBA/2 treated by recombinant ovine 
trophoblastin i.p. given on Days 5 and 8. 
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Figure 11. Working hypothesis of the immuno-endocrine function of ovine Trophoblastin (oTP) in the 
mechanisms of embryo immunotolerance. NS: Natural suppressor cells; Ts: Suppressor T lymphocytes; M: 
macrophage; g: granulocyte; P: plasmocyte; B: B lymphocyte; Ag: antigen; --< : antibodies; TGFa/ 
Transforming Growth Factor 2; DTH: Delayed Type Hypersensitivity reaction; PIBF: Progesterone Induced 
Blocking Factors; Th: Helper T lymphocyte; ClL: Cytotoxic T lymphocytes (interleukin 2 dependent); NK: 
Natural Killer cells; LAK: Lymphocyte Activated Killer cells; ADCC: Antibody Dependent Cytotoxicity Cells. 

VI. Working hypothesis of possible immuno-endocrine function of IFN-t (Fig. 11) 

1. oTP directly acts through inhibition of the ovine helper T lymphocyte (CD4 +) 
proliferation, probably on THl population. In addition, oTP could stimulate TH2 population 
because it increases in murine trophoblast or endometrium ll..)O production. Helper TH) 
lymphocytes (CD/) play a key role in activating most lymphocyte ~ secretion i.e. 
blastogenesis of B lymphocytes, suppressor T lymphocytes (TS), cytolytic lymphocytes 
(CTL), Killer cells (NK, K, LAK) and Delayed type-like hypersensitivity reaction (DTH). 
So, in presence of IFN -t, CTL and Killer cells would not proliferate and TNF secretion 
would remain very low, thus inhibiting their cytolytic and cytostatic activities which favour 
conceptus rejection. 

2. oTP, at least in sheep, and other trophoblast substances such as TGF82181 

(both present in ovine endometrium and trophoblast) are able to inhibit the CTL (CD8+) and 
Killer cells prolifemtion. It seems, at least in mice, that oTP could inhibit Natural 
Suppressive (NS) cells. 

3. oTP is indirectly involved in the immunoregulatory mechanisms by its 
antiluteolytic activity allowing the maintenance of the luteal progesterone secretion. In fact, 
progesterone (P4) exhibits its own immunosuppressive activity. In mice especially, 
progesterone in presence of antigens, here trophoblast antigens, is able to stimulate the 
secretion, by the suppressor T lymphocytes, of blocking factors such as PIBF (Progesterone 
Induced Blocking Factor) (Szekeres-Bartho et aI., 1985) which have the ability to inhibit 
Killer cells activity. 

4. oTP might favour trophoblast growth by slightly activating NK cells which 
produce cytokines. Similarly, trophoblast, endometrium and immune cells produce positive 
cytokines: GM-CSF, CSFI , ILl' IL4 , IL6 , ILIO"')' according to Wegman et al. (1993). 
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INTRODUCTION 

How does the mother recognize the presence of the blastocyst and adjust to 
provide the right milieu for the embryo to implant, to grow, and to remain in a safe 
uterine environment until able to survive outside the womb? The answer to this 
question, as discussed by Dr. Mori and Kanzaki in another chapter, appears to differ 
in different species. However one common denominator to all species is the 
necessity to maintain adequate levels of ovarian steroids in the maternal circulation 
and to rapidly change the uterine environment so that contact between mother and 
fetus becomes possible without damage to the mother or rejection of the fetus. 

An important component for such necessary maternal adaptation in the rat 
is the decidual tissue. Its role in maintaining the endocrine and the intrauterine 
milieu for a successful pregnancy has recently attracted significant attention. Most 
interestingly, it has become clear that different sub populations of decidual cells play 
different roles in either sustaining steroid levels in the circulation or in providing an 
intrauterine environment necessary to prevent extensive tissue damage during 
trophoblast invasion. The rat decidual tissue is a striking feature of the maternal 
response to pregnancy and can be induced by either the implanting blastocyst or by 
artificial stimuli. An interesting feature in the formation of this tissue is that 
decidualization, i.e. the growth and differentiation of the endometrial stromal cells, 
occurs differently in different regions of the uterus. Decidualization begins in the 
antimesometrial region where the blastocyst implants. Extensive stromal endometrial 
cell proliferation gives rise to large polyploid and tightly packed cells. Approximately 
two days later, decidualization occurs in the mesometrial region close to where blood 
vessels gain access to the uterus. The mesometrial cells are very different from the 
antimesometrial cells. For a reason not yet known, they are smaller, rarely polyploid, 
and loosely packed. It is in the mesometrial decidual cells that the trophoblast 
invades to establish the definitive hemochorial placenta! (Gibori et aI., 1987; Gu et 
aI., 1992a; and Gibori, 1993). 
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Differential Role of Mesometrial and Antimesometrial Cells in Pregnancy 

Our investigations on the role of the decidual tissue in pregnancy have 
revealed that the anti mesometrial and the mesometrial decidual cells forming the 
rat decidua have different functions in pregnancy. The antimesometrial cells form 
an endocrine tissue which secretes hormones that profoundly affect ovarian secretion 
of steroids. The decidual cells forming the mesometrial tissue have no apparent 
endocrine activities but express rather abundantly a2 macroglobulin, a protease 
inhibitor which may play an important role during placentation. 

What has facilitated these studies is that the antimesometrial tissue is dark 
and can be visually separated from the lighter mesometrial decidua by dissection. 
We also took advantage of the difference in cell size and succeeded at separating 
the two decidual cell populations by elutriation (Gibori et ai, 1987, Gu et ai, 1992b, 
Gibori, 1993). The antimesometrial cells are not only significantly larger than the 
mesometrial cells but they also exhibit striking morphological differences. In culture, 
the large antimesometrial cells have a syncytial-like appearance, they are 
polynucleated, contain numerous lipid droplets, and secrete hormones that profoundly 
affect ovarian secretion of steroids. In contrast, the small mesometrial cells remain 
less differentiated in culture, they are sometimes binucleated, have few lipid droplets 
and have no endocrine activity. Yet these subpopulations of decidual cells 
abundantly secrete protease inhibitor(s) and are responsive to the hormone secreted 
by the antimesometrial cells (Gu et aI., 1992a; Gibori, 1993; Gu et aI., 1992b). 

What led to investigate the possibility that decidual cells have endocrine 
activity was the earlier findings which indicated that the presence of the decidual 
tissue in the uterus markedly affects the production of progesterone by the corpus 
luteum (Gibori et aI., 1974; Basuray and Gibori, 1980; Gibori et aI., 1981; Basuray 
et aI., 1983; Gibori et aI., 1984; Jayatilak et aI., 1984) and that of estradiol by the 
follicle (Gibori et aI., 1985). The antimesometrial decidual cells express and secrete 
hormones which sustain luteal production of progesterone and concomitantly reduce 
the ability of the follicle to aromatize androgen and to secrete estradiol. The decidual 
hormone that has luteotropic activity was found to be a PRL-like protein that 
migrates on SDS-PAGE at an apparent Mr of 28,000. On gel chromatography, it 
runs as a 24 KDa protein. It binds to PRL receptors on luteal cell membranes and 
acts, as does PRL, on different parameters involved in progesterone production. This 
decidual luteotropin was shown to be expressed solely by antimesometrial cells 
(Jayatilak et aI., 1985; Herz et aI., 1985; Jayatilak et aI., 1989). Recently, a 
decidual PRL-related protein was cloned and sequenced (Roby et aI., 1993). The 
clone encodes for a 28 KDa protein. The deduced amino acid sequence and 
biochemical characteristics of the decidual protein are consistent with its inclusion 
in the PRL family. This decidual PRL-related protein and PRL contain similarly 
positioned cysteine residues suggesting a correspondence in folding and thus 
biological activity. Indeed, the recombinant decidual hormone, expressed in CHO 
cells, binds with high affinity to PRL receptors on luteal cell membranes (Gibori and 
Soares, unpublished). It is, however, not yet clear whether the decidual luteotropin 
is a single protein or whether it is comprised of more than one 28 KDa PRL-related 
polypeptide. Croze et al. (1990) have shown that another PRL-related protein, 
termed PLP-,8, is expressed in both trophoblast and decidua, and they suggested that 
PLP-,8 may be a candidate for the decidual luteotropin. However, PLP-,8 gene 
expression in the decidual tissue is very low when compared to the decidual PRL
related hormone indicating that the message detected in the decidua with PLP-,8 
cDNA may be due to cross hybridization due to homology between the proteins. 

Analysis of tissue specific expression with the decidual PRL-related protein 
eDNA demonstrated that this hormone is highly expressed in the decidua. A weak 
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signal is also detected in the trophoblast, however, it is not clear whether this is due 
to decidual tissue contamination or to cross hybridization with other PRL-like 
molecules expressed in the trophoblast. Interestingly, this message is not detected 
in the nondecidualized uteri nor is it present in the small mesometrial cells indicating 
that it is an excellent marker for both decidualization and for the specific 
antimesometrial cell subpopulation of the decidua (Gu et aI., 1993). 

The presence of the decidual tissue in the uterus causes a remarkable 
reduction in both ovarian secretion of estradiol and follicular aromatase activity 
(Gibori et aI., 1985). This led us to hypothesize that the decidual tissue secretes 
another molecule that depresses follicular aromatase. Since the aromatase gene in 
the follicle is regulated by FSH, we examined the possibility that the decidual tissue 
produces a signal that inhibits FSH secretion, and thus follicular aromatase activity. 
Because 0 inhibin mRNA is not detectable in the decidua, the expression of the 
follistatin gene, another FSH inhibitor, was investigated (Kaiser et aI., 1990). In situ 
hybridization and Northern analysis indicated that follistatin gene expression is 
confined to the anti mesometrial decidual cells. No follistatin message could be 
detected in the trophoblast nor in the mesometrial decidual cells (Gu, Jayatilak, and 
Gibori, 1992a; Gibori, 1993; Kaiser et aI., 1990). Because of the large mass of the 
antimesometrial decidua which can reach more than one gram in weight and the 
abundance of the follistatin message, the total content of follistatin mRNA in the 
decidua is impressive. Follistatin has been shown to affect estradiol production by 
the follicle not only by down regulating FSH secretion but also by acting directly on 
the follicle (Xiao et aI., 1990; Mather et aI., 1992). Our recent evidence suggests 
that follistatin action may be direct on the follicle rather than being due to a decrease 
in FSH secretion; however, rigorous experimentation is still needed to demonstrate 
without a doubt that the decrease in follicular aromatase by the decidual tissue is 
due solely to decidual follistatin. If this is revealed to be true, then decidual 
follistatin may be of great physiological significance for the maintenance of 
pregnancy. Indeed whether low levels of estradiol, together with progesterone, is 
a prerequisite for the normal development of the decidual tissue, elevated levels of 
estradiol between days 6-12 can cause decidual tissue collapse and abortion 
(Rothchild et aI., 1940; Yochim and DeFeo, 1963). It is of interest that follistatin 
is expressed in the decidua specifically from day 6 to day 12. Follistatin may thus 
play an important role by reducing ovarian secretion of estadiol to levels compatible 
with the normal maintenance of pregnancy. 

Whereas the mesometrial cells secrete neither follistatin nor decidual 
luteotropin, they possess receptors for PRL (Jayatilak and Gibori, 1986; Gibori et aI., 
1987; Gu et aI., 1992a; Gibori, 1993) to which decidual luteotropin binds. 
Originally, it was demonstrated that rat decidual membrane has high affinity binding 
sites for PRL and that decidual luteotropin competes in a dose-related manner with 
PRL. Whereas decidual luteotropin was almost totally confined to the 
antimesometrial cells, twice as many PRL receptors were found in the mesometrial 
than in the antimesometrial cells (Jayatilak and Gibori, 1986; Gibori et aI., 1987). 
Recently, the expression of the short and long form of the PRL receptor message 
was examined in the decidual tissue. The results revealed that the antimesometrial 
decidua express the message for the long form of the receptor whereas no message 
for the short form could be detected. In contrast, the mesometrial decidua 
expressed more abundantly both short and long forms of the PRL receptor (Gu Y, 
Clarke D, Linzer D and Gibori G, unpublished). 

The presence of receptors for decidual luteotropin in the mesometrial cells 
led us to investigate the possibility that this hormone secreted by the 
antimesometrial cells may act by a paracrine mechanism to control protein secretion, 
by the neighboring mesometrial cells. We were specifically interested by O2 
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macroglobulin, since it is the major protein secreted by the mesometrial cells and 
since a2 macroglobulin gene was shown to be regulated in the ovary by prolactin 
(Gaddy-Kurten and Richards, 1989). Results of this investigation (Gibori et aI., 
1987; Jayatilak et aI., 1989) revealed a clear and marked up-regulation of a 2 

macroglobulin expression in the mesometrial cells by both PRL and decidual 
luteotropin, indicating that this decidual hormone has not only an endocrine action 
on the ovary but also influences the secretion of the a 2 macroglobulin by the decidual 
tissue itself. 

What may be the physiological role of a2 macroglobulin expression specifically 
in the mesometrial cells and that of its up-regulation by decidual luteotropin? a2 

macroglobulin binds a host of growth factors and prevents their action (Huang et aI., 
1988; Chu et aI., 1991). This may be the reason why the mesometrial decidual 
cells remain small and relatively undifferentiated in relation to the antimesometrial 
cells. Another potentially more important role of a2 macroglobulin is that it is a 
potent proteinase inhibitor (Barrett and Starkey, 1973; Sottrup-Jensen, 1989). a2 

macroglobulin binds to a wide range of proteinases including metalloproteinase and 
prevents them from destroying the extracellular matrix. The fact that this potent 
inhibitor is secreted specifically by the mesometrial tissue, the site of trophoblast 
invasion may be one important reason why the mesometrial decidua can limit the 
tissue damage during trophoblast invasion. By up-regUlating a 2 macroglobulin 
secretion, decidual luteotropin appears to play an important role in assuring that 
enough of this protease inhibitor is available when most needed during placentation. 

In summary, the antimesometrial and mesometrial cells forming the decidua 
play different roles in pregnancy. The mesometrial cells secrete a protease inhibitor 
that may play an important role during placentation whereas the antimesometrial cells 
produce hormones that act by both endocrine and paracrine mechanisms to allow the 
existance of the right milieu for not only the recognition of pregnancy but also its 
normal progress. 
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A key event in the process of implantation is the development of a blood supply in 
both the maternal and fetal environments. In primates, this is achieved on the maternal side 
by the growth of spiral arterioles during the menstrual cycle, which eventually provide the 
blood supply to the placenta. In the placenta, the initial blood compartment consists of 
lacunae but defined fetal blood vessels become recognised as the villous system develops 
within the placenta. 

The technique of cyclical menstrual shedding evolved in primates demands a 
profound period of angiogenic activity to repair the spiral arterioles after menstruation. 
Angiogenesis is not a common event in most organs of the body where endothelial cells 
undergo slow turnover. Thus the endometrium (and ovary) are unique in their need to 
retain a cyclical angiogenic activity. Whilst the preparation of endometrium for 
implantation has in the past been defined primarily in terms of ovarian steroids, it is now 
clear that the principal agents controlling angiogenesis are local peptides which may be 
modulated by or interact with these steroids (Folkman and Klagsbrun, 1987). 

Angiogenic Growth Factor Expression in Endometrium 

Many agents exert angiogenic properties but these can be divided into four 
categories (Klagsbrun and D'Amore, 1991). Some growth factors such as epidermal 
growth factor (EGF) and transforming growth factor-a (TGFa) have wide ranging effects 
on cells of ectodermal, mesenchymal and endothelial lineage. Others including the heparin 
binding fibroblast growth factors have profound angiogenic activities but retain a 
predominant action on cells derived from the mesenchyme. A third group of growth 
factors, vascular endothelial growth factor (VEGF) and platelet derived endothelial cell 
growth factor (PDEGF), have a much narrower target being restricted to endothelial cells. 
Finally, various cytokines and colony stimulating growth factors modulate angiogenesis 
but probably by indirect rather than direct actions on endothelial cells. 
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a) EGF and TGFu 

EGF and TGFu mRNA is present in low copy number in human endometrium but 
RT-PCR demonstrates the presence of mRNA encoding both growth factors in this tissue 
(Haining et aI, 1991a). Provisional results suggest that levels of mRNA are highest in the 
early proliferative phase of the cycle when vascular repair is proceeding rapidly in the 
desquamated endometrial surface. Immunohistochemistry indicates the greatest intensity 
of staining in the basal parts of the endometrial glands in the late proliferative phase of the 
cycle. The clarity of staining is lost during the luteal phase of the cycle when the intensity 
of staining becomes reduced (Haining et aI, 1991 b) 

b) Acidic and basic FGF 

Messenger RNA encoding both growth factors is present in human endometrium 
throughout both stages of the menstrual cycle (Ferriani et aI, 1993a). Interestingly, the 
greatest intensity of staining is found in the surface and glandular epithelium. This is most 
intense in the luteal phase of the cycle. The significance of these findings are difficult to 
detennine. FGFs do not contain a secretory signal sequence and are presumably released 
from the cells at the time of tissue destruction. Their role at menstruation would be easy to 
envisage with the destruction and cell death that arises in endometrium at this time. They 
cannot however function in a similar way to which they do in wound sites in other parts of 
the body as endometrial repair does result in fibrosis. When it does, it produces 
Ashennan's syndrome and infertility. The putative role for FGFs in the development of the 
spiral arterioles is probably restricted to expression in the vascular smooth muscle cells of 
the arterioles themselves. 

The part that steroids play in the regulation of FGF expression is less clear. Presta 
(1988) demonstrated that estradiol stimulated bFGF synthesis from human carcinoma cell 
lines HEC, yet Ferriani et al (1993a) were unable to identify mRNA encoding bFGF in 
similar cells. 

c) VEGF 

VEGF is a dimeric peptide (Tischer et aI, 1989) of which there are four splice 
variants in human endometrium encoding peptides of 189, 165, 145 and 121 amino acids 
(Charnock-Jones et aI, 1993). In situ hybridization suggests that the temporal and spatial 
expression of VEGF varies throughout the menstrual cycle. In the proliferative phases of 
the cycle, hybridization is present in both the glandular and stromal compartments of the 
endometrium. 

Within the stroma no clearly defined groups of cells can be found expressing the 
peptide. However, in the luteal phase of the cycle, the site of expression changes 
dramatically, hybridization occuring strongly only in the glands with absent expression in 
the stroma. The intensity of hybridization reaches its peak at the time of menstruation 
(Charnock-Jones et aI, 1993). VEGF is a secreted peptide but it is not clear if the 
glandular cells have an apical or basal preference in the secretion of VEGF. Clearly, if 
basal, it would promote angiogenesis in the endometrium, whilst if apical it could influence 
the pre-implantation embryo. 

Estradiol increases levels of mRNA encoding VEGF in HEC-IA cells but studies 
on the effects of steroids on primary cell cultures or endometrial explants have not yet been 
reported. The increased intensity of hybridization in glandular cells of secretory 
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endometrium suggest that progesterone may increase expression in estradiol primed 
endometrium. 

d) Cytokines 

Probably the best characterised is CSF-l. which is present in human epithelial and 
endothelial cells in endometrium at implantation (Arceci et al. 1989). Its presence in the 
endothelial cells could suggest a role in endothelial cell growth or differentiation. Stem cell 
factor. SCF. is also expressed in human endometrium but is more widely expressed being 
found in both epithelial and stromal compartments. 

An~iogenic Growth Factor Expression at the Embo'o-Endometrial Interface 

a) EGF 

EGF staining is intense in surface epithelium of gestational decidua and is also 
present in the syncytiotrophoblast but not cytotrophoblast in first trimester pregnancy 
(Hofmann et aI, 1991). This pattern of staining is retained throughout pregnancy. The 
function of EGF in regulating angiogenesis is not clear but as it is a secreted peptide a 
putative role is possible. 

b) Acidic and basic FGF 

Immunohistochemical stammg for a and bFGF is clearly present in the 
cytotrophoblast of first trimester human placentae (Ferriani et aI, 1993b). In addition. 
extravillous trophoblast passing into the decidua stains for both growth factors intensely. 
The depth of invasion of the cells does not affect the intensity of staining. This pattern of 
staining alters as pregnancy progresses such that by mid-gestation, a and bFGF 
immunoreactivity is found in fetal vascular smooth muscle in tertiary stem villae and in 
syncytiotrophoblast. It is not clear how the FGFs influence angiogenesis if they are not 
secreted. They would provide a source of angiogenic growth factors if the cells expressing 
them were injured or underwent apoptosis. It is possible that in vessels, the vascular 
smooth muscle cells are continuously undergoing cell death and depositing the FGFs into 
the extracellular matrix where they are bound to heparin. Proteolytic enzymes then regulate 
the release of the FGFs from heparin sulphate proteoglycans (Baird and Ling, 1987). 

c) VEGF 

In situ hybridization demonstrates mRNA encoding VEGF in syncytiotrophoblast 
of early human pregnancy (Sharkey et aI, 1993a). The intensity of hybridization declines 
as pregnancy progresses. Of particular interest is the finding that intense hybridization 
arises in specific cells accumulated at the placental site. Subsequent serial staining of these 
cells has identified them as macrophages. Two of the splice variants, 165 and 121 are 
expressed by cellular macrophages and peripheral monocytes and although the in situ 
hybridization is not splice specific. presumably these cells are expressing these splice 
variants. Both of these variants are secreted peptides with profound angiogenic activity. 
This raises the prospect that maternal macrophages, attracted to the implanting placentae 
may facilitate the development of maternal blood vessels supplying the placenta. There 
would appear to be no need for this peptide to be transported to the fetal compartment. In 
the terminal villae, intense hybridization is present in cells identified as Hofbauer cells, i.e. 
fetal macrophages. Thus both the maternal and fetal circulations may have angiogenesis 
regulated by VEGF expressed by cells of the immune system. 
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In rodents, the immune system has been shown to be a crucial mediator of 
trophoblast growth (Robertson et ai, 1992) though this has not been confirmed in humans. 
The above observations raise a further interactive system at the embryo-endometrial 
interface in which the immune systems of the mother and fetus regulate angiogenesis. 

d) Cytokines 

The previous observations concerning the expression and function of a variety of 
cytokines at the implantation site suggests the possibility of paracrine loops regulating 
trophoblast growth and invasion (Pollard, 1990), which in the light of the above findings, 
raises the prospect that trophoblast may also mediate the immune system which in tum 
regulates angiogenesis. Various splice variants of SCF are expressed by human 
trophoblast (Sharkey et ai, 1992). Several of these variants contain the products of exons 
which permit the extracellular processing of the peptide and thus its release. Recently, we 
have demonstrated that the macrophages expressing VEGF, also express the receptor for 
SCF, which is the product of the oncogene c-kit (Sharkey et aI, 1993b). Furthermore, the 
cells which most obviously express the receptor are found in the implantation site at the 
limit of the invasion of the extravillous trophoblast cells, expressing VEGF. FACS sorting 
of these cells has allowed us to further characterise the macrophages expressing c-kit as a 
subset of precursor macrophages. This suggests that SCF facilitates the development of 
macrophages which express VEGF. Cytokines would in this way regulate expression of 
VEGF and thus control the process of angiogenesis. Interestingly, in the fetal villae, 
Hofbauer cells stain with antibody against c-kit indicating a similar regulatory system in the 
fetus. 

These observations are of particular importance with the recent finding that LIF, 
another cytokine, is obligatory for implantation in mice (Stewart et ai, 1992). Recent 
studies in our laboratory indicate that LIF mRNA also shows cyclical variation of 
expression in human endometrium and thus may be required for implantation. It's site of 
action is yet to be determined but if macrophages express the receptor for LIF it opens a 
further route by which cytokines could regulate angiogenesis. 

Conclusion 

Implantation in humans is dependent on the cyclical shedding of endometrium and 
its rapid repair. Profound angiogenesis arises in the process of this repair and the 
endometrium expresses a range of growth factors known to promote new vessel formation. 
It is likely that they are, at least in part, regulated by ovarian steroids. The role of 
angiogenic growth factors in the very earliest development of the human embryo is still 
unclear but it is evident in mice that they playa crucial role. Trophoblast expresses a wide 
range of angiogenic growth factors whose temporal and spatial expression alter during 
pregnancy. This expression is not limited to the villous core as extravillous trophoblast 
also express angiogenic growth factors. Of particular interest is the finding that 
macrophages in the implantation site have high levels of expression for angiogenic growth 
factors. In addition trophoblast expresses cytokines whose receptors are present on the 
macrophages suggesting a paracrine loop whereby angiogenic activity of cells derived from 
the immune system could be regulated by the trophoblast. This system appears to be in 
place both in the maternal and fetal circulation of the embryo-endometrial interface. 
Further work is needed to establish if abnormalities in this system give rise to infertility or 
abnormal placentation leading to serious obstetrical disorders such as intrauterine growth 
retardation and catastrophic haemorrhage. 
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INTRODUCTION 

In mammals and rodents the endometrium undergoes cyclical changes 
in response to the fluctuations in the circulating levels of ovarian steroid 
hormones. These changes serve to prime the endometrium for embryo 
implantation. In rodents, blastocyst attachment to the honnone-sensitized 
luminal epithelium initiates a process tenned decidualization [Psychoyos, 
1973]. The blastocyst stimulates a regional differentiation of the underlying 
stromal cells to form the decidua. The decidua eventually completely 
surrounds the developing embryo and forms the interface with the 
trophoblasts of the developing placenta. In humans, blastocyst implantation is 
not necessary for decidualization and pre-decidual changes can be seen in the 
stroma in the late secretory phase of the menstrual cycle [Padykula, 1991]. After 
implantation of the blastocyst the process of decidualization continues with 
further proliferation and differentiation of stromal cells. This differentiation is 
accompanied by expression of a variety of biochemical markers such as 
prolactin, insulin-like growth factor binding protein-l, transforming growth 
factor-a, adenosine deaminase, metallothionein, desmin and decidual 
luteotrophin [Croze, et aI., 1990; Han et aI., 1987; Hong et aI., 1991; De et a1., 
1989; Glasser and Julian, 1986; Gibori et aI., 1984]. It is now clearly established 
that estrogen, progesterone, growth honnone and thyroxine are all required 
for decidualization of the rodent endometrium [Kennedy and Doktorcik, 1988]. 
There is also evidence that each of these hormones can enhance IGF-I 
expression at least in some tissues [Murphy and Friesen, 1988; Murphy et 
al.,1988a; Norstedt et al.,1989; Wolf et al.,1989]. Although some changes 
consistent with decidualization can be achieved when human stromal cells 
are cultured under appropriate conditions, it has not been possible to 
completely reproduce this process of decidualization in the stromal cells in 
vitro [Tabanelli et aI., 19921. Suitable in vitro models to address the 
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underlying molecular mechanisms involved in decidualization still remain 
to be established. The failure to demonstrate in vitro, the same steroid 
hormone responsiveness in endometrial cells that is observed in vivo, 
suggests that cell-cell interactions and cell-extracellular matrix interactions are 
likely to be important in the processes of decidualization and placentation just 
as they are important in the response of the endometrium to steroid 
hormones. 

Table 1. Growth factors and cytokines which are expressed in the 
endometrium 

Growth factor or 
cytokine 

IGF-I 

IGF-II 

EGF 

TGF-<x 

TGF-~ 
bFGF 
PDGF 

CSF-1 
TNF-<x 
INF-y 
INF-<x 

Regulation by 
steroids1 

Cell type. Involved in 
decidualization2 

+ Stromal cells, + 

macrophages 
+ Stromal cells, ? 

macrophages 

+ Epithelial cells ? 

+ Stromal! epithelial cells + 

+ Stromal! epithelial cells + 

+ ? ? 
? Macrophages, vascular ? 

cells 
+ Epithelial cells + 

? Macrophages + others ? 
? Lymphocytes + others ? 

? ? ? 

1 The + sign indicates some published data demonstrating an effect of 
estrogen or progesterone on expression while the? sign indicates no 
available data. 
2 The + sign indicates some published data demonstrating uterine 
expression during decidualization while the? sign indicates no available 
data. 

A wide variety of mechanisms have been described which mediate cell
cell interactions. In addition to paracrine or juxtacrine growth factors, cell 
membrane bound and secreted proteolytic enzymes may be involved in the 
release of growth modulators from the extracellular matrix and uterine cells 
may communicate directly through gap junctions [Garfield et al., 1977]. A 
variety of growth factors and cytokines are expressed in the endometrium and 
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Luminal 
Fluid 

Uterine Tissue 

~ 

Figure 1. Expression of the IGF system durtng implantation and decidualization. IGF-I, IGF-II 
and IGFBrs are present in the luminal fluid and are able to interact with receptors on the 
embryo. The decidualized stromal cells and epithelial cells are also able to express these 
components of the IGF system. In addition to blood and tissue-dertved IGFs and IGFBrs some of 
these factors are also expressed in the developing embryo. 

may have some role in the endometrial response to steroid hormones and the 
processes of decidualization and placentation (Table 1). A more detailed 
discussion of expression of each of the different classes of growth factors and 
cytokines in the uterus can be found in other recent reviews and will not be 
discussed here [Brigstock et al., 1989; Tabibzadeh, 1991]. This review will 
concentrate on the insulin-like growth factors which represent one group of 
growth factors which are thought to be important in physiological responses of 
the uterus to steroid hormones, in the process of decidualization and in early 
fetal development. I will initially discuss the regulation of expression of the 
various components of the insulin-like growth factor system in the non
pregnant and pregnant uterus and conclude with some discussion of the 
changes which occur during decidualization and placentation. In addition, I 
will review the role of the insulin-like growth factor system in embryogenesis 
and early fetal development. It is important to note that early mammalian 
development unlike avian and amphibian embryogenesis occurs in close 
proximity to maternal tissue. Not only are maternal factors important in 
implantation, placentation and fetal development, recent studies in the 
mouse suggest that the maternal influence can be demonstrated prior to 
implantation. This maternal effect is likely to be mediated via nutrients, 
growth factors and cytokines which are present in the luminal fluid to which 
the pre-implantation embryo is exposed. Furthermore, as the embryo's own 
genome is activated, the embryo produces a variety of growth factors and 
cytokines which could potentially have effects on the adjacent maternal tissue. 
Thus, it is important to consider the entire feto-maternal unit when 
considering the role of the IGF system in endometrial physiology (Fig. 1). 
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BIOLOGICAL ACTIONS OF THE INSULIN-LIKE GROWTH FACTORS 

The insulin-like growth factors were originally thought to be specific 
mediators of growth hormone however it is now apparent that they have a 
general role in many growth responses including some responses which are 
clearly growth hormone independent. The latter group includes the 
uterotrophic response to estrogen and renal regeneration [Murphy et al,1988a; 
Fagin and Melmed, 19871. Like other growth factors, the name belies the 
functional importance. The IGFs clearly have functions other than simply 
stimulation of cellular proliferation These include synergistic actions with 
pituitary hormones in steroid and thyroid hormone production [Lowe, 1991]. 
To date, two IGFs have been identified, IGF-I and II. They are both small 
peptides which have structural and functional similarities to proinsulin and 
are probably part of a larger gene family. A number of insulin and IGF-related 
peptides have been identified in lower species, suggesting that other as yet 
unidentified members of this gene family may exist [Smit et al, 1988; Iwami et 
al, 1989; N agamatsu et a1., 1991]. Relaxin, a polypeptide hormone of some 
importance in the female reproductive tract, was initially thought to be a 
distant member of this gene family however more recent critical analysis of 
the protein sequence does not support this concept. 

In recent times there has been considerable emphasis on paracrine and 
autocrine actions of the IGFs, however it is important to realize that the IGFs 
also function in an endocrine fashion. A significant, but as yet undetermined 
proportion of uterine IGF-I and IGF-II is derived from the blood stream and 
possibly from blood derived mononucleated cells such as macrophages. In this 
regard it is also important to appreCiate that sex steroids have rapid and 
profound effects on uterine blood flow [Szego and Roberts, 1953]. Thus, in 
addition to any effect estrogen may have on growth factor expression in 
uterine tissue it is likely to enhance delivery of blood derived growth factors to 
this organ. Estrogen may also enhance the uterine expression of chemotaxic 
factors which could result in migration into the endometrium of cells which 
secrete growth factors and cytokines [Lee et aI., 1989]. There is enhanced 
vascular permeability at the site of implantation which could facilitate 
delivery of blood-derived growth factors and nutrients to the developing 
embryo. 

REGULATION OF IGF EXPRESSION IN THE UTERUS 

The IGF-I and IGF-II mRNAs have been demonstrated in uterine tissue 
of the rat, mouse, pig, cow as well the human uterus [Murphy et a1., 1988a; 
Hoppener et a1., 1988; Ogasawara et aI., 1989; Geisert et a1., 1991]. In both the rat 
and the human uterus IGF-I and IGF-ll mRNAs are localized to cells of 
mesenchymal origin such as the smooth muscle cells and the stromal cells. 
The luminal and glandular epithelial cells demonstrate little expression of 
IGF-I or II [Ghahary et al,1990]. In studies of IGF-I expression in the rat uterus 
using the in situ hybridization technique, IGF-I mRNA was been localized to 
the peri-glandular stromal cells [Ghahary et al.,1990]. In most species so far 
examined immunoreactive IGF-I and II can be detected in uterine luminal 
fluid and uterine extracts although it still remains to be determined what 
proportion of this is derived from local uterine synthesis compared to blood
derived IGF-I. Truncated forms of IGF-I with enhanced bioactivity were 

232 



originally isolated from porcine uterine tissue as a uterine-derived cell growth 
factor [Ogasawara et a1., 1989]. The enhanced in vitro and in vivo biological 
activity of this truncated IGF-I appears to be largely due to the reduced affinity 
of the truncated IGF- I for the IGF binding proteins [Ballard et a1., 1987]. 
Although the truncation of the amino terminal three residues of IGF-I may 
eventually prove to be an artifact of the extraction procedure, it may also be 
due to a specifically regulated enzymatic activation which could have 
physiological importance. A variant form of IGF-ll resulting from alternate 
splicing of the mRN A may also be present in the uterus however the 
bioactivity of this IGF- II variant has not been determined and the 
physiological role of the variant in the uterus is not clear [Yeh et a1., 1991]. 

In the rodent uterus both IGF-I and IGF-II mRNAs increase following 
estrogen administration [Murphy et a1., 1988a]. The estrogen-induced uterine 
IGF- I response is pituitary-independent and does not require continuing 
protein synthesis [Murphy and Luo, 1989 ]. This response to estrogen is not 
generalized but rather restricted to a select few tissues and cell types. A similar 
induction of IGF-I mRNA by estrogen can be demonstrated in certain cell types 
in ovarian and skeletal tissue [Hernandez et aI., 1989; Ernst and Rodan, 1991]. 
In most other tissues estrogen has no effect or even reduces IGF-I mRNA 
abundance [Murphy and Friesen, 1988]. There is also an increase in 
immunoreactive IGF- I in the uterus after estrogen administration to 
ovariectomized rats [Murphy et al.,1988a]. This increase in extractable IGF- I is 
likely to reflect both increased blood-derived IGF- I and increased local 
synthesis of IGF-I. Estrogen can also up-regulate IGF-I expression in the 
porcine endometrium [Simmen et aI., 1990] and IGF-I expression may also be 
estrogen dependent in the human endometrium although the evidence for 
this is indirect [Rein et a1., 1990]. The changes in uterine IGF-I expression 
observed in response to the physiological changes in circulating estradiol 
during the reproductive cycle are less marked than the estrogen response in 
ovariectomized or immature rodents [Murphy et aI., 1988b]. This may be partly 
due to the fact that the majority of the IGF-I mRNA is located in the 
myometrium, a layer of the uterus which shows little proliferative response to 
the cyclic variations in estrogen levels in the mature animal. More detailed 
examination of the stromal component of the endometrium using in situ 
hybridization may reveal more dramatic changes. Increased levels of IGF-I and 
IGF-II protein can also be demonstrated in bovine uterine waShings from 
proestrus compared to other stages of the cycle [Geisert et a1., 1991]. IGF-I 
transcripts are most abundant in human endometrium from the late 
proliferative stage of the menstrual cycle while I GF-ll transcripts are most 
abundant in the early proliferative phase of the menstrual cycle [Boehm et a1., 
1991]. 

Progesterone is also important in sensitizing the uterus for blastocyst 
attachment, implantation and decidualization. The major effects of 
progesterone in the uterus are thought to be inhibition of estrogen-induced 
proliferation and induction of differentiation. This may be a rather simplistic 
view of progesterone action since this hormone can stimulate early response 
genes such as fos and myc in some endometrial cell types and a proliferative 
effect of progestins on stromal can be demonstrated in vitro [Huet-Hudson et 
aI., 1989; Holinka and Gurpide, 1992]. Studies in primate endometrium using 
the thymidine labeling techniques and studies of endometrial cancer cells in 
vitro support the concept that at least under certain circumstances 

233 



endometrial epithelial cells are growth stimulated by progestins [Padykula, 
1991]. The role of progesterone in regulation of uterine IGF-I expression is not 
clear. Progesterone can enhance the estrogen-induced increase in uterine IGF-I 
mRN A levels in the immature rat but has no effect on uterine IGF- I 
expression in hypophysectomized rats [Norstedt et al., 1989; Carlsson and 
Billig, 1991]. In the human endometrium both IGF-I and IGF-II transcript 
abundance decreases after ovulation. This would be consistent with a negative 
effect of progesterone on IGF expression however other explanations are 
possible. An equally confusing set of data has been obtained in the porcine 
uterus where progesterone treatment appears to have opposite effects 
depending upon estrogen pretreatment, sexual maturity and timing of 
injection [Simmen et al., 1990]. 

The other hormones which have been clearly demonstrated to be 
necessary for decidualization in the rodent are growth hormone and thyroid 
hormone. These hormones also have effects on IGF expression. Growth 
hormone enhances IGF- I expression in most if not all tissues including the 
uterus [Murphy et a1., 1988a]. Thyroid hormones enhance the effects of growth 
hormone on IGF-I expression in a variety of tissues however convincing proof 
of this synergy in the uterus has not been reported [Wolf et a1.,1989]. 

EXPRESSION OF THE IGF RECEPTORS IN THE UTERUS 

SpecifiC receptors for IGF-I and IGF-II have been demonstrated in 
uterine tissue. The type 1 or IGF- I receptor is a heterotetrameric complex 
which is structurally and functionally very similar to the insulin receptor and 
appears to share some common signal transduction mechanisms. IGF-II can 
interact with the IGF-I receptor but also interacts with a specific receptor, the 
type 2 receptor which is a monomeric protein of 260 kDa. Cloning of the type 2 
receptor revealed that it was identical to the mannose-6-phosphate receptor. 
Both the type 1 and type 2 receptors are expressed in uterine tissue. The 
affinity, capacity and biochemical properties of these receptors in uterine tissue 
are similar to that reported for other tissues [Ghahary and Murphy, 1989; 
Chandrasekhar et al., 1991]. Administration of estradiol to immature and 
ovariectomized rats increases the uterine IGF-I receptor number but has no 
significant effect on receptor affinity [Ghahary and Murphy, 1989]. Uterine IGF
I receptor number show a variation throughout the estrous cycle with 
maximal uterine 12SI-IGF-I binding capacity observed during proestrus and 
the lowest binding in diestrus. This contrasts with uterine IGF-I mRNA levels 
where the highest levels are seen late in diestrus and early in proestrus 
[Murphy et al.,1988b]. These receptors are demonstrable in stromal and 
epithelial cell from the rat uterus [Ghahary and Murphy, 1989]. It is not clear 
whether the effect of estrogen on uterine IGF receptors is direct or secondary to 
up-regulation of IGF-I expression or other estrogen induced proteins. Estrogen 
has no effect on IGF-I receptors in primary cultures of normal endometrial 
stromal and glandular tissue. In contrast, progesterone up-regulated IGF- I 
receptors in endometrial glandular tissue [Reynolds et a1., 1990]. Expression of 
the mannose-6-phosphate/ IGF-II receptor has also been demonstrated in the 
rat uterus but there does not appear to be any significant variation throughout 
the estrous cycle [Chandrasekhar et al., 1991]. 
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EXPRESSION OF THE IGF BINDING PROTEINS IN THE UTERUS 

Additional components of the IGF system which are expressed in 
endometrial tissue are the IGF binding proteins (IGFBPs). These high affinity 
binding proteins are present in most biological fluids and tissue extracts. Six 
IGF binding proteins (IGFBPs) have now been identified and cDNA clones for 
each of these IGFBPs are now available. They show differences in tissue 
expression and regulation suggesting that they may have very different 
functional roles. At least four distinct IGFBPs can be detected in rat uterine 
extracts and uterine luminal fluid. TranSCripts for IGFBP-1,3,4 and 5 are easily 
detected in mRNA from rat uteri [Molnar and Murphy, 1993]. IGFBP-6 mRNA 
is also present in very low abundance. The relative abundance of the IGFBPs 
detected by ligand blotting in luminal fluid is similar to that observed in 
serum and no consistent changes in the relative abundance of IGFBPs is 
apparent throughout the estrous cycle [Murphy and Ghahary, 1990; Molnar 
and Murphy, 1993]. 

The role of the IGFBPs in the uterine physiology has yet to be 
determined. IGFBP-1 was the first of the binding proteins to be characterized 
and although it appears to be only a relatively minor component of the IGF 
binding capacity in the Circulation, it is present in high concentrations in 
amniotic fluid and is abundantly expressed in both primate and rodent 
endometrium during decidualization [Drop et a1., 1979; Croze et a1.,1990]. In 
the rat, immunohistochemistry and in situ hybridization localizes IGFBP-1 
expression to the uterine luminal and glandular epithelial tissue [Croze et 
a1.,1990]. This contrasts with the pattern of expression seen in the primate 
where IGFBP-1 is localized predominantly to the stromal cells [Fazleabas et a1., 
1989]. Regulation of IGFBP-1 expression also appears to be different in the 
rodent and primate. In the immature rat, estrogen administration results in a 
marked decrease in uterine IGFBP-1 mRNA abundance [Murphy, 1991] and in 
the mature cycling rat the highest levels of IGFBP-1 mRNA are seen in 
diestrus and lowest levels are seen in proestrus [Murphy, 1991]. The changes in 
IGFBP-1 mRNA level during the estrous cycle are the inverse of the Changes 
seen in uterine IGF-I expression and IGF-I receptors. Since at least some 
isoforms of IGFBP-1 can actually inhibit IGF-I action, the attenuation of 
expression of this binding protein in concert with an increased expression of 
IGF-I and IGF-I receptors in response to estrogen would enhance the 
bioavailability and functional activity of uterine IGF-I [Elgin et a1., 1987; Ritvos 
et al.,1988]. Isoforms of IGFBP-1 which differ in the degree of phosphorylation 
have been detected in amniotic fluid and culture medium of endometrial cells 
and may account for the differential effects of inhibition and stimulation of 
IGF-I action reported in some assay systems [Frost and Tseng, 1991]. The 
phosphorylated isoform of IGFBP-1 has a 5 fold higher affinity for IGF-I than 
does the non-phosphorylated form and would be expected to have a greater 
capacity to inhibit IGF-I action. The nature of the kinases involved and their 
regulation has yet to be determined, however this may represent yet another 
step where steroid hormones may indirectly modulate IGF action in the 
endometrium. 

In the primate endometrium progesterone appears to be the major 
regulator of IGFBP-1 expression. In human endometrial tissue IGFBP-1 levels 
are highest in the follicular phase of the menstrual cycle [Waites et a1., 1988] 
and expression of IGFBP-1 by cultured endometrial stromal cells in vitro can 
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be induced by progestins [Bell et aI., 1991]. Progesterone may have some role in 
regulating expression of IGFBP-1 in the rodent since endometrial IGFBP-1 
expression in ovariectomized rats increases in response to a combination of 
progesterone and estrogen [Croze et al.,1990]. The effects of other hormones on 
IGFBP-1 expression in the endometrium has not been examined in detail 
although relaxin has been reported to enhance IGFBP-1 expression by cultured 
human endometrial stromal cells [Bell et aI., 1991] 

IGFBP-3 is one of the most abundant binding proteins present in 
uterine luminal fluid [Murphy, 1991]. Uterine IGFBP-3 mRN A is down
regulated by estrogen in ovariectomized rats and shows a similar variation in 
abundance during the estrous cycle to that seen for IGFBP-1 [Molnar and 
Murphy, 1993]. The cellular localization of IGFBP-3 in the uterus has not been 
determined. The regulation of expression of the other binding proteins which 
are expressed in the rodent uterus has not been investigated. 

A variety of enzymes which could potentially be involved in the 
regulation of IGF action are expressed in the endometrium. As stated above 
the majority of IGF-I extracted from the porcine uterus is the biologically more 
active des 1-3 variant [Ogasawara et aI., 1989]. This truncated variant retains 
receptor binding activity but has a very much reduced affinity for the IGFBPs. 
The enzyme or enzymes which catalyze the cleavage of the amino terminal 
three residues from mature IGF-I may be yet another potential step where IGF
I action can be regulated. In addition, proteolytic enzymes which destroy the 
IGF binding capacity of the IGFBPs have also been described. For example 
plasmin is able to dissociate IGFs from their binding proteins [Campbell et aI., 
1992]. Both plasminogen activators and inhibitors are expressed in the 
endometrium and the regulation is under sex hormone control [Casslen et aI., 
1986]. 

THE IGF SYSTEM DURING IMPlANTATION AND DECIDUAUZATION 

In the rodent, differentiation of hormonally sensitized stromal cells to 
decidual cells occurs in response to the blastocyst. A similar response is seen 
in the sensitized endometrium with artificial stimuli indicating that this 
process does not reqUire any specific factors from the blastocyst. However the 
decidualization of stromal cells reqUires the interaction of a number of 
hormonal and local factors to bring about both proliferation and 
differentiation of the stromal cells [Psychoyos, 1973], The relative abundance 
of the IGFs and their binding proteins, particularly IGFBP-1 in the 
reproductive tract suggests that these factors may have some role in 
decidualization. The expression of IGF-I and IGFBP-1 has been examined in 
the controlled setting of induction of decidualization in the hypophysect
omized, ovariectomized rat [Croze et al.,1990]. In this setting there is a gradual 
decline in endometrial IGF- I expression with a reciprocal increase in IGFBP-1 
expression. These changes were restricted to the endometrium with little 
change occurring in the underlying myometrium. 

In the decidualized endometrium the spatial localization of IGF-I and 
IGFBP-1 expression suggests an important relationship between these two 
proteins. In situ hybridization localizes IGFBP-1 mRNA to the luminal and 
glandular epithelium with little hybridization seen in the adjacent stromal 
tissue (Fig. 2). Immunohistochemistry also confirms this specific localization 
of the IGFBP-l mRNA in the rodent uterus. This contrasts with the primate 
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Figure 2. Localization of IGF-I and IGFBP-1 mRNA in the rodent decidualized endometrium. 
Panel A shows a stained cross-section of a decidualized rat uterus. In panel B the pattern of 
hybridization obtained with an IGF-I antisense riboprobe is shown while panel C shows the 
pattern of hybridization obtained with an IGFBP-1 antisense riboprobe. Reproduced from Croze 
et al., 1990 with permission. 

decidualized endometrium where IGFBP-1 expression is predominantly but 
not exclusively localized to the stroma [Fazleabas et at, 1989]. In the rodent 
decidualized endometrium IGF-I mRNA is more abundant in anti
mesometrial stromal tissue and is particularly abundant in the stromal cells 
immediately adjacent to the luminal and glandular epithelia (Fig. 2). There is 
a gradation of IGF-I expression in the stromal cells with cells more distant 
from the epithelial cells demonstrating less hybridization than peri-epithelial 
stromal cells. 

Although in the rat both growth hormone and thyroid hormone 
replacement is required for decidualization neither of these hormones have 
significant effects on uterine IGFBP-1 or IGF-I expression during the process of 
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decidualization [Croze et aI., 1990]. The major determinant of IGF- I expression 
appeared to be estradiol as is the case in other rodent models where uterine 
IGF-I expression has been examined. The decline in the abundance of IGF-I 
mRN A was observed after the introduction of progesterone possibly 
reflecting an ability of progesterone to antagonize this action of estradiol. In 
contrast IGFBP-1 expression was not seen until after the administration of 
progesterone [Croze et aI., 1990]. It is of interest that in the human uterus, 
IGFBP-1 is not detected in endometrium during the proliferative phase of the 
menstrual cycle whereas secretion of IGFBP-1 is easily detected late in the 
secretory phase when cellular proliferation has diminished [Waites et aI., 
1988]. Since in the human endometrial stromal cell cultures IGFBP-1 is able to 
inhibit binding of IGF-I to its receptor, the decrease in IGF-I expression and 
concomitant increase in IGFBP-1 expression may well be part of the 
mechanism whereby cells are switched from proliferation to differentiation. 
Decidualization of the uterine stromal tissue involves two separate processes, 
cellular proliferation and differentiation. There is in vitro evidence using a 
variety of cell lines which suggest that these two processes are often mutually 
exclusive. Indeed, it is often necessary to arrest growth by serum depletion, to 
induce the differentiated phenotype and differentiating agents such as 
retinoic acid and phorbol esters are often growth inhibitory. Estrogen is clearly 
necessary to induce decidualization. The estrogen induced local synthesis of 
IGF-I appears to enhance the mitogen response since proliferation of stromal 
cells is stimulated by IGF- I [Ghahary et aI., 1990]. Induction of IGFBP-1 
expression, possibly in response to progesterone, is necessary to inhibit the 
mitogenic activity of IGF-I and allow for the differentiation of the stromal 
tissue. 

THE IGF SYSTEM IN THE DEVELOPING EMBRYO 

Although murine embryos can develop in defined medium devoid of 
serum or added growth factors, development appears to lag behind embryos 
that develop in vivo [Bowman and Mclaren, 1970; Harlow and Quinn, 1982]. 
This suggests that even at this very early stage of development that the 
maternal microenvironment of the developing embryo contributes factors 
which favor embryo development. The same may also be true in other species. 
The relative contribution of the various constituents of the oviduct and 
uterine luminal fluid to embryo development has not been determined. 
However IGF-I and IGF-II which are likely to be present in oviduct fluid and 
have been demonstrated in uterine luminal fluid, have significant effects on 
protein, RNA and DNA synthesis in the pre-implantation mouse embryo 
[Harvey and Kaye, 1988; Rao et aI., 1990; Harvey and Kaye, 1992]. Physiological 
concentrations of IGF-I when added to 2-cell mouse culture result in an 
increase in the number of cells in the inner cell mass compared to control 
embryos but no effect on trophoectoderm cell proliferation [Harvey and Kaye, 
1992]. The concentration of the IGF required to demonstrate these effects are in 
the same order as that which would be antiCipated to be present in the oviduct 
and uterine luminal fluid. It is possible therefore that the developmental 
delay observed when embryos are cultured in vitro is due in part to lack of 
exposure to maternal growth factors derived from the biological fluids to 
which the pre-implantation embryo is exposed. 
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Implantation in the rodent is of the interstitial type, thus the 
developing embryo is in close proximity to maternal decidual cells 
immediately after implantation. Of relevance to the discussion here is the fact 
that conditioned medium from decidualized stromal cells enhances growth 
of pre-implantation mouse embryos [Uu et at, 1991]. As discussed above 
decidualized stromal cells produce both IGF-I and IGFBPs. However, it has yet 
to be determined that these growth factors are the factors responSible for the 
growth stimulating effects of decidual cell conditioned medium. In both the 
rat and man IGFBP-l appears to be particularly abundant in the decidual 
tissue. The presence of IGFBP-1 in high concentrations at the maternal
embryo interface suggests that it might have some role in stabilizing and or 
transporting IGFs to the developing embryo. 

In addition to these extra-embryonic components of the IGF system, 
expression of various components of this system can be detected in the 
developing embryo. Activation of the embryonic genome occurs sometime 
after the 2-cell stage with the mRNA present before this stage being 
predominantly of maternal origin. Using reverse transcriptase polymerase 
chain reaction technique it has been possible to demonstrate IGF-II receptor 
transcripts in the 2-cell mouse embryo stage, and IGF-I receptor and insulin 
receptor transcripts at the 8-cell stage [Rappolee et at, 1990]. Insulin and IGF-I 
can not be detected until day 8, approXimately 4 days after implantation 
[Heyner et at, 1989]. Thus, both the IGF receptors and their ligands are 
expressed early in embryogeneSiS with IGF-II and its receptor being expressed 
very early in development. If these mRN A are translated into protein it 
would be consistent with the production of IGF-II as early as the two-cell stage 
and IGF- I at day 8. The functional significance of expression of these growth 
factors at this very early stage of embryogeneSiS is not clear however recent 
experiments using homologous recombination to knock-out IGF-II expression 
has demonstrated the importance of IGF-II in fetal growth [DeChiara et at, 
1990]. It is significant that in rodents unlike man, I GF-II levels are low in post
natal life and thus the maternal IGF-II concentrations that the pre
implantation embryo is exposed to are quite low in the rodent compared to 
man. 

There are as yet no reports of IGFBP expression in the preimplantation 
embryo. Systematic examination of IGFBP expression in post-implantation 
rodent embryo has been reported for IGFBP-2. This binding protein is 
expressed as early as embryonic day 11 in the rat [Wood et al.,1990]. Although it 
is most likely that the IGFs and their binding proteins produced by the embryo 
function as local paracrine or autocrine modulators within the embryo it is 
possible that these proteins produced by the embryo interact with maternal 
tissues. 

CONCLUSIONS 
Various components of the insulin-like growth factor system are 

expressed in the uterus and expression appears to be under steroid hormone 
control. During decidualization and at the time of implantation there is 
abundant expression of IGF-1 and IGFBP-1 in both the rodent and primate 
endometrium. In addition at the time of implantation or shortly therefore 
IGF-II, IGF-I and IGFBP expression can be detected in the developing embryo. 
The data reported to date suggest that the insulin-like growth factor system 
could be potentialJy important in decidualization, implantation and 
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placentation however definite experiments are still required to determine the 
exact role of the IGFs in these processes. 
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IGF-II plays an important but not pivotal role during normal development in the mouse. 
By inactivating the endogenous Igf2 gene, DeChiara et al could show that the absence of 
IGF -II resulted in perfectly healthy and symmetrical offspring although these were 40% 
smaller than normallittermates (DeChiara et aI.1990). In humans, similar evidence is lacking 
although genetic data indicate that an overactive IGF2 results in organ hyperplasia as 
manifested in the Beckwith-Wiedemann syndrome BWS(Junien, 1992). It is interesting in this 
context that the IGF2 expression patterns during early human development show striking 
similarities with the organomegaly typical of the BWS (Hedborg et aI.1993). 

The IGF2 is first activated in the trophoblastic lineage of both mouse and man (Ohlsson 
et ai, 1989, Lee et aU990). Of all embryonic and extra-embryonic cell types investigated, the 
highest levels of IGF2 transcripts are found in proliferative cytotrophoblasts of early human 
placenta (Ohlsson et ai, 1989a, Ohlsson et aI,1989b) while both type 1 and 2 IGF-receptor 
(IGFR) mRNA is found more generally in cytotrophoblasts and mesenchymal stroma of 
placental villi (Hedborg et aI.1993, Ohlsson et aI.1989b). Since IGF-II has been shown to 
stimulate DNA synthesis in primary cultures of first trimester placenta (Ohlsson et al 1989b), 
it is reasonable to assume that IGF-II functions as a local-acting mitogen during the early 
phase of human prenatal development. 

The IGF-II ligand can be complexed to a variety of IGF-binding protein (IGFBP) genes 
(Baxter, 1988). Such IGFBP-complexed IGF-II differs from the free IGF-II ligand in various 
ways. It has been suggested that IGFBPs protect against hypoglyceamia by preventing IGFs 
from binding to the insulin receptor, for example (Zapf et al, 1979). In addition, the 
formation of IGF-IGFBP complexes has been shown to prolong the half-life of the growth 
factor (9) while also serving as a protein-carrier in the plasma (Baxter & Martin, 1989a). So 
far six IGF-binding proteins (IGFBP) have been identified and characterized (Baxter, 1988). 
In this report we are concerned only with the IGFBP-I-3. IGFBP-I was cloned and 
sequenced from cDNA libraries of the human HepG2 hepatoma cell line (Lee et aI, 1988), 
human placenta (Brinkman et aI, 1988) and human decidua (Brewer et aI, 1988). The gene 
product is also abundant in amniotic fluid from which it was originally purified (Baxter et ai, 
1987). The IGFBP-2 structure was deduced from cDNA of human fetal liver (Binkert et aI, 
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1989), rat BRL-3A cells (Brown et al, 1989) and rat adult liver (Margot et al, 1989). The 
affinity ofIGFBP-l is higher for IGF-I than for IGF-II while the opposite is seen for IGFBP-
2. The IGFBP-3 clone was isolated from human liver cDNA (Wood et al, 1988). This protein 
binds IGF-I and IGF-II with equal affinities and is growth hormone-dependent (Baxter & 
Martin, 1989b). 

IGF and the fetal-maternal boundary 

The boundary between the placenta and the decidua limits the developing potentials of 
the embryo proper. In order to gain some insight to this issue, we have studied the 
distribution of active genes encoding IGF-I, IGF-II, the type 1 IGF-receptor and IGFBP-I, -2 
and -3 using Northern blot and in situ hybridization analysis. The IGF2 and the IGFJR genes 
are coexpressed in both the placenta and decidua (Glaser et aI, 1992). In the Jeg-3 
choriocarcinoma cell line, the levels of IGF2 and IGFJR transcripts are similar to that found 
in normal cytotrophoblasts from term placenta (Glaser et al, 1992). As was mentioned above, 
the IGFBPs are expected to modulate the actions of the IGF-II ligand and its receptor. 
Therefore, the expression of IGFBP-l, -2 and -3 genes was investigated by Northern blot. 
(Table I, Glaser et al, 1992, Wang et al, 1988). Placenta and purified trophoblasts show high 
expression ofthe IGFBP-3 gene. IGFBP-l transcripts, on the other hand, could be detected 
only at very low levels, a fact that may be due to decidual contamination since the decidua 
expresses high levels of IGFBP-I mRNA. Other investigators have suggested that the 
binding protein that is primarily responsible for IGF-II modulation is IGFBP-2, since they 
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TABLE 1. Cell type-specific expression patterns a 

IGFJ IGF2 IGFBPJ IGFBP2 IGFBP3 IGFJR 
Decidua 

Gland/surface 
epithelia. 
Mesenchymal 
stroma. 
Placenta 

+++ 

Extravillous _b 

cytotrophoblasts. 
Villous _b 

cytotrophoblasts. 
Syncytio +++b 
trophoblasts 
Mesenchymal 
stroma. 

- - not detected 

++ 

+++ 

+ 

+ 

+ +++ 

+++ +++ ++ 

+++ 

+ 

-/+ + 

+++ = highest signal observed, indicates no relation in expression levels of different genes' 
expression. 

+++ 

+/++ 

+/++ 

+/++ 

+/++ 

al in situ hybridization analysis of first trimester decidua and placenta. For more details see Glaser et al 
1992. 
bl see Wang et ai, 1988. 



found it to be expressed mainly at junctional surfaces between the fetal and maternal 
compartments in the rat and human (Zhou & Bondy, 1992). 

More detailed information of the fine tuned spatial expression patterns can be obtained 
by in situ hybridization analysis. Using this technique, we have found that the high abundance 
of IGF2 transcripts in cytotrophoblasts originates from the highly proliferative extravillous 
cytotrophoblasts, Table I, (Hedborg et ai, 1993, Ohlsson et ai, 1989a, Ohlsson et al, 
1989b,Glaser et ai, 1992), while the IGFIR transcripts are found more uniformly in 
cytotrophoblastic cells (Hedborg et ai, ,Ohlsson et ai, 1989b). The IGFBP-3 gene was also 
found to be expressed primarily in proliferative cytotrophoblasts together with IGF2 (Glaser 
et al, 1992). This result shows an exception to the common finding that IGFBP-3 gene 
expression is primarily associated with more adult cell types (Baxter & Martin, 1989a). The 
seemingly coordinated spatial expression of the IGF2 and IGFBP-3 genes prevails 
throughout placental development. Even at term, when the majority of the remaining 
cytotrophoblasts have invaded the decidua basalis of the maternal lining, the IGFBP-3 and 
IGF2 genes are coexpressed in these cells, despite the fact that the decidua itself is 
expressing all three IGFBP genes (Glaser et al, 1992). 

In the decidua, the IGF2 expression is found primarily in a subset of mesenchymal 
stroma cells and is virtually absent in epithelial cells, (Table I, Glaser et ai, 1992). This is in 
contrast to the IGF 1 gene which is expressed at detectable levels in the glandular and surface 
epithelia. While the IGFI receptor transcripts can be found in a subpopulation of stroma cells 
IGFlR is expressed at a higher level in the epithelial cells, (Table I, Glaser et aI, 1992). It is 
therefore reasonable to assume that IGF-II plays a role primarily in the microenvironment 
within the mesenchymal stroma, while IGF-l plays a role in the proliferation of the epithelial 
cell layers. We conclude that IGF-II and IGF-I are expressed and are, in all likelihood, used in 
cell type-specific fashions within the decidua. 

The potential modulation of the IGF ligand function was investigated by analysing the 
expression patterns of the IGFBP genes. The IGFBP-l gene is expressed at high levels in a 
subset of mesenchymal stroma cells but not in epithelial cells. IGF-II function may therefore 
be regulated, either positiVely or negatively by IGFBP-l in a paracrine manner in glandular 
epithelia but in a short-range paracrine or autocrine mode within the mesenchymal stroma. 
IGFBP-2 transcripts are evenly distributed in the mesenchymal stroma cells which may reflect 
a function as a general modulator ofIGF-II action. IGFBP-3 gene expression is not restricted 
to the mesechymal stroma cells but can also be found in epithelial cell layers. Assuming that 
the spatial distribution of mRNA also reflects the pattern of protein production, as has been 
shown for the IGF2 gene in the placenta (Ohlsson et ai, 1989a), we suggest that the IGFBP-
1 and -2 act in parallel to regulate the IGF2 function in the decidua. Conversely, the IGFBP-
3 might playa role in the autocrine/short-range paracrine action of IGF-I for the epithelial 
cell layers. 

Promoter usage in the IGF2 gene 

With the knowledge of IGF2 expression in placental and decidual cells at hand, we 
turned to more specific aspects of transcriptional regulation. Five different transcripts from at 
least four promoters (PI - P4) are found to be involved in IGF-II production (vanDijk et al, 
1991.). The PI promoter (exon 1) appears to be active exclusively in the postnatal liver 
(Sussenbach et al, 1992) and choroid plexuslleptomeninges (Ohlsson et al, 1993a), whereas 
the P2, P3 and P4 promoters (exons 4, 5 and 6, respectively) are active during prenatal 
development and in some postnatal tissues. The usage of these promoters appears to be 
coordinated during human embryogenesis (Ohlsson et ai, 1993a). We have investigated the 
specific promoter usage in the placenta and decidua in an effort to learn how the promoter 
usage reflects the growth condition of the tissues. By using exon specific RNA probes 
(Figure 1) 
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Figure 1. Exon organization of the human IGF2 gene. Denoted are the clones used as probes in Northern blot 
hybridizations. 

it has been possible to acurrately investigate the IGF2 promoter usage with Northern blot 
hybridizations. The probes used for this purpose have been verified by RNase protection 
analysis (Ohlsson et ai, 1993a). 

Total cellular RNA extracted from embryo/fetus and the corresponding placenta and 
decidua were analyzed with these probes. Only the placenta and fetus express substantial 
levels of exon 4-containing transcripts indicating that the P2 promoter is not important for 
production ofIGF-II in the decidua (Figure 2). The P3 promoter was used to a high extent in 
all three tissues while P4-driven transcription was much lower in the decidua. We conclude 
that the decidua (an adult tissue) uses at least two of the so-called fetal promoters. 
Furthermore, P3 is used in decidua to an equally high extent as in the embryonic and 
extraembryonic tissues. 

IGF2 is parentally imprinted 

The finding that the decidua is expressing IGF2 and also apparently using more or less 
similar transcriptional machinery to the fetus, made us look into other possible differences of 
fetal and maternal regulation of this gene. 

IGF-2 fib Ib Jeg pI fel dec n 

P2 5.0kb 

P3 6.0kb 

P4 4.8kb 

6-HCG 

3684 

Figure 2. Northern blot analysis. Exon-speciilc probes were used to probe total RNA from: fibroblasts (fib), 
trophoblasts (tb), Jeg-3 cell line (Jeg), placenta (pi), fetus (fet), decidua (dec), fetal liver (fl). 36B4 was used 
as a control for RNA input. b-HCG was used to probe for trophoblast contamination within the decidua. 
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The phenomenon of parental imprinting means that the sex of the parent but not the sex 
of the offspring determines the transcriptional activity of the inherited alleles (Surani, 1991). 
An asymmetric allelic expression of imprinted growth factor and related genes could be one 
of the mechanisms regulating the interplay between fetal and maternal tissues. In the mouse, 
the Igf2r (Barlow et ai, 1991.) and Igf2 (DeChiara et ai, 1991) are expressed from the 
opposite parental alleles. We have shown recently that the IGF2 gene in human is imprinted 
in the same way as in mouse, i.e. it is expressed from only the paternally-inherited allele 
(Ohlsson et ai, 1993b). Preliminary results show that the decidua also expresses a parentally 
imprinted IGF2 (Ekstrom et al, 1993). Since the active IGF2 allele of the decidua was 
different from the active IGF2 allele used in the placenta (Ekstrom et al, 1993), we can 
further conclude that IGF2 expression within the mesenchymal stroma of the decidua does 
not constitute a contamination of IGF2-positive trophoblasts. 

Parental imprinting and the decidua: Possible evolutionary implications 

According to the theory by Haig & Graham (Haig & Graham, 1991), the conflict 
between maternal and paternal reproductive interests provides an evolutionary pressure for 
developing and maintaining parental imprinting. This means that the mother is striving to give 
birth to a litter small in size in order to increase the chances of her own as well as the 
offspring's survival, while the father's interest is to propagate his own genome via a small 
number of large and strong offspring. Haig predicted that genes important for the growth of 
the fetus (by providing a well-functioning placenta) should be expressed from the paternally
inherited allele only. In addition, genes antagonistic to this function should be expressed from 
only the maternally-inherited allele. The reciprocal imprinting of Igf2 and Igf2r in the mouse 
seemed to support this notion since the IGF-II receptor is perceived as a scavenger for IGF
II (Haig & Graham, 1991). An inherent contradiction of the proposal is, however, the 
conflict between actively expressed genes inherited from the maternal grandfather and the 
father, respectively. It is therefore in the interest of the maternal grandfather to perpetuate his 
genes through his daughter which, according to the hypothesis would be in conflict with the 
interests of the father of the F2 generation. Our observation that human decidua is likely to 
express an imprinted IGF2, may be central to this issue. What is the role of the decidua in 
this scenario? Although this tissue in all likelihood adapts to and nurtures the developing 
conceptus, it will also provide the physical confines of the growing conceptus (Starkey, 
1993). A clear role for the decidua in support of either parent is therefore not readily 
apparent. Were it to support primarily the maternal interests, the generality of the hypothesis 
would be challenged, since the interests of the maternal grandfather and the father would be 
antagonistic with respect to the embryo/fetus (here representing the F2 generation). Were the 
decidua to operate primarily in the interests of the growth of the fetus and hence be beneficial 
to the reproductive interests of the father, the genome of the maternal grandfather would 
cooperate with that of the father against the interests of the grandfather's own offspring (his 
daughter). Either of these possibilites is not easily reconcilable with the hypothesis of Haig 
and Graham. 

Our experiments have shown that several components involved in the regulation of IGF2 
function are expressed at both sides of the fetal-maternal boundary. In addition, only one 
parental IGF2 allele is expressed in both decidual and placental cells. The imprinted IGF2 in 
the decidua is not reconcilable with the prevalent hypotheses of the roles of parental 
imprinting. The fetal-maternal boundary may constitute an evolutionary hot-spot which may 
require parental imprinting or provide new roles for the phenomenon of parental imprinting. 

Abbreviations: IGF-II, insulin-like growth factor 2 polypeptide: IGF2, human insulin
like growth factor 2 gene: Igf2, murine insulin-like growth factor 2 gene: IGFBP, insulin
like growth factor binding protein. 
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INTRODUCTION 

Viviparous reproduction in mammals demands co-ordination between 
maternal physiology and embryonic development. This includes the synchron
ization between pre-implantation embryonic development and the uterine 
preparation for implantation, the coordinated development of maternal and fetal 
cells during the formation of the placenta, the requirements of parturition and the 
development of the mammary gland in preparation for lactation. Paradoxically, in 
mice, the uterine preparation for implantation, pre-implantation embryonic 
development and decidualization can proceed independently of one another. 
Thus, fertilized oocytes can be cultured to the blastocyst-stage in defined medium, 
whereafter they can be sucessfully transferred to pseudopregnant recipients to 
complete embryonic development. Similarly, non-pregnant ovariectomized mice 
can be made pseudopregnant by administration of the appropriate regimens of 
steroid hormones and to be induced to undergo decidualization by an inert 
stimulus such as arachis oil applied into the uterine lumen in the absence of an 
embryo. However, embryonic development in vitro is slower than observed in 
vivo and such development is restricted to a few inbred mouse strains. In 
addition, in rodents it is essential to maintain synchrony between pre-implantation 
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embryonic development and the uterine preparation for pregnancy in vivo so that 
the embryo is ready to implant during the relatively small window of uterine 
receptivity (Brinster, 1963; Finn, 1980; Finn and Martin, 1972; Harlow and Quinn, 
1982). 

The uterine preparation for implantation in the mouse is strictly under the 
regulation of progesterone (P4) and estrogen. Ovarian estrogen synthesized in a 
cyclical manner causes uterine cell proliferation which is largely restricted to the 
lumenal and glandular epithelium. In the mouse, if copulation occurs, the 
corporea lutea are maintained and P 4 is synthesized. P 4 suppresses uterine 
epithelial cell proliferation and prepares the stromal cells to respond to nidatory 
estrogen with a wave of cell division between day 3 and 4 of pregnancy. 
Although the kinetics of stromal cell proliferation have been well documented the 
responsive cell types have not been delineated. The nidatory estrogen is 
absolutely required for implantation and following the round of stromal cell 
proliferation, there is a relatively short receptive period during which the 
blastocyst can attach to the uterine epithelium and implant (Clarke and 
Sutherland, 1990; Finn, 1980; Finn and Martin, 1972; Martin and Finn, 1969; 
Martin and Finn, 1971). At implantation, luminal epithelial cells die by apoptosis 
(Welsh and Enders, 1993), and there is a transformation of the underlying stromal 
cells into decidual cells. Decidualization, which is strictly dependent on the 
presence of P4, includes a remarkable proliferative response and differentiation of 
uterine stromal cells with the consequence that the decidua entirely surrounds the 
invading embryo (Das and Martin, 1978; Finn, 1980). The cellular composition of 
the uterus also changes at this time since some stromal cells undergo morphogenic 
transformation and other cells, such as macrophages, are excluded from the 
decidual area (Pollard et al., 1991a; Tachi and Tachi, 1989). 

Recently, the uterine epithelium has been shown to be a major site of 
cytokine synthesis. These cytokines are directed to cells both within the uterus 
and the embryo. Among the growth factors synthesized by the uterine 
epithelium are epidermal growth factor (EOF), transforming growth factor (TOF) (l 
and TGF 61, tumor necrosis factor a. (TNF) , leukemia inhibitory factor (LlF), 
colony stimulating factor-l (CSF-l) and granulocyte-macrophage colony 
stimulating factor (GM-CSF). The synthesis of some of these have been directly 
shown to be influenced by estradiol-17B (E2) and P 4, whilst others are 
synthesized in a temporal sequence that suggests sex steroid hormone control. In 
the hormone-induced uterine cell proliferation and differentiation described 
above it is becoming apparent that such growth factors playa role in mediating 
the local responses to these hormones. In addition, it seems likely that growth 
factors are involved in the synchronization of these uterine events with pre
implantation embryonic development (Brigstock, 1991; Pollard, 1990, 1991; 
Pollard et al., 1991b; Tabibzadeh, 1991b). 

This review will focus on uterine growth factors that have both embryonic 
cells and uterine macrophages as their targets. We will particularly emphasize our 
work on CSF-l and use this study as an example to illustrate the multifunctional 
roles that growth factors can have during pregnancy. 
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COLONY STIMULATING FACTOR·1 AND ITS RECEPTOR DURING 
PREGNANCY 

Colony stimulating factor-l was originally described as a circulating 
growth factor which regulates the proliferation, differentiation and viability of 
mononuclear phagocytes. CSF-l is also chemotactic for macrophages and can 
stimulate the expression of a wide range of secreted products, including growth 
factors, biologically active lipids and proteases (Roth and Stanley, 1992). In the 
majority of cases, CSF-l is synthesized as a homodimeric transmembrane 
precursor which is cleaved in secretory vesicles, following modification by 0- and 
N-linked glycosylation and the addition of chondroitin sulphate side chains, to 
give a secreted molecule. Further extracellular processing results in a variety of 
molecular species, the smallest of which lacks the proteoglycan moiety but is 
nevertheless fully biologically active in in vitro and in vivo assays. In addition to 
the secreted form, an alternative mRNA species lacking exon 6 and therefore, the 
coding region for the secretory vesicle processing site, directs the synthesis of a 
biologically active transmembrane form (Kawasaki and Ladner, 1990; Price et al., 
1992; Roth and Stanley, 1992). CSF-l appears to act exclusively through a 
single high affinity transmembrane tyrosine kinase receptor encoded by the c-fms 
proto-oncogene. This receptor, upon ligand binding, dimerizes, resulting in trans
phosphorylation of tyrosine residues located in the intracellular domain of the 
receptor and the activation of the intrinsic receptor-tyrosine kinase activity 
required for the propagation of the signal transduction pathway (Roth and 
Stanley, 1992; Sherr, 1990, 1991; Sherr and Stanley, 1990). 

In the early 1970's the mouse pregnant uterus was demonstrated to be a 
rich source of hematopoietic colony stimulating activity (Bradley et al., 1971; 
Rosendaal, 1975). Most of this activity is CSF-l with the highest concentration 
of uterine CSF-l being found late in pregnancy. However, five-fold elevated 
concentrations over non-pregnant uteri can be detected at the time of 
implantation (Bartocci et al., 1986; Sanford et al., 1992; Wood et al., 1992). 
Uterine CSF-l is largely, if not entirely, synthesized by the uterine epithelium. 
Both E2 and P4 given alone to ovariectomized mice stimulate uterine CSF-l 
synthesis and these hormones act synergistically to further increase uterine CSF-l 
concentrations to those concentrations found just before implantation in 
pregnant mice. Consistent with these observations, elevated levels of CSF-l and 
CSF-l mRNA can be detected at proestrus and in the uterine epithelium of 
pregnant mice as soon as P4 is synthesized (Arceci et al., 1989; Bartocci et al., 
1986; Hunt et al., 1993; Pollard et al., 1987; Sanford et al., 1992; Wood et al., 
1992). CSF-l mRNA however, has not been detected in mouse pre-implantation 
embryos (Arceci et al .. 1992a). 

Our studies on uterine CSF-l mRNA show that although the major species 
is an alternatively spliced 2.3 kb mRNA, usually found at lower relative 
abundance in other cell types, there are also a number of other CSF-l mRNA 
synthesized. These include a 4.6 kb mRNA which has an identical coding region 
to the 2.3 kb mRNA but because of alternative splicing event lacks the 
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untranslated ex on 9 and contains the long ex on 10 (Kawasaki and Ladner, 1990; 
Pollard et at., 1987). In addition, there are two mRNA species, a -1.6 kb and an 
-3.0 kb CSF-l mRNA that both lack most of ex on 6 because of the use of an 
alternative splice-acceptor sequence, but differ in the use of the untranslated 
exons 9 and 10 (Pampfer et at., 1991b). The 2.3 and 4.6 kb species encode the 
secreted, often proteoglycanated, forms of CSF-l, the 1.6 and 3.0-kb species 
encode the cell surface form of CSF-l (Kawasaki and Ladner, 1990; Rettenmier 
and Roussel, 1988). All these species of CSF-l mRNA have been detected in day 
5 and day 14 pregnant uteri (F.C. Chuan and J.W. Pollard, unpublished data). 

After implantation, in mice the uterine epithelium is destroyed within the 
implantation site, but CSF-l is continually synthesized by the lumenal and 
glandular epithelium of the inter-implantation sites. In these cells, there is a 
progressive elevation of CSF-l mRNA to reach a peak between day 14-16 of 
pregnancy (Arceci et ai., 1989; Pollard et ai., 1987; Regenstreif and Rossant, 
1989). The elevation in CSF-l concentration and increased CSF-l mRNA levels 
can be reproduced in hormonally treated mice induced to undergo decidual 
stimulation by arachis oil. The further elevation of CSF-l production over that of 
P 4/E2 treated mice requires a decidual stimuli suggesting additional controls over 
and above the basic sex-steroid hormonal regulation (Pollard et ai., 1987). 
Similarly, after day 15 of pregnancy there is a decline in CSF-l mRNA 
concentrations, suggesting negative regulatory stimuli (Arceci et ai., 1989). 

In humans, a rather similar pattern of CSF-l synthesis is observed during 
pregnancy, although the magnitude of change is not as great as that detected in 
the mouse (Daiter et ai., 1992). CSF-l mRNA and protein is found in non
pregnant uterine glandular epithelial cells (Pampfer et al., 1991 b). The 
concentration of CSF-l mRNA varies through the menstrual cycle, with high 
levels being detected at the proliferative and mid-to-Iate luteal phases (Pampfer et 
al., 1991b), matched by similar changes in protein concentrations (Kauma et al., 
1991). This cyclical nature of the CSF-l mRNA expression suggests that the 
hormonal regulation is similar between mice and humans. Elevated 
concentrations over non-pregnant levels of both CSF-l and CSF-l mRNA are 
detected in the endometrium from first trimester pregnancies (Daiter et ai., 1992; 
Kauma et ai., 1991), but these concentrations decline in the second and third 
trimester (Daiter et ai., 1992). Immunohistochemical staining for CSF-l shows the 
uterine glandular epithelium is a major source of this growth factor (Daiter et ai., 
1992). However, in contrast to the mouse, the placenta is a site of CSF-l 
synthesis in the human. This placental synthesis may compensate for the decline 
in uterine epithelial synthesis caused by the relative compaction and destruction 
of epithelial cells during human pregnancy (Daiter et ai., 1992; Kauma et ai., 
1991). Analysis of CSF-l mRNA in the uterus and placenta shows a dominant 
-4.0 kb mRNA whose concentration is elevated in first trimester endometrium 
(Daiter et ai., 1992; Kauma et ai., 1991). Unexpectedly, in uterine epithelium 
isolated from non-pregnant uteri approximately 40% of the CSF-I mRNA is a 
-3.0 kb mRNA which encodes a cell surface form of CSF-l (Pampfer et ai., 
1991b). 
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All cells of the mononuclear phagocytic family have been demonstrated to 
express the CSF-IR. Human and mouse uterine macrophages are unlikely to be 
an exception to this rule and this has been shown for the Hofbauer cells of the 
human placenta (Jokhi et al., 1993, and our unpublished results). In addition, in 
the female reproductive tract, CSF-IR mRNA is detected in non-macrophage cells 
of both maternal and fetal origin. Before fertilization CSF-IR mRNA is expressed 
in mouse oocytes and this mRNA is rapidly degraded following fertilization, to be 
resynthesized by zygotic transcription at the late two-cell stage. Thereafter, 
CSF-l mRNA is expressed in the embryo through to implantation (Arceci et al., 
1 992a). Implantation triggers the immediate expression of CSF-IR mRNA in cells 
of the sub-epithelial uterine stroma (Arceci et al., 1992b). As decidualization 
progresses, expression is markedly enhanced in cells that form the primary 
decidual zone. Thereafter, expression declines in the decidual capularis but is 
maintained in the decidual basalis (Arceci et al., 1989, 1992b). The decidual 
expression of the CSF-IR is unlikely to be in macrophages since these decidual 
cells do not display the diagnostic mononuclear phagocytic-specific cell surface 
marker, F4/80 (Pollard et al., 1991a). Decidual cells in humans also express 
CSF-IR (Pampfer et al., 1992). In fetal, extra-embryonic tissues of the mouse 
very high levels of expression of CSF-IR mRNA is observed in secondary polar 
and mural giant trophoblasts with substantial expression in the diploid cells of the 
ectoplacental cone. As the placenta matures, the giant trophoblastic layer has the 
highest expression with diminishing expression in the spongiotrophoblastic and 
labyrinthine layers, respectively (Arceci et al., 1989, 1992b; Regenstreif and 
Rossant, 1989). A similar distribution occurs in humans with high levels of 
CSF-IR expression in syncytial and intermediate trophoblasts with somewhat 
lower levels in cytotrophoblasts (Jokhi et al., 1993; Pampfer et al., 1992). In 
humans, alternative use of an upstream exon results in use of a promoter in 
trophoblasts which is different from that used in monocytes, implying differential 
regulation (Pampfer et al., 1992; Visvader and Verma, 1989). 

OTHER UTERINE SYNTHESIZED CYTOKINES THAT AFFECT 
MACROPHAGE FUNCTION 

GM-CSF can also promote the proliferation, differentiation and survival of 
macrophages (Metcalf, 1991). However, it is not the primary regulator of such 
functions for most macrophage populations in vivo (Wiktor-Jedrzejczak et al., 
1990, 1991). It acts through a hetero-dimeric receptor: one subunit (8) of which is 
common to the receptors for IL-3 and IL-5 in humans and for the IL-5 receptor in 
mice. The other ligand binding subunit (a) is unique. This receptor is a member 
of the hematopoietin family of receptors (Boulay and Paul, 1992). GM-CSF is 
also synthesized by the uterine epithelium on day 1 of pregnancy, but only if 
copulation with intact males has occurred. Thus GM-CSF is synthesized in the 
uterus before the embryo has arrived and is presumably directed towards the 
uterine macrophage population. GM-CSF is also synthesized after implantation 
by decidual and uterine epithelial cells and by the placenta (Crainie et al., 1990; 
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Kanzaki et a/., 1991; Robertson et a/., 1992; Robertson and Seamark, 1990). 
There have been no reports yet on GM-CSF receptor expression in mice, but 
receptors have been detected in human trophoblasts and placental membranes 
(Loke et a/., 1992; Scheffler et a/., 1990). 

TNFa is a multifunctional cytokine that is both produced by and acts upon 
macrophages. It has a wide range of pleiotropic effects on many cell types. Two 
receptors, p60 and p80, of high and low affinity, belonging to the nerve growth 
factor-related receptor family, have been isolated for TNFa. These receptors are 
expressed in a wide range of cell types, although in varying proportions (Vassalli, 
1992). TNFa is synthesized by oviductal and uterine cells during the pre
implantation period. In the mouse uterus, TNFa is synthesized by the uterine 
lumenal and glandular epithelium during the pre-implantation period (Hunt et a/., 
1993). TNFa is also detected in rat uterine epithelial cells during the estrous cycle 
at varying concentrations and studies with ovariectomized rats and mice 
reconstituted with female sex steroid hormones indicate that the level of TNFa 
mRNA is endocrine regulated (De et a/., 1992; Hunt, 1993; Yelavarthi et a/., 
1991). TNFa is also detected in the myometrium at low levels and in myometrial 
macrophages at high levels. After implantation, TNFa continues to be expressed 
by the uterine epithelium as well as in the primary decidua. In the fetal extra
embryonic tissues giant, polar trophoblasts are major sites of synthesis (Hunt et 
a/., 1993). 

In human endometrium, TNFa expression is lacking in the basalis region, 
but stromal cells in the functionalis region are positive. During human pregnancy, 
in a manner reminiscent of the mouse, uterine epithelial cells synthesize TNFa as 
do large decidual cells. Syncytial trophoblasts also synthesize TNFa. TNFa 
receptors are detected in human trophoblasts (Chen et a/., 1991; Hunt, 1993; 
Tabibzadeh,199Ia). 

CSF-l AND EMBRYONIC DEVELOPMENT 

In both humans and mice, the CSF-I receptor is expressed, in addition to 
macrophages, in cells of the trophectodermal lineage and the maternal decidual. 
These data suggest paracrine roles for uterine synthesized CSF-l in the 
development and differentiation of those cells that will ultimately constitute the 
placenta. In addition, CSF-IR but not CSF-I mRNA has been detected in mouse 
pre-implantation embryos. CSF-I is synthesized in the oviduct and at increasing 
levels by the uterus from day 3 of pregnancy, coincident with the blastocyst 
entering the uterus. This indicates that the pre-embryo is continuously exposed 
to CSF-I. 

To explore the role of CSF-l in development we have used the 
osteopetrotic (op/op) mouse mutant which is completely deficient in CSF-l 
owing to a recessive, inactivating mutation in the CSF-l gene (Wiktor
Jedrzejczak et a/., 1990; Yoshida et a/., 1990). These op/op mice have very 
compromised fertility, especially apparent in homozygous mutant matings. 
Consistent with the complex patterns of CSF-I R expression, deficits in fertility in 
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the op/op mice are manifest at all stages of pregnancy. Firstly, the frequency of 
successful matings is reduced: of those female op/op mice that mate, only 
approximately fifty percent become pregnant. Secondly, of those mice that do 
become pregnant, there are fewer implantations and greater losses are sustained 
throughout gestation. Thirdly, greater than 90% of op/op mothers cannot feed 
their young, although the young can survive if transferred to normal foster 
mothers. These data confirm an important role for CSF-l during pregnancy. 
However, despite the high level of expression of the CSF-IR in cells that will 
ultimately constitute the placenta, placental weights and the placental expression 
of A4311 (a spongiotrophoblast marker), c-kit and CSF-IR mRNAs are the same 
in op/op and +/op mothers (Pollard et al., 1991a). This indicates that, although 
CSF-l can stimulate proliferation of placental cells in culture (Athanassakis et al., 
1987), it cannot be the major mitogen for trophoblasts in vivo. 

Reconstitution experiments of op/op mice with CSF-l have shown that 
CSF-l cannot restore fertility if it is administered beginning at the time of mating 
and continuing through pregnancy (Wiktor-Jedrzejczak et al., 1991). Indeed, 
there are reports that CSF-l administered during the first five days of pregnancy 
is abortifacient, suggesting that inappropriate doses of CSF-l may be harmful 
(Tartakovsky et al., 1991). However, CSF-l administered from birth to op/op 
females has no embryonic toxicity and significantly improves the success of 
mating. This improvement is only observed if the male used in matings has CSF-l 
(+/op) or is an op/op treated with CSF-l (Pollard, J.W., Chisholm, 0., Dominguez, 
M.G. and Stanley, E.R., unpublished results). This data, coupled with the 
observation that heterozygous males have greater fertility with op/op females 
than op/op males despite the latter exhibiting almost normal fertility with +/op 
females, indicates that op/op female fertility can be restored by mating with a 
CSF-l-stimulated male. This suggests male seminal fluid supplies CSF-l or CSF-l
induced uterine factors which compensate for maternally produced CSF-l 
(Pollard et al., 1991a). Such a compensating uterine factor could be GM-CSF, 
whose uterine epithelial synthesis requires copulation with an intact male 
(Robertson and Seamark, 1990). The litter sizes of op/op mothers however, are 
not significantly increased by CSF-l given from birth (Pollard, J.W., Chisholm, 0., 
Dominguez, M.G. and Stanley, E.R., unpublished results), consistent with the 
failure of the systemically administered growth factor to mimic the extremely high 
local concentration of uterine CSF-l. 

Despite these observations with op/op mice which have established an 
important role for CSF-l in pregnancy, the functions for CSF-l still have to be 
elucidated. Similarly, roles for lNFa. and GM-CSF remain to be defined. All three 
growth factors interact with trophoblasts and have been shown to modestly 
stimulate the production of human chorionic gonadotrophins by human tropho
blasts in culture (Li et al., 1992; Saito et al., 1991). But whether the stimulation 
of hormone production is specific or due to a general stimulation of metabolism, 
maintenance of cell viability or induction of differentiation, remains to be 
determined. GM-CSF stimulates DNA synthesis in mouse and human tropho
blasts and CSF-l does the same in mixed placental cell cultures (Athanassakis et 

259 



al., 1987; Armstrong and Chaouat, 1989; Loke et al., 1992). TNFa inhibits the 
proliferation of rat trophoblastic cell lines (Hunt, 1993) and inhibits the 
development of 2-cell embryos to the blastocyst stage (Hill et al., 1987). GM
CSF inhibits the growth of 2-cell embryos in culture but stimulates post-morula 
stage embryonic development (Hill et al., 1987; Robertson et al., 1990). CSF-l 
enhances embryonic development from the 2-cell to the blastocyst stage and 
stimulates trophoblastic outgrowth in an implantation model (Haimovici and 
Anderson, 1993; Pampfer et al., 1991a). Such data suggests an interplay between 
these three cytokines in regulating pre-implantation embryonic development in 
utero and in trophoblast function after implantation. 

CYTOKINE REGULATION OF UTERINE MACROPHAGE 
POPULATIONS 

Macrophages represent a major uterine cell type accounting for 10-15% of 
cells in the uterine stroma of non-pregnant mice. In the virgin mouse they are 
distributed throughout the stroma (De et al., 1991). At day 1 of pregnancy the 
numbers increase 2-fold and they are recruited adjacent to the uterine epithelium. 
After day 1 they disperse again through the endometrium. Just before 
implantation, the numbers of stromal macrophages increases about 4-fold (De et 
al., 1991). In the myometrium, macrophages are in the connective tissue and 
closely associated with the serous epithelium. After implantation, the tissue 
distribution is relatively unchanged in the myometrium and non-decidualized 
endometrial stroma, but macrophages are almost completely excluded from the 
decidualized stroma (De and Wood, 1991; Pollard et al., 1991a; Tachi and Tachi, 
1989). In the metrial gland, a unique structure in rodents formed at the 
mesometrial triangle, macrophages represent 10-20% of the cells. Overall, 
macrophage numbers continue to increase until day 9 of pregnancy (De and 
Wood, 1991). In human endometrium, macrophages are also abundant and, 
unlike the mouse, macrophages also represent a significant portion of the decidua, 
being adjacent to the invading trophoblasts (Hunt and Pollard, 1992). 

The relative absence of uterine macrophages in the osteopetrotic mouse, 
has demonstrated that this cell population is primarily regulated by CSF-l (Pollard 
et al., 1991a). Systemic restoration of circulating CSF-l concentrations from day 
3 of life in homozygous mutant (opt op) mice corrects the deficiency in uterine 
macrophages (Pollard, J.W., Chisholm, 0., Dominguez, M.G. and Stanley, E.R., 
unpublished observations). In normal mice, during the pre-implantation period of 
pregnancy, there is a temporal relationship between elevated CSF-l 
concentrations and increases in uterine macrophage numbers (De et al., 1993). 
These data suggest that uterine-synthesized CSF-l may be the primary regulator 
of uterine macrophage number during the pre-implantation period. Consistent 
with this suggestion is the increase in uterine macrophage number observed in 
ovariectomized mice treated with intra-luminal uterine injections of CSF-l (Wood 
et al., 1992). However, at day 1 of pregnancy, macrophages are aligned with the 
epithelium whilst, at day 5 they are distributed throughout the stroma despite the 
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observation that the uterine epithelium is the major source of CSF-1 at both times. 
This suggests that both the number and location of uterine macrophages may be 
also be influenced by GM-CSF whose uterine epithelial synthesis is elevated at 
day 1 of pregnancy. 

CSF-1 regulates macrophage cell proliferation and viability and it is also 
chemoattractive for monocytes. The increased macrophage number in the uterus 
during pregnancy could be due to one or all of these effects. It is tempting to 
speculate that part of the stromal cell proliferation in response to nidatory 
estrogen could be through the CSF-1 induced proliferation of mononuclear 
phagocytes. CSF-1 also regulates macrophage cell spreading in vitro (Boocock 
et al., 1989) and this is also clearly a function for CSF-1 in the uterus since in the 
op/op mouse those macrophages that are present are not highly dendritic. 
Although the consequences of this failure of macrophages spreading is unknown, 
it is interesting to note that adherence affects macrophage gene expression 
(Haskill et al., 1988). 

In the post-implantation op/op mouse uterus, abnormally rounded F4/80 
positive cells appear in the metrial gland at day 7-8. By day 10, however, these 
cells have disappeared and there continues to be a paucity of macrophages in the 
mutant mice (Pollard et al., 1991a). These data indicate that during pregnancy, 
CSF-1 is the primary regulator of the uterine macrophage population, influencing 
their location and viability, but that at the peak of decidualization, another 
growth factor is synthesized that transiently recruits macrophages in the uterus. 
Such a growth factor could be GM-CSF or TNFa whose expression, at least in 
the latter case, is unaffected by the absence of CSF-1 (Hunt et al., 1993a). During 
the latter half of pregnancy, CSF-1 concentrations continue to logarithmically 
increase without concurrent increases in macrophage number (Bartocci et al., 
1986; De et al., 1993), suggesting that this dramatic elevation in CSF-l concen
tration is concerned with the regulation of placental function through CSF-1 
receptors expressed on decidual cells and trophoblasts. 

There have been many suggestions for functions of macrophages during 
pregnancy ranging from their producing immunosuppressive molecules which 
protect the fetal allograft from rejection, to their producing cytokines that 
positively influence both embryonic and uterine development, to immunological 
roles protecting against infection, to roles in uterine remodelling (Hunt and 
Pollard, 1992). However, important functions for uterine macrophages in vivo 
have not been definitively shown. The relative failure of pregnancy in op/op 
mice may, in part, be determined by the deficiency of uterine macrophages. 

CONCLUSIONS 

This paper is concerned principally with CSF-1, but also with GM-CSF and 
TNF-a. All these growth factors influence not only macrophage function and 
development, but also affect embryonic cells. For all three growth factors, either 
direct or circumstantial evidence suggests that their uterine epithelial synthesis is 
modulated by the female sex steroid hormones, suggesting that they are local 
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mediators of sex steroid hormone action. Conclusive evidence, derived from the 
op/op mouse demonstrates that this is the case for CSF-l. 

Figure 1 shows a scheme for the multifunctional action of these cytokines 
during the pre-implantation period. The elevation of uterine concentrations of 
these cytokines in response to the P 4 and E2 synthesized after copulation results 
in increased numbers and activity of stromal macrophages. These macrophages 
can synthesize cytokines (e.g. TNFa, TGFa, and IFNa) in response to these 
growth factors as well as other biologically potent molecules such as 
prostaglandins and plasminogen activator. Such molecules will, in tum, b_e 
targeted to other uterine cells, influencing their function and development. In 
addition, the embryo is exposed to all these growth factors. We have suggested 
that uterine cytokines synthesized in carefully orchestrated patterns in response 
to the changing hormonal milieu may be involved in regulating the synchrony 
between embryonic development and the uterine preparation for implantation. 
The increased failure over wild-type mice of plugged op/op females to progress to 
pregnancy could be due to the relative failure of this synchrony. However, the 
exact defect in op/op mice fertility has yet to be determined. 

Undoubtedly, there is a complex interplay between cytokines within the 
uterus. Null mutations in cytokine genes will illuminate the roles for these 

UJMEN 

MYOMEI'RIUM 

Fig. 1. Schematic diagram of the proposed actions of macrophage-reactive cytokines in the 
uterus during the pre-implantation period. CSF-I, TNFa and GM-CSF synthesized in the 
uterine epithelium under the regulation of E2 and P 4 stimulate stromal macrophages to 

synthesize cytokines that influence both uterine and embryonic cellular functions. In 

addition, CSF-I, GM-CSF and TNFa interact directly with the developing blastocyst co
ordinating its development with the uterine receptivity for implantation. 
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molecules in reproduction. For example, a major role for uterine synthesized LIF 
in regulating implantation has been demonstrated by the creation of a null 
mutation by homologous recombination and ES cell technology (Stewart et al., 
1992, see this volume). However, a critical role for TGFa has been made unlikely 
by the observations of complete fertility in TGFa-Iacking null mice (Luetteke et 
al., 1993). In this fashion the availability of mutant mice will allow the unraveling 
of the cytokine interactions operating during both the pre- and peri-implantation 
periods. 

ACKNOWLEDGEMENTS 

This manuscript was written whilst the author's work was supported by 
grants from the NIH (HD27322) and ACS (DB-28). J.W.P. is a Monique Weill
Caulier Scholar. I would also like to thank all my many colleagues who have 
contributed to this research. 

REFERENCES 

Athanassakis, I., Bleackley, C., Paetkau, V., Guilbert, L., Barr, P.J. and Wegmann, 
T.G., The immunostimulatory effect of T cells and T-cell lymphokines on 
murine fetally derived placental cells, J. Immunol. 138:37-44 (1987). 

Arceci, R.J., Shanahan, F., Stanley, E.R. and Pollard, J.W., Temporal expression 
and location of colony-stimulating factor 1 (CSF-1) and its receptor in the 
female reproductive tract are consistent with CSF-1-regulated placental 
development, Proc. Natl. Acad. Sci. USA 86:8818-8822 (1989). 

Arceci, R.J., Pampfer, S. and Pollard, J.W., Expression patterns of CSF-l/c-fms and 
SF/c-kit mRNA during early pre-implantation mouse development, Dev. Bioi. 
151:1-8 (1992a). 

Arceci, R.J., Pampfer, S. and Pollard, J.W., Role and expression of colony
stimulating factor-1 and steel factor receptors and their ligands during 
pregnancy in the mouse, Reprod. Ferti!. Dev. 4:619-632 (1992b). 

Armstrong, D.T. and Chaouat, G., Effects of lymphokines and immune complexes 
on murine placental cell growth in vitro, Bioi. Reprod. 40:466-474 (1989). 

Bartocci, A., Pollard, J.W. and Stanley, E.R., Regulation of colony-stimulating 
factor 1 during pregnancy, J. Exp. Med. 164:956-961 (1986). 

Boocock, c.A., Jones, G.E., Stanley, E.R. and Pollard, J.W., Colony stimulating 
factor-1 induces rapid behavioral responses in the mouse macrophage cell-line, 
BAC1:2F5, J. Cell Sci. 93:447-456 (1989). 

Boulay, J-L. and Paul, W.E., The interleukin-4-related lymphokines and their 
binding to hematopoietin receptors, J. Bioi. Chern. 267:20525-20528 (1992). 

Bradley, T.R., Stanley, E.R. and Sumner, M.A., Factors from mouse tissues 
stimulating colony growth of mouse bone marrow cells in vitro, Aust. J. Exp. 
Bioi. Med. Sci. 49:595-603 (1971). 

263 



Brigstock, D.R., Growth factors in the uterus: steroidal regulation and biological 
actions, in: Bailliere's Clinical Endocrinology and Metabolism, Bailliere Tindall, 
(1991), pp.791-808. 

Brinster, R.L., A method for in vitro cultivation of mouse ova from two-cell to 
blastocyst, Exp. Cell Res. 32:205-208 (1963). 

Chen, H-L., Yang, Y., Hu, X-L., Yelavarthi, K.K., Fishback, J.L. and Hunt, J.S., 
Tumor necrosis factor-alpha mRNA and protein are present in human placental 
and uterine cells at early and late stages of gestation, Am. J. Pathol. 139:327-
335 (1991). 

Clarke, C.L. and Sutherland, R.L., Progestin regulation of cellular proliferation, 
Endocrine Reviews 11 :266-301 (1990). 

Crainie, M., Guilbert, L.J. and Wegmann, T., Expression of novel cytokine 
transcripts in murine placenta, Bioi. Reprod. 43:999-1005 (1990). 

Daiter, E., Pampfer, S., Yeung, Y.G., Barad, D., Stanley, E.R. and Pollard, J.W., 
Expression of colony stimulating factor-l in the human uterus and placenta, J. 
Clin. Endocr. Metab. 74:850-858 (1992). 

Das, R.M. and Martin, L., Uterine DNA synthesis and cell proliferation during 
early decidualization induced by oil in mice, J. Reprod. Fert. 53:125-128 
(1978). 

De, M., Choudhuri, R. and Wood, G.W., Determination of the number and 
distribution of macrophages, lymphocytes, and granulocytes in the mouse 
uterus from mating through implantation, J. Leuk. Bioi. 50:252-262 (1991). 

De, M. and Wood, G.W., Analysis of the number and distribution of macrophages, 
lymphocytes, and granulocytes in the mouse uterus from implantation through 
parturition, J. Leuk. Bioi. 50:381-392 (1991). 

De, M., Sanford, T.R. and Wood, G.W., Interleukin-l, interleukin-6, and tumor 
necrosis factor ex are produced in the mouse uterus during the estrous cycle 
and are induced by estrogen and progesterone, Dev. Bioi. 151:297-305 
(1992). 

De, M., Sanford, T. and Wood, G.W., Relationship between macrophage 
colony-stimulating factor production by uterine epithelial cells and 
accumulation and distribution of macrophages in the uterus of pregnant mice, 
J. Leuk. Bioi. 53:240-248 (1993). 

Finn, C.A., The endometrium during implantation, in: The endometrium, F.A. 
Kimball, ed., Spectrum Publications, Inc., London (1980), pp.43-53. 

Finn, C.A. and Martin, L., Endocrine control of the timing of endometerial 
sensitivity to a decidual stimulus, Bioi. Reprod. 7:82-86 (1972). 

Haimovici, F. and Anderson, DJ., Effects of growth factors and growth factor
extracellular matrix interactions on mouse trophoblast outgrowth in vitro, 
Bioi. Reprod. 49:124-130 (1993). 

Harlow, G.M. and Quinn, P., Development of preimplantation mouse embryos in 
vivo and in vitro, Aust. 1. Bioi. Sci. 35:187-193 (1982). 

Haskin, S., Johnson, c., Eierman, D., Becker, S. and Warren, K., Adherence induces 
selective mRNA expression of monocyte mediators and proto-oncogenes, J. 
Immunol. 140:1690-1694 (1988). 

264 



Hill, 1.A., Haimovici, F. and Anderson, DJ., Products of activated lymphocytes and 
macrophages inhibit mouse embryo development in vitro, J. Immunol. 
139:2250-2259 (1987). 

Hunt, I.S. and Pollard, I.W., Macrophages in the uterus and placenta, Curro Prog. 
Microbiol.lmmunol. 181:39-63 (1992). 

Hunt, I.S., Endocrine regulation of tumor necrosis factor-a, Reprod. Fertil. Dev. 
(1993). (In Press) 

Hunt, I.S., Chen, H-L., Hu, X.L. and Pollard, I.W., Normal distribution of tumor 
necrosis factor-a messenger ribonucleic acid and protein in the uteri, placentas 
and embryos of osteopetrotic (op/op) mice lacking colony stimulating factor-I, 
Bioi. Reprod. (1993). (In Press) 

lokhi, P.P., Chumbly, G., King, A., Gardner, L. and Loke, Y.W., Expression of the 
colony stimulating factor-l receptor (c-fms product) by cells at the human 
uteroplacental interface, Laboratory Investigation 68:308-320 (1993). 

Kanzaki, H., Crainie, M., Lin, H., Yui, I., Guilbert, LJ., Mori, T. and Wegmann, T.G., 
The in situ expression of granulocyte-macrophage colony-stimulating factor 
(GM-CSF) mRNA at the maternal-fetal interface, Growth Factors 5 :69-74 
(1991). 

Kauma, S.W., Aukerman, S.L., Eierman, D. and Turner, T., Colony-stimulating 
factor-l and c-fms expression in human endometrial tissues and placenta 
during the menstrual cycle and early pregnancy, J. Clin. Endocr. Metab. 
73:746-751 (1991). 

Kawasaki, E.S. and Ladner, M.B., Molecular biology of macrophage colony 
stimulating factor, in: Colony Stimulating factors: Molecular and Cellular 
Biology, T.M. Dexter, I.M. Garland and N.G. Testa, eds., Marcel Dekker, Inc., 
New York (1990), pp.155-176. 

Li, Y., Matsuzaki, N., Masuhiro, K., Kameda, T., Taniguchi, T., Saji, F., Yone, K. and 
Tanizawa, 0., Trophoblast-derived tumor necrosis factor-a induces release of 
human chorionic gonadotrophin using interleukin-6 (IL-6) and IL-6-receptor
dependent system in the normal human trophoblasts, J. Clin. Endocr. Metab. 
74:184-191 (1992). 

Loke, Y.W., King, A., Gardner, L. and Carter, N.P., Evidence for the expression of 
granulocyte-macrophage colony-stimulating factor receptors by human first 
trimester extravillous trophoblast and its response to this cytokine, J. Reprod. 
Immunol. 22:33-45 (1992). 

Luetteke, N.C., Qiu, T.H .• Peiffer, R.L., Oliver, P., Smithies, O. and Lee, D.C., TGFa 
deficiency results in hair follicle and eye abnormalities in targeted and 
waved-l mice, Cell 73:263-278 (1993). 

Martin, L. and Finn, C.A., Hormone secretion during early pregnancy in the 
mouse, J. Endocr. 45 :57 -65 (1969). 

Martin, L. and Finn, C.A., Oestrogen-gestagen interactions on mitosis in target 
tissues, in: Basic Actions of Sex Steroids on Target Organs. S.Karger, Basel. 
Switzerland (1971), pp. 172-188. 

Metcalf, D., Control of granulocytes and macrophages: molecular, cellular and 
clinical aspects, Science 254:529-533 (1991). 

265 



Pampfer, S., Arceci, R.I. and Pollard, J.W., Role of colony stimulating factor-l 
(CSF-I) and other lympho-hematopoietic growth factors in mouse 
preimplantation development, BioEssays 13:535-540 (1991a). 

Pampfer, S., Tabibzadeh, S., Chuan, F.C. and Pollard, J.W., Expression of colony 
stimulating factor-l (CSF-I) mRNA in human endometrial glands during the 
menstrual cycle: Molecular cloning of a novel transcript that predicts a cell 
surface fonn of CSF-l, Mol Endo. 5:1931-1938 (1991b). 

Pampfer, S., Daiter, E., Barad, D. and Pollard, J.W., Expression of the colony
stimulating factor-l receptor (c-fms proto-oncogene product) in the human 
uterus and placenta, Bioi. Reprod. 46:48-57 (1992). 

Pollard, J.W., Bartocci, A., Arceci, R., Orlofsky, A., Ladner, M.B. and Stanley, E.R., 
Apparent role of the macrophage growth factor, CSF-l, in placental 
development, Nature 330:484-486 (1987). 

Pollard, J.W., Regulation of polypeptide growth factor synthesis and growth 
factor-related gene expression in the rat and mouse uterus before and after 
implantation, J. Reprod. Fert. 88:721-731 (1990). 

Pollard, J.W., Lymphohematopoietic cytokines in the female reproductive tract, 
Current Opinion in Immunology 3:772-777 (1991). 

Pollard, J.W., Hunt, J.W., Wiktor-Jedrzejczak, W. and Stanley, E.R., A pregnancy 
defect in the osteopetrotic (op/op) mouse demonstrates the requirement for 
CSF-l in female fertility, Dev. Bioi. 148:273-283 (1991a). 

Pollard, J.W., Pampfer, S. and Arceci, R.I., Class III tyrosine kinase receptors at the 
maternal-fetal interface, in: Cellular and Molecular Biology of the Materno
Fetal Relationship, G. Chauoat and J. Mowbray, eds., INSERM/John Libbey 
Eurotext Ltd., (1991b), pp.81-89. 

Price, L.K.H., Choi, H.U., Rosenberg, L. and Stanley, E.R., The predominant fonn 
of secreted colony stimulating factor-l is a proteoglycan, J. Bioi. Chern. 
267:2190-2199 (1992). 

Regenstreif, L.I. and Rossant, J., Expression of the c-fms proto-oncogene and of 
the cytokine, CSF-l, during mouse embryogenesis, Dev. Bioi. 133:284-294 
(1989). 

Rettenmier, C.W. and Roussel, M.F., Biosynthesis of macrophage colony
stimulating factor (CSF-l): Differential processing of CSF-l precursors 
suggests alternative mechanisms for stimulating CSF-l receptors, Mol. Cell. 
Bioi. 8:5026-5034 (1988). 

Robertson, S.A., Lavranos, T.C. and Seamark, R.F., In vitro models of the. 
maternal-fetal interface, in: The Molecular and Cellular Immunobiology of the 
Maternal-Fetal Interface, T.G. Wegmann, E. Nisbet-Brown and T.I. Gill Ill, eds., 
Oxford University Press, New York (1990), pp. 191-206. 

Robertson, S.A. and Seamark, R.F., Granulocyte macrophage colony stimulating 
factor (GM-CSF) in the murine reproductive tract: stimulation by seminal 
factors, Reprod. Ferti!. Dev. 2:359-368 (1990). 

Robertson, S.A., Mayrhofer, G. and Seamark, R.F., Uterine epithelial cells 
synthesize granulocyte-macrophage colony-stimulating factor and inter
leukin-6 in pregnant and nonpregnant mice, Bioi. Reprod. 46:1069-1079 
(1992). 

266 



Rosendaal, M., Colony-stimulating factor (CSF) in the uterus of the pregnant 
mouse, J. Cell Sci. 19:411-423 (1975). 

Roth, P. and Stanley, E.R., The biology of CSF-l and its receptor, Curro Topics 
Microbiol.lmmunol. 181:141-147 (1992). 

Saito, S., Saito, M., Motoyoshi, K. and Ichijo, M., Enhanced effects of human 
macrophage colony-stimulating factor on the secretion of human chorionic 
gonadotrophin by human chorionic villous cells and tPA30-1 cells, Biochem. 
Biophys. Res. Comm. 178:1099-1104 (1991). 

Sanford, T.R., De, M. and Wood, G.W., Expression of colony-stimulating factors 
and inflammatory cytokines in the uterus of CD 1 mice during days 1 to 3 of 
pregnancy, J. Reprod. Fert. 94:213-220 (1992). 

Scheffler, J.E., Fleissner, L.C., Seelig, G.F., Nagabhushan, T.L. and Trotta, P.P., 
Characterization of the human granulocyte-macrophage colony-stimulating 
factor receptor from placenta, in: Hematopoiesis, Alan R. Liss, Inc., NY (1990), 
pp. 107-115. 

Sherr, CJ., Colony stimulating factor-l receptor, Blood 75:1-12 (1990). 
Sherr, C.J. and Stanley, E.R., Colony-stimulating factor l/macrophage colony

stimulating-factor, in: Handbook of Experimental Pharmacology: Peptide 
Growth Factors and their Receptors, M.B. Sporn and A.B. Roberts, eds., 
Springer-Verlag, Heidelberg, New York (1990), pp.667-698. 

Sherr, CJ., Mitogenic response to colony-stimulating factor 1, Trends Genet. 
7:398-402 (1991). 

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

Tabibzadeh, S., Ubiquitous expression of TNF-a/cachectin immunoreactivity in 
human endometrium, Am. J. Rep. Immunol. 26:1-4 (1991a). 

Tabibzadeh, S., Human endometrium: An active site of cytokine production and 
action, Endocrine Reviews 12:272-290 (1991b). 

Tachi, C. and Tachi, S., Role of macrophages in the maternal recognition of 
pregnancy, J. Reprod. Fert. 37:63-68 (1989). 

Tartakovsky, B., Goldstein, O. and Brosh, N., Colony-stimulating factor-l blocks 
early pregnancy in mice, Bioi. Reprod. 44:906-912 (1991). 

Vassalli, P., The pathophysiology of tumor necrosis factors, Ann. Rev. Immunol. 
10:411-452 (1992). 

Visvader, J. and Verma, I.M., Differential transcription of ex on 1 of the human 
c-fms gene in placental trophoblasts and monocytes, Mol. Cell. Bioi. 
9:1336-1341 (1989). 

Welsh, A.O. and Enders, A.C., Chorioallantoic placenta formation in the rat. III. 
Granulated cells invade the uterine luminal epithelium at the time of epithelial 
cell death, Bioi. Reprod. 49:38-57 (1993). 

Wiktor-Jedrzejczak, W., Bartocci, A., Ferrante, A.W.,Jr., Ahmed-Ansari, A., Sell, 
K.W., Pollard, J.W. and Stanley, E.R., Total absence of colony-stimulating 
factor 1 in the macrophage-deficient osteopetrotic (op/op) mouse, Proc. Natl. 
Acad. Sci. USA 87:4828-4832 (1990). 

267 



Wiktor-Jedrzejczak, W., Urbanowska, E., Aukerman, S.L., Pollard, J.W., Stanley, 
E.R., Ralph, P., Ansari, A.A., Sell, KW. and Szperl, M., Correction by CSF-l of 
defects in the osteopetrotic op/op mouse suggests local, developmental, and 
humoral requirements for this growth factor, Exp. Hematol. 19:1049-1054 
(1991). 

Wood, G.W., De, M., Sanford, T. and Choudhuri, R., Macrophage colony 
stimulating factor controls macrophage recruitment to the cycling mouse 
uterus, Dev. Bioi. 152:336-343 (1992). 

Yelavarthi, KK, Chen, H-L., Yang, Y., Cowley Jr., B.D., Fishback, J.L. and Hunt, 
J.S., Tumor necrosis factor-a. mRNA and protein in rat uterine and placental 
cells,J.lmmunol. 146:3840-3848 (1991). 

Yoshida, H., Hayashi, S.L, Kunisada, T., Ogawa, M., Nishikawa, S., Okamura, H., 
Sudo, T., Shultz, L.D. and Nishikawa, S-L, The murine mutation osteopetrosis 
in the coding region of the macrophage colony stimulating factor gene, 
Nature 345:442-444 (1990). 

268 



LEUKAEMIA INHIBITORY FACTOR AND THE 

REGULATION OF BLASTOCYST IMPLANT A TION 

Colin L. Stewart 

Roche Institute of Molecular Biology 
Roche Research Center 
Nutley, NJ 071 10 

Embryos, following activation of their developmental program at fertilization usually 
progress to adulthood as a continuous series of proliferative and differentiative events. In the 
mammalian embryo this is also the usual course. However they have to pass one critical point, 
namely implantation, the stage at which the embryo assumes a more intimate physical 
association with the maternal uterine tissues. 

The extent of physical contact or invasion of the uterus, by the embryonic trophoblast 
varies between species and all are dependent on a close interaction with the uterine tissues for 
their continued development (reviewed Renfree, 1984). Many mammalian species have 
exploited this point of transition at which the autonomously developing embryo becomes 
dependent on the maternal environment as a means to regulating the timing of birth, principally 
to coincide this event with an optimal availability of nutrients (Renfree, 1978; Sandell, 1990). 
Thus, embryogenesis in many mammalian species is characterised by an arrest of development 
at implantation and this is referred to as delayed implantation or embryonic diapause. 

Two forms of delayed implantation have been described; facultative and obligate. 
Facultative, or lactational induced delay was first described by Fernand Lataste approximately 
100 years ago. He recognized that the gestational period for a litter of rats was longer in females 
that were already suckling a previous litter than in a non-lactating female. He also correctly 
assumed that the increase in the length of gestation was due to implantational delay 
(Lataste, 1891). Since his discovery, lactational inhibition of implantation has also been shown 
to occur in other rodents, as well as in many marsupials. In rodents, embryonic diapause 
evolved possibly as a means to maximize their reproductive efficiency in their relatively short 
life span (Renfree, 1978). 

Obligate implantational delay occurs in many of the larger mammalian species, such as 
Roe deer, seals and bears. In these species delay usually occurs as a means to slowing 
embryonic development after conception, so that birth of the offspring occurs at an optimal 
time of year, when nutritional resources are at their most abundant. (Renfree, 1978; Sandell, 
1990). 

Since Lataste' s discovery, delayed implantation has been of particular interest because of 
its unique form of growth control. The majority of studies in attempting to understand how 
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this event is physiologically regulated have been performed on rodents, particularly rats and 
mice undergoing lactational delay. The conclusions from these studies have been that the 
initiation of delay is maternally induced. Much subsequent research has centered on trying to 
identify which factors or molecules regulate or synchronise the receptivity of the uterus with 
blastocyst development. A variety, ranging from the steroid hormones to histamine and 
prostaglandins have been proposed to having a critical role. However, none has been shown 
to have a conclusive role (reviewed, Glasser et. at., 1991). It is however clear that following 
ovulation the uterus is initially primed in response to the steroid hormone, progesterone. A 
subsequent pulse of estrogen makes the uterus receptive for blastocyst attachment, which if 
this occurs, results in implantation and the induction of the decidual response (Psy
choyos,1973). 

Recently it has become apparent that another class of physiological regulators, namelly 
cytokines, also have a central role in regulating maternal-fetal interactions (Pollard 1991; 
Pampfer ef al.. 1991). This became apparent with the demonstration that the hemopoietic factor 
colony stimulating factor-I (CSF-I) was abundantly expressed in the pregnant uterus and its 
receptor, the proto-oncogene c-fms was present on the adjacent trophoblast (Pollard et ai., 

1987; Arceci ef ai., 1989; Regenstreif and Rossant 1989). That this ligand and its receptor 
functions in regulating fetal-maternal interactions was revealed by the discovery of a naturally 
occuring null mutation in the CSF-I gene, the oplop or osteopetrotic mutant (Yoshida et al., 
1990). Females, homozygous for this mutation exhibited a reduced frequency of implantation 
when mated to heterozygous males and failed to produce any viable offspring when crossed 
to fertile homozygous males (Pollard et at., 1991 and Pollard; this volume). 

Following these observations, another cytokine, Leukemia Inhibitory Factor (LIF) has 
been found to have a crucial role in regulating maternal-fetal interactions and as will be 
reviewed in this chapter it may be the factor that synchronises uterine receptivity with the 
regulation of blastocyst attachment. 

Leukaemia inhibitory factor, also referred to as DIA (differentiating inhibitory activity) 
or CDF (cholinergic differentiating factor) was originally characterised and cloned because it 
induced the differentiation of one myeloid leukaemia cell line, Ml (GeaJing et al.. 1987; Gough 
et al., 1988; Hilton et al., 1988). By inducing the differentiation of this cell line, the 
differentiated derivatives eventually ceased to proliferate. Although LIF receptors appear to 
be widely distributed among somatic cells, LIF's biological effects to date, appear to be mainly 
restricted to stimulating megakaryocyte proliferation (Hilton ef al., 1991; Metcalf et at., 1991) 
and to sustaining hemopoietic stem cells (Escary et at., 1993). Since its identification, LIF has 
been shown to have multiple effects in different physiological systems, (Hilton, 1992) such as 
inducing the acute phase response proteins in hepatocytes (Bauman and Wong, 1989), 
regulating bone resorbtion (Abe ef at., 1986) and adipocyte formation (Mori et ai., 1989), as 
well as influencing neuronal phenotype (Yamomori et ai., 1989) and neuronal survi val 
(Murphy et al., 1992). However, one of its most striking characteristics is its requirement for 
inhibiting the differentiation of embryonic stem cells derived from mouse embryos (Evans and 
Kaufman, 1981; Bradley ef al., 1984; Wagner et al., 1985). 

Embryonic stem (ES) cells are pluripotent cells isolated from the inner cell mass (ICM) 
of cultured mouse blastocysts (Evans and Kaufman, 1981). They have attracted much interest, 
both as a means of studying the molecular basis of early mouse development and as a route to 
genetically manipulating the genome of mice (Koller and Smithies, 1992). Their growth in 
vitro is dependent on the presence of a "feeder" layer of mouse embryonic fibroblasts. If the 
fibroblasts are removed the stem cells differentiate and eventually cease to proliferate (Figs. 
lA and B). The fibroblasts synthesize and secrete LIF and with the availability of purified 
recombinant protein, it was demonstrated that LIF inhibited ES cell differentiation without 
inhibiting their proliferation (Figs. I C and D) (Williams et al., 1988; Smith er al., 1988). These 
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Figure 1. (A) Colonies ofES cells growing on a feeder layer offibroblasts.(B) In the absence of feeders the ES 
colonies differentiate.(C) Colonies of undifferentiated ES cells growing in the absence of a feeder layer, but in 
medium supplemented with LIF.(D) In the absence of LIF the ES cells differentiate. 

observations were at the time, of particular interest and significance, since LIF was the first 
protein identified that influenced the differentation of cells derived from the early mouse 
embryo and suggested that it might have a role in regulating their development. 

The first step in analyzing LIF's potential in vivo embryonic role, was to determine when 
and where it was expressed. LIF transcripts were found in a wide variety of different tissues, 
both in adult and embryonic stages, (Bhatt et ai, 1991) including the preimplantation embryo 
(Conquet and Brulet, 1990; Murray et al., 1990). Overall, the levels were very low, although 
stronger signals were seen in newborn skin and in the small intestine. Higher levels were 
detected in the uterus, and a detailed analysis revealed 2 distinct peaks of expression: the first 
at oestrous, concurrent with ovulation (Shen and Leder, 1992), and the second on the 4th and 
5th days of pregnancy (Fig. 2) (Bhatt et al., 1991). In situ hybridization showed that the LIF 
expression in the pregnant uterus was confined to the endometrial glands, which in the 
endometrium, synthesize and secrete proteins into the uterine lumen (Fig. 3). On the 5th day 
following implantation and decidua formation, the glands degenerate and stop transcribing LIF 
(Bhatt et al., 1991). The location of LIF expression in the estrous uterus has not yet been 
determined. 

What was intriguing about these results, especially regarding the second peak of expres
sion on the 4th-5th days, was the coincidence in timing between arrival of the embryo, as a 
blastocyst in the uterine lumen, with the onset of LIF expression (Fig. 4). This suggested that 
LIF expression could be induced by some signal originating from the embryo or alternatively, 
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LlF expression may occur independent of the embryo and be under maternal control. To 
distinguish between these two possibilities, LlF expression was analyzed in pseudopregnant 
females and in those undergoing delayed implantation. 

In mice, copulation is essential for physiologically stimulating the female into preparing 
for pregnancy. Thus, if a female mates with a vasectomized male, changes are initiated in her 
that are associated with the onset of pregnancy, although there are no fertilized eggs present 
to produce viable embryos. L1F expression in the uteri of these pseudopregnants paralleled 
that observed in normal pregnant females, showing that LlF expression on the 4th-5th days of 
pregnancy was not dependent on the presence of viable embryos. 

In a futher series of experiments, LlF expression was analysed in females undergoing 
delayed implantation. Under normal circumstances, this can occur when a female mouse gives 
birth to a litter of pups. Almost immediately afterwards she ovulates and the eggs, if fertilized, 
develop to the blastocyst stage, but do not implant. The embryos lose the surrounding zona 
pellucida, elongate and cell proliferation eventually ceases (Given, 1988). They can remain in 
this state for many days. This situation occurs in response to the suckling stimulus of the first 
litter of pups that prevent the implantational (nidatory) pulse of estrogen secretion occuring. 
If the suckling of the first litter is inten'upted, either by loss or weaning of the pups, the delayed 
blastocysts are activated and implant within 18-24 hours and resume normal development. 
Delayed implantation can also be experimentally induced in mice by ovariectomising the 
pregnant female on the 3rd day of pregnancy. Providing that relatively high circulating levels 
of progesterone are maintained, the embryos will enter into a delayed state once they form 
blastocysts. This can be maintained for days, even weeks, because the pulse of nidatory 
estrogen, produced by the ovaries between the 3rd and 4th days of pregnancy, cannot occur. 
If a single injection of oestrogen is given, implantation occurs followed by development of the 
embryo. 
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Figure 2. LIF expression in the mouse uterus during pregnancy. LIF is transcribed as a 4.2 kb mRNA. Days of 
pregnancy (1-19) are at the top. Total RNA prepared from primary mouse embryonic fibroblasts (PMEFs) with 
and without cyclohexamide (+ cyclo) was used as a positive control. Note the increased LIF expression on the 
4th day of pregnancy. 
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Figure 3. Localization of LIF transcripts to the endometrial glands in the 4th day uterus.(A) The glands are 
arrowed in the stained section.(B) Antisense LIF probes are located over the glands.(C) Sense control. 
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In females, undergoing either naturally or experimentally induced delay, no LIF expres
sion was detected in the uteri containing viable blastocysts. However, as soon as delay was 
interrupted, by either removing the suckling pups, or by giving a single injection of oestrogen, 
LIF expression was detected within 18-24 hours. These results showed that LIF expression 
was under maternal control and that expression always preceeded implantation (Bhatt et ai., 
1991). Furthermore, since the 2 peaks of LIF expression coincided with elevated levels of 
oestrogen, or could be induced following a single injection of estrogen, suggested that LIF 
expression might be under the direct control of this hormone. 

Direct evidence for LIF regulating implantation came with the derivation of mice lacking 
a functional LIF gene. This was achieved by targeted mutagenesis using homologous recom
bination to disrupt the LIF gene. ES clones were screened for homologous recombinants and 
those carrying a mutated LIF gene were injected into blastocysts to derive chimeras. Their 
offspring, carrying the mutated LIF gene. were identified and intercrossed to produce homozy
gotes with both genes mutated which were identified at the expected frequency of 25% 
following heterozygous matings. The homozygotes were overtly normal, except that they were 
25-30% smaller in body size. 

When the homozygotes were test-bred, the males were found to be fertile. while the 
females, despite repeated matings with homozygous or wild type males, never became 
pregnant. However, a closer examination of the female homozygotes, following mating to male 
homozygotes, revealed that they were fertile in that overtly normal blastocysts and in the 
appropriate numbers (6-8) could be recovered from their uteri on the 4th day of pregnancy. 
Further analysis of homozygous females on the 7th day of pregnancy, revealed that they also 
contained blastocysts (Fig.S). However, there was no indication that implantation occurred or 
had even been initiated. Rather, the blastocysts morphologically resembled those undergoing 

Oay1--

Oay2---~"" DAYS 

Oay3----

Oay4-----

Oay5-----

Figure 4. Diagram summarizing the pattern of LIF expression in the uterus during the first 5 days of pregnancy. 
The stages of embryonic development are shown with LIF expression from endometrial glands occurring on the 
4th day. By the 5th day. implantation has occurred. 
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Figure 5. 5 blastocysts recovered from a 7 day pregnant LIF deficient homozygous female that had been mated 
to a LIF deficient male. The blastocysts should have implanted 2 days previously. They have the typical 
morphology of embryos undergoing delayed implantation (i.e. elongated with no ZOlla pellucida ). 

delayed implantation with loss of the zona pellucida with the embryos assuming an elongated 
shape. By transplanting the embryos to wild type pseudopregnant recipients, it was shown that 
these blastocysts, that had developed in a completely LIF deficient environment, were able to 
develop normally to term if placed in an environment in which LIF was present. Thus failure 
to implant was maternal in origin and not due to abnormalities associated with the blastocysts 
(Stewart et al., 1992). 

Exactly how LIF regulates implantation is at present not understood. It could be acting 
on the uterus, preparing it to be receptive to the blastocyst. or, it could be acting on the blastocyst 
alone, or both. Currently, we favor the last possibility for the following reasons. We have 
evidence that LIF receptors are expressed in the uterus, although their exact cellular distribution 
is not yet clear. Furthermore, it is well established that the proliferative and differentiative 
response of the uterus associated with implantation (the decidual response) can be induced 
experimentally in normal mice by subjecting the uterus at the appropriate time (i.e. 4th-5th day 
of pregnancy) to a stimulus of a non-specific nature (e.g. the injection of a small amount of 
paraffin oil into the uterine lumen). Attempts to induce this in the LIF deficient females (mated 
to vasectomized males) failed to produce a decidual response, whereas all heterozygous 
controls responded (C.L.Stewart, in preparation). This indicates that the LIF deficient uterus 
is unresponsive to implantational stimuli. However, we also believe that LIF can directly affect 
the embryo. The evidence for this is that there are LIF receptors on the trophectoderm (S.Heyner 
and c.L. Stewart, in preparation). Furthermore, expression of LIF, under the control of a 
heterologous constitutive promoter in transgenic preimplantation embryos results in abnormal 
development and failure to form a blastocyst (L.Brunet and C.L Stewart, submitted). Thus, the 
embryo both expresses LIF receptors and is responsive to LIF. 

275 



The blastocysts in the LIF deficient females resemble those in delay, which in normal 
mice is associated with an absence of LIF expression in the uterus. We also have preliminary 
evidence that these delayed blastocysts, when exposed to LIF, activate the expression of certain 
genes. Nevertheless, the results do show that the transient burst of LIF expression that precedes 
implantation is essential for this event to occur. Furthermore, the results from these studies 
indicate that LIF is not essential for overt differentiation of the preimplantation mouse embryo. 
Rather, its function may have more to do with controlling proliferation in the pre-implanta
tion/peri-implantation embryo. As to whether LIF may have a similar role in other mammalian 
species we have evidence that it is more abundantly expressed in the uterine endometrium in 
women during the secretory or post ovulatory phase of the menstrual cycle, than in the 
pre-ovulatory phase. (Abbondanzo ef al., in preparation) Therefore, LIF may be of general 
use in regulating implantation in mammals. 

In conclusion, studies that were initiated to determine which factors regulated the 
differentiation ofES cells in vitro have resulted in the identification of a previously cloned and 
characterised protein, LIF, as being responsible for inhibiting the differentiation and maintain
ing the proliferation of these cells. Subsequent in vivo studies resulted in the rather surprising 
discovery that one of this protein's most important functions is to regulate implantation of the 
embryo by both priming the uterus and possibly regulating cell proliferation in the blastocyst. 
Since LIF may interact with and affect both the uterus and blastocyst, it is an effective means 
to synchronizing the interaction between these two tissues, so ensuring that the changes in 
maternal physiology that are associated with pregnancy and implantation are co-ordinated with 
development of the embryo. 

The task now is to determine what are the uterine cellular targets for LIF and what 
activities in these cells LIF is regulating. In addressing these questions a molecular under
standing of how implantation is regulated should be attainable. 
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INTRODUCTION 

Initially, the mammalian embryo moves freely through the reproductive tract as it 
undergoes cell division and the first morphogenetic and differentiative steps of its 
development. After several days a cavity forms in the embryo and it develops into the 
blastocyst containing an inner clump of cells, the inner cell mass, from which all the tis
sues of the fetus and some of the extraembryonic membranes are derived. The outer layer 
surrounding the cavity and inner cell mass, the trophectoderm epithelium, will form thc 
trophoblast of the placenta. It is responsible for attachment of the embryo to the wall of 
the uterine lumen and the process of implantation. 

In mice thc 'frcc' period lasts only 4.5 days while in othcr mammals it lasts longer, 
for instance possibly 6-7 days in the human and about 14-18 days in the pig. In all 
placental mammals the majority of prenatal life takes place with more intimate contact 
between fetus and mother. After moving into the uterus the blastocyst develops close 
contact with the epithelium lining the uterine cavity. The degree of penetration of the 
maternal tissue by the conceptus varies from none (superficial) to interstitial implantation 
in which the embryo becomes surrounded by uterine connective tissue. In species such as 
the mouse and the human, in which implantation is invasive, the trophectoderm is 
activated at the time of attachment (Dickson 1963; Holmes & Lindenberg 1988) and has 
the potential to invade. The cells undergo a transition from an epithelial to a highly 
invasive phenotype, infiltrate the epithelium and move into the underlying stroma. 
However, before there is any evidence of firm association between embryo and luminal 
epithelium the presence of the embryo triggers changes in the underlying stroma which 
are particularly pronounced in rats and mice. The stroma cells undergo a process of 
differentiation, or decidualisation, with the production and reorganisation of extracellular 
matrix components (Wewer et al 1986; Glasser et al 1987). 

In order for implantation to occur and the vital placental organ of gas and nutritive 
exchange to develop, a number of preparatory changes must occur on both the maternal 
and embryonic side. These maternal and embryonic events must occur in parallel and in 
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a well ordered manner. Differentiation (and physiology) must reach an appropriate stage 
on both the maternal and fetal sidcs for the tissues to cooperate to form the complex 
placental architecture. The influence of progesterone (produced by cells of the corpus 
luteum of the evacuated ovarian follicle) and estrogen in preparing the uterus to receive 
the blastocyst is well documented (Psychoyos 1976; 1986). In the endometrium 
progesterone induces changes whieh convert it to a 'sensitized'state prepared to respond 
to estrogen. The uterine epithelial lining does not provide a suitable surface for 
implantation in most species until a surge of estrogen from the ovary (McCormack & 
Greenwald 1974; Gidley Baird 1981) or from the conceptus (Dickman et al 1976; Gadsby 
et al 1980) has initiated further events. Following this surge the uterus is briefly receptive 
to implantation of an appropriately differentiated blastocyst. However this receptivity is 
transient, occurring in mice and rats betwecn about 12 and 36 h after the nidatory surge 
of estrogen, and thus lasting only about 24h (psyehoyos 1973). The uterus then becomes 
refractory to implantation, even if incrcased estrogen is given, but continued progestcrone 
is essential for maintcnance of the refractory state in ovariectomised animals (Mulholland 
& Leroy 1988; Meyers 1970). Two points, pertinent to what follows, have frequently 
been noted regarding the transient receptivity of the uterus. Firstly, self-adhesiveness of 
the apical surfaces of epithelia lining lumina of organs or ducts is not a normal situation 
or lumina would not remain patent (Denker 1990). Yet this occurs in trophoblast
endometrial epithelial interaction (Schlafke & Enders 1975). Secondly the activated 
blastocyst, removed from the uterine horns, is catholic in what it will adhere to. Indeed 
there are few surfaces to which it will not attach in vitro (Sherman 1978; Morris & Potter 
1990), or ectopically in vivo (Kirby, 1965). 

APPOSITION AND ATTACHMENT 

Implantation has commonly been divided into three phases: apposition, adhesion and 
in those species where it occurs, invasion. The embryo ceases motion, coming into close 
contact with the apical surface of the luminal epithelium. The initial attachment is critical, 
being a prerequisite for the subsequent species-specific pattern of trophoblast penetration 
of the endometrial epithelium and infiltration of the underlying stroma, leading to the full 
establishment of the placenta. In the mouse the embryo attaches and starts to implant on 
day 5 of pregnancy. Initial attachment occurs by the abembryonic trophoblast, away from 
the inner cell mass (Kirby et al 1967; Kaufman, 1983), whilst development of the chorio
allantoic placcnta occurs from the embryonic pole. Even this initial apposition phase may 
have a number of components. The closing down of the lumen towards the end of the 
preimplantation period brings the embryo into close proximity with the endometrial 
surface, perhaps aided by the muscular ~ctivity of the uterine myometrium. However, 
apposition must be more than transient: it must lead to a firmer adhesive interaction from 
which the trophectoderm can penetrate the epithelium. 

CHANGES IN ENDOMETRIAL EPITHELIAL GL YCOCONJUGATES DURING THE 
PRE-IMPLANTATION PERIOD 

Fundamental changes in the expression of glyeoeonjugates on the endometrial epithelial 
cell surface lining the uterine lumen were predicted from ultrastructural studies which 
revealed the thinning of the glycocalyx around the time of implantation (Enders & 
Schlafke 1974; Chavez & Anderson, 1985) in parallel with a decrease in surface charge 
(Hewitt et al 1979; Morris & Potter 1984). There is also a fundamental alteration in the 
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Fig. 1. Electron micrographs of luminal endometrial epithelium of the mouse. a) the cuboidal nature of the 
cells on day 5 of pregnancy; b) detail of the apical surface on day 4 showing microvilli; and c) day 5 
showing bulbous processes. Scale bars a) O.Sflm; b, c) O.lflm. (R. Waterhouse unpublished micrographs). 

morphology of the cells during the preimplantation period: whereas on days 1-2 of 
pregnancy the cells are several times higher than they are broad, by day 4 they are almost 
cuboidal (Fig 1). The polarity seen in the early preimplantation period (e.g. basal nuclei; 
Psychoyos, 1973) becomes less pronounced towards implantation. At the cell surface the 
density of apical microvilli decreases and these are replaced by bulbous protrusions (Fig 
1b,c; Enders & Schlafke 1974). In the implantation chamber itself the luminal cells 
adjacent to the trophoblast undergo cell rounding and apoptotic cell death at the start of 
implantation (El Shershaby & Hinchcliffe 1975; Parr et al 1987). Changes also occur in 
the interactions between luminal epithelial cells, for instance the cell adhesion molecule 
C-CAM is down regulated during the preimplantation period (Svalander et al 1990). 
Alterations have been demonstrated in the nature of epithelial gap junctional connexins 
around the time of implantation in the rabbit and in the implantation chamber in the rat 
(Winterhager et al 1988,1991 and this volume). 

Ovarian steroids have been reported to trigger both quantitative and qualitative 
alterations in endomctrial epithelial glycoproteins in several species. Estrogcn can stimulate 
the synthesis of specific proteins (Kuivanen & De Sombre 1985; Teng et al 1986; 
Anderson et al 1986) but during implantation the role of nidatory estrogen appears 
primarily to restrict progesterone stimulated protein synthesis in the uterus (Glasser & 
McCormack 1979; Mulholland & Leroy 1989). Estrogen has been shown to stimulate 
glycosylation in the absence of progesterone (Dutt et al 1986; Carson et al 1987a). In 
uterine tissue slices estrogen, with or without progesterone, preferentially stimulates 
synthcsis of branched lactosaminoglycans, oligosaccharide chains containing repeating 
GaIBI-GIcNAc units (DUll et al 1988). The majority are inhibited by Tunicamycin, 
indicating that they are N-Iinked, and of a hroad range of sizes. There is a small O-Iinked 
component and in polarised cultures most apical neuraminidase-insensitivc carbohydrates 
which bound the lectin WGA (affinity for GlcNAc residues) appeared to be O-Iinked 
(Valdizan et al 1992). 

Some years ago we screened the uterine epithelium in early pregnancy with a panel 
of monoclonal antibodies (mAbs) against lactosaminoglycan related oligosaccharides. A 
number of mAbs which recognise his to-blood group antigens, such as H-, Lea, Leb, Lex 
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and LeY, reacted specifically with the uterine epithelium of glands and lumen (Kimber et 
al 1988). These antigens are mono or di-fucosylated terminal structures carried on linear 
or branched chains composed of the repeat disaccharide (GaIB-GlcNAc)n in either 1-3 or 
1-4 linkage. In rodents they are tissue rather than blood group antigens (Oriol et al 1986). 
Most of the carbohydrates which we found to be specific markers of endometrial epithelial 
cells stained both glandular and luminal epithelium during the pre-implantation period, 
with a steady immunofluorescence intensity which decreased slightly towards the time of 
implantation. Frequently not all cells in an individual gland stained and some glands were 
entirely negative when the majority were brightly stained. 

Expression of the H-type 1 blood group antigen (Fucal-2GaIB1-3GlcNAcf31-) 
recognised by mAb 667/9E9 changed during the peri-implantation period. Staining was 
intense on all cells up to day 3 of pregnancy. However between day 4 and day 5 of 
pregnancy patches of unstained cells appeared. By the day following implantation this 
determinant could rarely be detected on the epithelium. The staining pattern indicated that 
the epitope was present at the cell surface and in the cytoplasm. It was detected in 
glandular and luminal secretions on day 2-3 but absent from the lumen on day 5 of 
pregnancy. Staining was abolished in the presence of the free pentasaccharide LNF-1 
(Lacto-N-fucopentaose 1: Fucal-2GaIBl-3GlcNAcBl-3GaIBl-4Glc). In contrast to the 
endometrial epithelium, neither the trophectoderm nor the ICM reacted with mAb 667/9E9 
at any time (Lindenherg et al 1988). 

ROLE OF CARBOHYDRATES IN EMBRYO ATTACHMENT 

Carbohydrate hased cell-cell interactions have previously been suggested during 
fertilisation and embryonic development (see Zalik 1991; Kimher, 1988, 1990; Wassarman 
1992). In order to investigate whether the change in distribution of the H-type 1 epitope 
was functionally connected with the period of implantation we used an in vitro approach. 
Luminal epithelial cells were cultured to confluence in tissue culture wells and blastocysts 
added in the presence of different concentrations of oligosaccharides. Attachment of the 
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Fig. 2. a) Staining of endometrial epithelial cells on day 5 of pregnancy with mAb 667/9E9.b) Effect of 
oligosaccharides (0.1 mM) on blastocyst attachment to endometrial epithelial cells. Total number of 
blastocysts tested shown in brackets below. 2FL, 2-fucosyl lactose (97); LDFT, Lactodifucotetraose (74); 
LNT, Lacto-N-tetraose (70); LNFI, Lacto-N-fucopentaose I (95); LNFII, Lacto-N-fucopentaose II (86); 
LNDI, Lacto-N-difucohexaose (81); LNFlII, Lacto-N-fucopentaose III (86). Asterisk, significantly different 
from control at pdl.OO1 by the Mantel-Haenszel chi2 test. 
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Fig. 3. Model illustrating attachment of the murine blastocyst (4) via binding of a receptor (2) on the 
abembryonic trophectoderm to a glycoproteins carrying the H-type-l determinant (1) on the luminal 
epithelium (3). From Lindenberg et al 1990 with permission. 

embryos to the epithelial cells was scored by tandem motion between the cndometrial 
epithelial layer and blastocysts when the dish was tapped gently. In a blind study we 
investigated 7 different coded Gal-GleNAc based oligosaccharides (at concentrations 
between 0.1 and 5mM) including those recognised by mAbs which bound to the 
endometrial epithelium. Only the LNF-1 pentasaccharide was able to inhibit attachment 
(Fig 2). At O.lmM the percentage of blastocysts attaching was reduced to 59% of the 
controls. At maximum we could inhibit attachment of 75% of blastocysts using 5mM 
LNF-l but even at high levels of sugar we could never abolish attachment of all 
blastocysts. Inhibition was similarly incomplete when we used mAb 667/9E9 (attachment 
of 53% inhibited) or a neoglycoprotein consisting of the pentasaccharide LNF-1 
conjugated to BSA or human serum albumen (HSA; 10-20 sugars per molecule). The 
neoglycoprotein at 0.04mM inhibited attachment by 65%, again incompletely, but neither 
LNFIII-HSA or LNT-HSA had a significant effect. The simplest hypothesis to explain 
these results is that free LNF-l (as pentasaccharide or neoglycoprotein) binds 
competitively to a lectin-like molecule on the surface of the trophectoderm. This receptor 
is thus prevented from interacting with a glycoconjugate on thc luminal cpithclium 
carrying the same or a very similar sugar structure (Model, Fig. 3). The antibody is also 
assumed to inhibit competitively by binding the endometrial carbohydrate. This hypothesis 
presupposes that the epithelial cells grown in culture express the carbohydrate epitope. We 
demonstrated this using mAb 667/9E9. However by no means all of the cells stained and 
although the cell surface staining was punctate, as in vivo, the staining density was quite 
low. This suggested that embryos might use other mechanisms to attach to H-type-l-free 
patches of cells or gaps which may appear in the epithelial layer. Zona pellucida-free 
blastocysts attach both to plastic and extracellular matrix (ECM) substrates of various 
kinds including complex ECM material (Glass et al 1983; Welsh & Enders 1989; 
Wordinger et al 1991), various collagens, fibronectin and laminin etc (referenced below) 
and extraccllular matrix components are deposited by murine endometrial epithelial cells 
in culture (Waterhouse & Kimber unpublished). The trophoblast in these circumstances 
may attach by its basal surface (Morris & Potter 1990) rather than the apical surface by 
which attachment occurs in vivo (Schlafke & Enders 1975). This difference could account 
for discrepancies between observations made on material in utero and those on interaction 
of trophoblast with accllular substrates or non-polarised cell layers. Howevcr, during thc 
peri-implantation period the composition of apical and basal surfaces may not be dissimilar 
and may change rapidly (Morris & Potter 1990; Denker 1990; Carson et al 1990; Glasser 
& Mulholland 1993). 

283 



b 

Fig. 4. a) staining of cultured hatched blastocyst with LNF-l neoglycoprotein showing binding to 
abembryonic trophectoderm. b) H-type-l cpitope expression on a section of a polarised endometrial epithelial 
monolayer cultured [or 8 days. c) control for b). C, Cellagen; arrow apical surface. 

Recently we have grown luminal endometrial epithelial cells on suspended cross 
linked collagen membranes (Cellagen, ICN; Kimber et al 1993) in a modification of the 
method developed by Glasser et al (1988) for rat endometrial epithelium. The cells retain 
their polarity on Cellagen having a cuboidal appearance with abundant apical microvilli. 
When confluent monolayers of these cells were stained with mAb 667/9E9 the proportion 
of cells stained and the intensity of staining were greater (Fig. 4b). We co-cultured 
cmbryos with endometrial epithelial cells on such membranes using a basal hormonal 
milicu mimicking that found during the nidatory surge of estrogen. Under these conditions 
blastocyst attachment was delayed by about 20 h in the presence of LNF-l but eventually 
blastocysts attach in equal numbers to those seen in control cultures without LNF-l or in 
the presence of the control sugar Lacto-N-fucopentaose III (R. Waterhouse and S.Kimber 
in preparation). This suggests that in this static model system in which the blastocysts 
remain in contact with a patch of epithelial cells under gravity, LNF-l carrying 
glycoconjugates may be the first mcdiators of attachment. However if the trophoblast and 
epithelial surfaces remain in contact further mechanisms of adhesion may come into play. 
These sequential mechanisms contribute to the normal blastocyst attachment-adhesion
invasion cascade. Additionally, one would predict redundancy in the molecules involved 
in an event as important to the species as implantation. 

In order for our simple hypothesis of initial attachment to hold we needed to 
demonstrate that there was an H-type-l-specific receptor on the blastocyst. We examined 
binding to mouse embryos of fluorescein isothiocyanate (FITC) conjugated 
neoglycoproteins carrying 10-20 LNF-l or control sugars. Embryos were denuded of their 
zonae and stained, either after flushing from the reproductive tract, or following culture 
from the two cell stage (Lindenberg et al 1990). All these experiments were undertaken 
in the presence of 0.02% azide to prevent uptake of neoglycoproteins into the cells. No 
embryos bound LNF-I-BSA-FITC conjugates at any stage up to day 4 of pregnancy. 
However specific staining of 65% of flushed embryos and 16% of cultured embryos was 
observed on the morning of day 5 of pregnancy. By the morning of equivalent day 6 of 
pregnancy 76% of cultured embryos were stained (Fig. 4a). Staining could be inhibited 
partially by LNF-l but almost completely by the unlabelled multi-ligand LNF-I-HSA (7% 
hatched blastocysts weakly stained) suggesting multiple low affinity binding. This has been 
demonstrated for other cell adhesion systems involving carbohydrates (Stowell & Lee 
1978; Baenziger & Maynard 1980; Fenderson et al 1984). Interestingly the appearance 
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of the receptor correlated with hatching of blastocysts from the zona pellucida and 
expression occurred specifically on the abembryonic mural trophectoderm which first 
contacts the luminal epithelial surface in vivo. Our findings have recently been confirmed 
by Yamagata et Yamazaki (1991) who also found an abembryonic distribution for the 
neoglycoprotein binding receptor. 

The staining pattern with mAb 667/9E9 suggested that the H-type 1 determinant is 
carried both on a membrane protein of luminal cells and on secreted component(s). This 
latter was also indicated by its presence in uterine fluid early in pregnancy. Clearly, new 
expression of H-type-l epitope on the luminal epithelial cell surface does not occur in the 
receptive period. However the balance between the secreted and cell surface molecules 
carrying LNF-l may be crucial in determining whether trophoblast cells adhere to the 
epithelium or not. The secreted component decreases to a low level between days 4 and 
5 of pregnancy and both secreted and cell-surface components disappear from the 
endometrial epithelium after implantation (day 6-7). The earlier disappearance of this 
epitope from the uterine fluid would avoid competition for the trophectoderm receptor 
between the secreted and endometrial cell surface molecules carrying the determinant. 
However the presence of molecules containing the epitope in the luminal fluid up to day 
4 would also fit in with the inability of implantation-competent blastocysts to adhere in 
a pre-receptive uterus (Psychoyos, 1973) although this cannot be the only factor involved. 
Since the trophectoderm receptor appears between day 4 and 5 of pregnancy the presence 
of moderate levels of secreted H-type-l containing molecules in the uterine fluid on day 
4 may in fact delay attachment of advanced, receptor-positive embryos until day 5. On 
the other hand the disappearance of H-type-l epitope from the cell surface by day 6 of 
pregnancy could contribute to the refractory period. By definition in this period, >36h 
following the nidatory estrogen surge, the embryo can no longer attach. 

In a preliminary study glycolipids were extracted from the uterine epithelium and 
separated by thin layer chromatography (TLC), but staining with mAb 667/9E9 was 
negative. In contrast, the antibody bound glycolipid in lipid extracts from other tissues and 
mAbs recognizing other sugar determinants reacted with endometrial epithelial glycolipids 
(P. Pahlsson, S. Lindenberg & Kimber unpublished data). This suggested that the H-type 
1 antigen is not present in the uterine glycolipid fraction. However extraction of frozen 
sections of mouse uterus with a chloroform: methanol 2:1, but not methanol alone, 
abolished antibody binding to the epithelial cell surface (Kimber et al 1988). Thus the cell 
surface molecules localized by immunocytochemistry, although not lipids themselves, may 
contain hydrophobic domains embedded in the membrane, possibly in close association 
with lipid. Staining of the endometrial oligosaccharide is insensitive to trypsin but 
sensitive to pronase, suggesting that the determinant is carried on a trypsin-insensitive 
protein core. 

We have partially characterised the murine endometrial epithelial glycoproteins 
carrying the H-type 1 determinant (A. Cook & S.Kimber in preparation). The cell 
bound glycoproteins are transmembrane molecules which require non ionic-detergent for 
extraction. By immunoblotting with mAb 667/9E9 we identified a broad band between 120 
and 180 kD separated by SDS PAGE under reducing conditions (Fig. 5). More recent 
evidence suggests the reactive material may consist of a single glycoprotein in a number 
of glycoforms generally running as about 120-130kD. The band is present in extracts of 
endometrial epithelial cells from cycling mature fertile females and immature 
superovulated mice on day 2 of pregnancy, confirming immunocytochemical data. 
Immuno-reactive material was not found after implantation or following birth of the young 
during suckling. Prcliminary evidcnce suggests that luminal fluid contains species within 
the same MW range, so the transmembrane and secreted molecules may be similar. 

Uterine glycoproteins involved in implantation would be expected to be controlled by 
ovarian steroids. We examined the control of expression of the LNF-l cpitope and other 
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epithelium-specific saccharides by ovariectomlsmg mice on day 3 of pregnancy and 
treating with ovarian steroids to mimic various phases of the estrous cycle or early 
pregnancy. These studies indicated that appearance of LNF-l on the endometrial 
epithelium rcquircd the presence of estrogen (Kimber & Lindenberg 1990). Originally it 
appeared that progestcrone priming followed by a single dose of estrogen with 
progesterone (P+E) had a greater stimulatory effect than cstrogcn alone. Howcver more 
recent studies suggest that progesterone does not enhance the effect of estrogen. In the 
uteri of mice given progesteronc followed by singlc dosc of P + lOng E, the epitope was 
expressed in patches but it was absent after 100ng E (Kimber et al 1993b). When we 
stained sections of uterine epithelium from mice carefully selected for stage in the estrous 
cyclc it was clear that moderate amounts of the epitope were present at all stages except 
early proestrus just before the ovulatory estrogen peak (White & Kimber 1993). We found 
little change in expression of Lex during the estrous cycle but Babiarz and Hathaway 
(1988) reported subtle hormone-dependent modulation of this antigen: In ovariectomised 
mice LeX expression on the glands required both estrogen and progesterone treatment but 
on the luminal epithelium it was also present also after estrogen alone. We also found P+E 
treatment to subtly enhanccd Lex expression on the luminal epithclium (Kimber & 
Lindenberg 1990). Sialylated linear GaIB1-4GaIB1-3G1cNAc chains, also required the 
presence of P+E for epithelial expression (Babiarz and Hathaway 1988). 

To assess whether the presence of the embryo influenced expression of the H-type-1 
epitope we compared uterine expression in female mice mated with fertile males with that 
in females mated with either vasectomised males or those of strain T145 which are 
homozygous sterile. Sterile matings lead to the condition of pseudopregnancy. We could 
not detect consistent differences of any magnitude in the expression of H-type 1 between 
pseudopregnant and pregnant mice. There were subtle differences in expression of some 
other carbohydrate epitopes but whether these have significance in terms of reproductive 
function is unclear. 

Ovarian steroidal control of the H-type-1 epitope might indicate turnover of entire 
glycoproteins in response to the hormonal milieu. However a more energy-efficient 
mechanism of regulating expression of carbohydrate epitopes would be hormonal 
regulation of the glycosylation of stable proteins. We have investigated the hormonal 
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Fig 5. Immunoblot showing staining of proteins from luminal epithelium a) Coomassie stained 7.5% gel 
b) staining with second antibody c) staining with mAb 667/9E9.Lane S, MW markers; Lane 1, Hepes buffer 
extract; Lane 2, 0.1 % NP-40 extract; Lane 3, 300mM KI extract. 
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Fig 6. Uterine luminal epithelial a(I-2)fucosyltransferase (aI-2FT) activity (%dpm bound in peak areas on 
chromatogram) a) after ovariectomy and hormone replacement, b) during the first six days of pregnancy. 
a(l-2)FT was assayed using GDPL4CJfucose as donor and phenylgalactoside as specific acceptor for al-
2fucosylation. Products were separated by paper chromatography. In a) all mice were given 3 daily 
injections of estradiol benzoate and left for two days before treating as follows: A, No hormone, 4 daily 
injections of vehicle only; B, 4 daily injections of 500llg progesterone; C, 4 daily injections of lOOng 
estradiol benzoate; D, 3 daily injections of 500llg progesterone followed by a final injection of progesterone 
+ lOng estradiol. Animals were killed lSh after the final injection. 

control of synthesis of the H-type 1 epitope. The enzyme catalysing addition of the 
terminal fucose, in al-2 linkage to galactose is a specific al-2fucosyltransferase. We 
therefore assessed al-2fucosyltransferase activity in the luminal epithelium during the pre
and peri-implantation period, the estrous cycle and in steroid supplemented ovariectomised 
mice. Enzyme activity was high on days 1 and 2 of pregnancy but decreased rapidly 
through the preimplantation period becoming undetectable by day 4 (Fig. 6). Similarly 
changes occurred during the estrous cycle, with high activity being demonstrated at estrus 
but much lower activity at other periods in the cycle. In ovariectomised mice treated with 
E and, or, P the a1-2fucosyltransferase enzyme(s) was stimulated by E and strongly 
inhibited by P (White & Kimber 1993). This agrees with our previous 
immunocytochemical studies suggesting that predominant control of expression of the H
type-1 epitope is through regulation of fucosylation by ovarian steroids. 

Recently carbohydrate ligands have been identified for the selectin family of cell 
adhesion molecules which carry terminal lectin-like domains (Springer 1990; McEver 
1991; Lasky 1991 1992). Members of this family, of which three have been identified so 
far, include L-selectin, the lymphocyte homing receptor which binds to high endothelial 
venules. All three, E-, L-, and P- selectin are involved in mediating initial adhesion 
between circulating leukocytes and the vascular endothelium prior to extravasation at sites 
of inflammation. E-selectin, the endothelial-leukocyte cell adhesion molecule binds sialyl 
Lex as a major ligand (Phillips et al 1990; Tyrrell et al 1991) although it may bind to other 
structures. Contributory evidence that this carbohydrate functions as a ligand for E
selectin was the dcmonstration that transfcction of a non-myeloid cell line, lacking a(l-
3)fucosyltransferase, with the human gene for this enzyme conferred E-selectin-dependent 
cell-cell adhesion on these cells (Lowe et al 1990). Thus, control of cell adhesion 
dependent on selectin-carbohydrate interactions might also occur at the level of expression 
of fucosyltransferase activity. Furthermore, E-Selectin dependent cell adhesion of colon 
carcinoma cells to activated endothelial cells has been demonstrated to be inhibited by an 

287 



antibody to H-type-1 epitope (Dejana et al 1992) suggesting that a(1-2) fucosylation may 
be an important control point in modulating selectin based adhesion during metastasis. 
Indeed the similarities between the selectin-carbohydrate mediated initial neutrophil
endothelial interaction and the carbohydrate based mechanism of initial adhesion between 
the blastocyst and the endometrial epithelium is striking (Kimber et al 1993a,b). Perhaps 
H-type-1 mediated adhesion brings blastocysts to a halt in the same way that the rolling 
motion caused by low affinity selectin-sugar interactions with endothelial cells stops 
neutrophils. The latter allows other stronger adhesion mechanisms, specifically integrin
immunoglobulin superfamily interactions, to take effect. 

COMPONENTS OF THE 'IMPLANTATION ADHESION CASCADE' 

Although wc suggest that H-type-1 bearing carbohydrates may be responsible for 
initial embryo attachment, it is clcar that other molecules are involved. A sequence of 
interactions takes place as the trophoblast adheres to and then displaces and penetrates the 
epithelium and moves into the stroma. Most studies have examined attachment of 
blastocysts to a culture dish and the subsequent outgrowth of trophoblast cells in two 
dimensions. This is considered to mimic trophoblast invasion to some extent. Care must 
be taken in interpreting these experiments since blastocysts will attach to molecules which 
they are unlikely to contact in vivo. In vivo, the timing of appearance of receptors and 
ligands must be carefully regulated to give an orderly sequence of trophoblast interactions 
with uterine cells and extraccllular molecules. 

Attachment and outgrowth on fibronectin can be inhibited by RGD containing 
peptides or heparin and this appears to rely on interaction with peptides of fibronectin 
rather than its oligosaccharides (Armant et al 1986a,b; Farach et al 1987). However 
Sutherland et al (1988) reported inhibition of trophoblast outgrowth (but not attachment) 
by RGD tripeptidc on hoth fibronectin and laminin. Attachment on laminin requires the 
protein but not the oligosaccharide moiety. Outgrowth of trophoblast utilises the E8 
fragment but is unaffected by hcparin, even though E8 contains the heparin binding 
domain (Armant 1991). Interaction of trophoblast galactosyltransferase with laminin 
oligosaccharides also promotes outgrowth of trophoblast in vitro (Romagnano & Babiarz 
1990). Laminin has been identified on the apical surface of the trophectoderm in the pre
hatched blastocyst in vitro and attachment stage blastocysts in vivo, suggesting that basal 
and apical surfaces may not he entirely distinct at this time (Dziadek & Timpl 1985; 
Carson et al 1992). So laminin could interact with ligands on the endometrial epithelium 
and embryo in the early phase of attachment. Carson's group suggest that heparan sulphate 
proteoglycan (HSPG) may hc involvcd in initial attachment: HSPG can be detected 
immunologically on the outer surface of the blastocyst before implantation (Dziadek et al 
1985; Carson et al 1992). Staining with an antibody to perlecan, the basement membrane 
form of HSPG increased as embryos became adhesive and was present over the entire 
blastocyst surface after hatching in vivo (Carson et al 1992). In the luminal epithelium 
Potter & Morris (1992) observed basal and lateral staining at met-, di- and pro-cstrus but 
only basal staining at estrus with antibodics to syndecan (a cell-surface HSPG). During 
early pregnancy staining decreased between days 4 and 5. Apical staining, marginally 
above background, appearcd on day 5. Staining for HSPG at the luminal surface was also 
reported in mice of undefined endocrine status (Tang et al 1987). In keeping with these 
findings, Morris et al (1988) showed that turnover of HSPG is stimulated by estrogen. The 
apical appearance of HSPG in the peri-implantation period is difficult to reconcile with 
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the reported reduction in negative apical surface charge (Hewitt et al 1979; Morris & 
Potter 1984) unless there is a large reduction in other negatively charged components. 
Thrombospondin, another ECM glycoprotein, is also present on the cell surface of the 
carly embryo and peri-implantation blastocyst. Trophoblast migration on thrombospondin 
is inhibited by specific antibodies (O'Shea et al 1990). However its heparin binding 
domain is an ineffective inhibiter. 

Collagens have been implicated in supporting attachment and outgrowth (Jenkinson 
& Wilson 1973; Sherman et al 1980; Carson et al 1988; 1990). For instance, attachment 
and outgrowth of day 5 blastoeysts was reported to occur much more rapidly on collagen 
types II and VI than on types I, Ill, IV and V. Inhibition studies indicated an initial RGD 
dependent mechanism of outgrowth which was overcome with time. However, in the rat, 
collagen VI, present in undecidualised stroma, disappeared on formation of deciduoma 
(Mulholland et al 1992), suggesting interaction of trophoblast with collagen VI may not 
be important in vivo. It is likely that interaction with fibronectin and collagen IV comes 
into play once the trophoblast has started to penetrate the epithelium. 

Reorganisation and degradation of the characteristic glycoproteins and GAGs of the 
epithelial basement membrane must be an important component in trophoblast movement 
through the basement membrane and into the stroma (Kubo et al 1981; Glass et al 1983; 
Welsh & Enders 1989; Behrendtsen et al 1992; Lala & Graham 1990). Both the luminal 
epithelium (Welsh & Enders 1989) and decidual cells (Blankenship & Given 1992) may 
aid penetration through the epithelial basement membrane by their degradative activity. 

Once the decidual response has been initiated, stromal cells produce increased 
amounts of lam in in, entactin, fibronectin, type IV collagen and HSPG and organise it into 
a basement membrane-like layer around themselves (Grinnell et al 1982; Wewer et al 
1986; Glasser et al 1987; Aplin et al 1988). Furthermore, the type and quantity of 
fibronectin mRNA expressed changes as particular spliced variants become concentrated 
anti-mesometrially (Rider et al 1992). Embryos can also attach and outgrow on 
hyaluronate - HA (Carson et al 1987b). HA synthesis by stromal cells was reported to 
increase as they deeidualise in vitro (Carson et al 1987b) but localisation with a specific 
probe shows HA is not present adjacent to the luminal epithelium, especially anti
mesometrially where blastocyst attachment occurs (Brown & Papaioannou 1992). 
Chondroitin sulphate proteoglycans, a major class of proteoglycan synthesised by 
endometrial stroma cells in vitro in the mouse (Jacobs & Carson 1991) have been reported 
to inhibit outgrowth on fibronectin and collagen (Carson et al 1988). The presence of 
adhesive and inhibitory molecules may facilitate cell movement which requires firm 
attachment and detachment from the substrate. The blastocyst is capable of interacting with 
a large number of the macromolecules present in the epithelium and decidualised stroma, 
suggesting extremely complex interactions in vivo. 

EMBRYONIC CELL SURFACE CARBOHYDRATE EXPRESSION DURING THE 
PERI-IMPLANTATION PERIOD 

It is known that once the blastocyst has hatched from the zona pcllucida it is extremely 
sticky and can attach indiscriminately to many surfaces (Holmes & Dickson 1973; Holmes 
& Lindenberg 1988). Indecd, blastocysts which have hatched in vitro tend to stick avidly 
to one another. Early experiments revealed that embryos flushed on day 5 of pregnancy, 
or reactivated to implant after delay, bound colloidal iron or alcian blue indicators of 
negatively charged carbohydrate (Holmes & Dickson 1973; Nilsson et al 1980). In 
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ovariectomised, steroid-treated mice embryonic staining correlated with estrogen treatment 
of the dams. Lectin binding suggested changes in cell surface glycoconjugates at the time 
of implantation (Chavez & Enders 1981; Chavez 1986 1990; reviewed Kimber 1990). 
However results from studies using lectins have been conflicting, preventing definite 
conclusions about the role of carbohydrates in trophectodermal adhesiveness. 

The advent of the monoclonal antibody technique (Kohler & Milstein 1975) has 
greatly enlarged our knowledge of changing cell surface expression during preimplantation 
developmcnt (Fcizi, 1985 1988; Richa & Solter 1986; Kimber 1990; Fenderson et al 
1990). Although antigens have been identified we frequently remain ignorant about the 
molecules to which they arc attached. This is particularly true for carbohydrate cpitopes: 
changes in their expression correlate in many cases with developmental transitions in the 
pre-implantation embryo but we have few clues as to their role. However, there is evi
dence that cell surface glycoconjugates function in cellular interactions in the embryo (Bird 
& Kimber 1984; Fenderson et al 1984; Bayna et al 1988; Rastan et al 1985). 

Antigens have been identified, using mAbs, which change at, or just before, 
implantation. For instance, the Forssman glycolipid has long been known to appear first 
on the cell surface of the mouse embryo at the late morula to early blastocyst stage. It is 
present on the trophectoderm of the expanded blastocyst but decreases thereafter, although 
remaining on the ICM lineage (Stinnakre et al 1981; Willison et al 1982). Antibodies to 
human blood group related antigens have proved particularly helpful in studying cell
surface changes in embryonic development, as they have for studying the endometrial 
epithclium. Modifying terminal structures would be an economical way of changing the 
surface composition prescnted to the external environment. The expression of such 
antigens has been reviewed (Richa & Solter 1986; Fenderson et al 1990; Kimber 1990) 
and only observations relevant to implantation will be outlined here. Certain epitopes 
appear while others disappear as thc trophoblast differcntiates. For instance the SSEA-l 
determinant (LeX) is first expressed at the 8-cell stage, and may be involved in stabilisation 
of cell-cell interactions in the embryo at that time (Bird & Kimber 1984; Fenderson et al 
1984). It diminishes on the trophectoderm of expanded blastocyst stage embryos but is 
retained on the inner cell mass (So Iter et al 1978; Fox et al 1981; Wood et al 1992). In 
contrast, the LeY antigen appears at the 8-16 cell stage in embryos flushed from the uterus, 
but not on embryos flushed earlier from the oviduct and cultured in vitro (Fenderson et 
al 1986; Kimber 1990). Apparently synthesis of the antigen is triggered by, or the antigen 
is absorbed from, the utcrine fluid. The latter may be more likely as glycosylatcd 
molecules have been reported to be absorbed from the female tract (e.g Gaunt 1985: Kapur 
& Johnson 1988; St Jaques et al 1992) emphasising the potential influence of reproductive 
tract fluid on the embryo. However, embryos themselves synthesise molecules carrying 
these epitopes later in development (Gaunt 1985; Fenderson et al 1986) and some of these 
may be involved in implantation (see below). 

What might be the nature of a trophectodermal receptor which binds to carbohydrate 
on the endometrial epithelium? In similar systems, such as plant lectin-sugar interaction 
or the binding of carbohydrate by selectins, heterophilic interaction occurs between a 
protein domain and the carbohydrate. S-type and C-type lectins have been identified in 
animal cells and may be involved in cell-cell interactions. S-type iectins have mainly been 
found to be galactose-binding molecules (Drickamer 1988). C-type but not S-type lectins 
are calcium dependent, a feature exhibited, albeit weakly, by binding of LNF-l
neoglycoproteins to the blastocyst. This suggests that the receptor for H-type-l carrying 
glycoproteins might be a C-type lectin. We are currently testing this. An alternative to 
protein-carbohydrate interaction has been proposed by Fenderson and colleagues (1991). 
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They incorporated Lex or LeY into liposomes composed of 14C-choIesterol and examined 
binding of these liposomes to glycolipid derivitised substrates (Eggens et al 1989; 
Fenderson ct al 1991). Lex-liposomes bound Lex-glycolipid but LeY liposomes bound H
typc-l and H-type-2 glycolipids but not others in a calcium- and density-dependent 
manner. Thus, binding of H-type-l epitopes of endometrial glycoproteins could occur by 
a carbohydrate-carbohydrate interaction involving LeY present on the blastocyst surface 
(see above). Future research will allow us to distinguish between these possibilities. 

The initial attachment phase of implantation appears morphologically similar between 
species, so our data on the murine embryo may act as a pointer to universal mechanisms. 
Fucosylated components have been detected in the endometrial epithelium of other 
mammals, such as equids (Whyte & Allen 1985) and humans (Bychkov & Toto 1986; 
Damjanov & Lee 1986; Inoue et aI1987,1990; Garin-Chesa & Rettig 1989; Aplin, 1991; 
Ravn et al 1992). Immunocytochemical examination of the endometrial epithelium of the 
rat, cow and human revealed the presence of oligosaccharide antigens similar to the H
type-l determinant involved in embryonic attachment in the mouse. Rat endometrial 
epithelial cells express the H -type-1 epitope under the control of ovarian steroids (Kimber 
& Glasser in preparation). In the human molecule(s) carrying this epitope appear to be 
masked by sialic acid. They increase in the luteal phase at the expected time for 
implantation (S. Lindenberg & S.Kimber unpublished). Thus the H-type 1 epitope may 
prove a useful adjunct in assessment of uterine biopsies (Aplin 1991). If similar molecules 
are involved in human implantation they may be clinically important in the diagnosis of 
infertility. 
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IN VITRO ANALYSIS OF EPITHELIAL SURFACE 
CHANGES DURING IMPLANTATION 
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INTRODUCTION 

Blastocyst implantation involves interaction between two independently controlled 
yet highly interdependent systems, the embryo and its maternal environment. In rodents 
the preimplantation blastocyst becomes closely surrounded by uterine epithelium in an 
"implantation chamber" (Enders, 1975), which precedes the first irreversible interaction 
between the embryo and uterus -- adhesion between the apical surfaces of the first embry
onic epithelium (trophectoderm) and the uterine epithelium (" 1" in Figure 1). In mice, 
adhesion occurs about 100 hours after the morning in which the coital vaginal plug is 
discovered (potts, 1968). In rats this is brought about by a nidatory surge of estradiol, 
accompanying increasing levels of progesterone (psychoyos, 1973). There is no clear 
separation in time between the appearance of apical adhesion and the initiation of 
basolateral changes, which occur between about 3.5 and 4.5 days after mating ("2" in 
Figure 1). These changes are characterized by a loosening of lateral cell associations, 
involving ultimately the junctional complexes ("3" in Figure 1) and a separation of the 
epithelium from its basal lamina (Schlafke et al., 1985), preparatory to its subsequent 
sloughing and cell death (parr et al., 1987). 

In this chapter we report our observations on these phenomena in vitro, using three 
different systems: hanging drop culture to study apical epithelial interactions, cell 
monolayer culture to study surface turnover, and rotation mediated suspension culture to 
examine junctional association. Although we have focused exclusively on the epithelium 
in the present work, it is important to emphasize that the exquisite sensitivity of the 
uterine epithelium to the maternal hormonal status throughout the estrous cycle and during 
the initiation of these changes may depend directly or indirectly on participation of the 
subadjacent stromal cells (Glasser and McCormack, 1981; Cunha et al., 1985; 
Astrahantseff and Morris, 1992). 

CHANGES IN THE APICAL EPITHELIAL SURFACE 

Because blastocysts in vitro are relatively non-adhesive toward living cells 
compared with their tenacious binding to and spreading on non-biological surfaces (Glass 

Endocrinology of Embryo-Endometrium Interactions 
Edited by S.R. Glasser et al., Plenum Press, New York, 1994 297 



et al., 1980; Morris et al., 1983), the idea has developed that the pre-implantation uterine 
epithelial surface coat (the glycocalyx) blocks blastocyst adhesion (Enders and Schlafke, 
1974; Morris and Potter, 1990). One group of candidate blocking molecules is the 
sialylated glycoconjugates, which are the dominant contributors to negative surface charge 
on these cells (Morris and Potter, 1984; Zhu et al., 1990). Net negative surface charge 
on both blastocysts and uterine epithelial cells decreases sharply as the time of blastocyst 
adhesion approaches, by the criteria of histological staining (Hewitt et al., 1979), 
electrophoretic mobility (Nilsson and Hj erten , 1982), and binding to DEAE beads 
(Morris and Potter, 1984). In contrast, there is an increase in specific cell adhesion 
molecules, notably lacto-N-fucopentaose-1 (see Kimber in the present volume and Kimber 
and Lindenberg, 1990; Lindenberg et al., 1990), which likely binds specific receptors on 
blastocysts (Yamagata and Yamazaki, 1991). Lacto-N-fucopentaose-1 may be one of the 
oligo saccharides compnsIng the heterogeneous galactosyltransferase-binding 
lactosaminoglycans, which have been identified as adhesive ligands between uterine 
epithelial cells (Dutt et al., 1987, 1988). There is evidence from studies of endothelial
leukocyte interaction that a transition from sialylated to fucosylated lactosaminoglycans 
may regulate cell adhesion (Lowe et al., 1990; Zhou et al., 1991), and it is reasonable 
to expect that there is a similar regulation of both adhesion inhibiting and promoting 
molecules also in blastocyst implantation. 

Tro,bo
bla .Il. 

1' ...... \1 ... 

2 

Figure 1. Cartoon of hatched mouse blastocyst prior to implantation, indicating the major 
epithelial events examined here using three different in vitro systems. Following this apposition stage, 
the blastocyst adheres to the apical surface of the uterine epithelium by specific adhesion sites (1). 
During the invasion stage the epithelium shows a loosening of basal and basolateral associations resulting 
in separation from the basal lamina (2) and a reorganization of lateral junctions (3). 

Figure 2. Hanging drop cultures of mouse 3.5-day blastocysts with vesicles of uterine epitheli
um. Living blastocysts adhering to individual vesicles in drops after 2 days in culture. x560. 
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Figure 3. Influence of vesicle number on adhesion frequency. Hanging drop cultures of 3.5-
day blastocysts were placed together with varying numbers of epithelial vesicles for 2 days in 15-20 III 
drops of medium. Adhesion was determined by the failure of blastocyst and vesicle to separate when 
vibrated. Data from one experiment for 2-5 vesicles; others are averages of at least two experiments. 

In order to examine various adhesion control mechanisms more critically, some 
years ago we extended the classical hanging drop culture system to permit the direct 
microscopic examination of adhesion between single blastocysts and single vesicles of 
uterine epithelium (Figure 2 and Morris et aI., 1982; Morris and Potter, 1990). The 
major advantages of this system over systems in which blastocysts are placed on sheets 
of epithelial cells in culture (Salomon and Sherman, 1975; Enders et al., 1981) are that 
the sites of contact could be directly observed and that blastocysts interacted only with 
epithelial cells, not the culture substratum. A major disadvantage is that the frequency 
of adhesion is low and unpredictable, so that it is not possible to get statistically meaning
ful tests of inhibitors or stimulators. 

A likely reason for the low adhesion frequency with the hanging drop system is 
the fact that within some drops the blastocyst and vesicle remain in intimate contact but 
in others they separate due to various factors ranging from vibrations in the incubator to 
interposition of cell secretions or debris. The need for sustained intimate contact is 
suggested by the apposition stage of implantation in which rodent blastocysts are tightly 
enclosed in the implantation chamber in vivo prior to attachment (Enders, 1975). The 
need for intimate contact in vitro in rabbits was shown by the requirement for bundling 
blastocysts and epithelium together in miniature dialysis bags, which gave a significantly 
higher frequency of adhesion than when they were in hanging drops (Hohn and Denker, 
1990). Applying these ideas to our system, we have been able to greatly enhance adhe
sion frequency in hanging drops simply by packing enough uterine epithelial vesicles 
together with a single blastocyst into the drop to assure intimate contact (Figure 3). We 
cannot yet say whether adhesion frequency increased due to greater contact rather than, 
or in addition to, a higher concentration of a factor released from the epithelial vesicles. 

CHANGES IN THE EPITHELIAL BASOLATERAL SURFACES AND BASAL 
LAMINA 

Although events at the apical surface of uterine epithelial cells probably are the 
most important for initial adhesive interactions, changes at the more extensive basolateral 
surfaces and basal lamina may drive those at the apical surface. For example, uterine 
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epithelial integrins may be retargeted from their more characteristic residence on the basal 
surface where they interact with the basal lamina (Lessey et al., 1992) to lateral or even 
the apical surface (see Denker in this volume), as in keratinocytes (Larjava et al., 1990) 
and endothelial cells (Conforti et al., 1992) in culture. Beyond this, associations between 
adjacent epithelial cells and between these cells and their matrix must undergo dramatic 
changes during the invasive stage of implantation, as the epithelium becomes penetrable 
by the invasive trophoblast (Damsky et al., 1992) and loosens its grip on its basal lamina. 
Although molecules moving laterally within the plasma membrane of most epithelia are 
restricted to their respective apical and basolateral compartments by the junctional 
complex that girdles and links the cells near the apical surface, there is some shuttling of 
plasma membrane proteins from the basal to apical surfaces of at least some epithelia by 
endocytosis and retargeting to the new surface (Nelson, 1992). Retargeting has not been 
directly demonstrated in uterine epithelium, but there is ultrastructural evidence for basal 
and basolateral to apical vesicular traffic (parr, 1980). In vitro analysis of tissue from rat 
uteri cultured on membrane filters coated with a basal lamina preparation from 
Englebreth-Holmes-Swarm tumor (Matrigel) has revealed a distinct polarity of secretion 
(Glasser et al., 1988). Keratan sulfate and heparan sulfate are secreted into the medium 
predominantly from the apical surface (Carson et al., 1988) and prostaglandinP2a from 
the basal surface (Jacobs et al., 1990). 

In our work we have focused on the heparan sulfate proteoglycans (HSPGs) 
associated with the basolateral plasma membranes and in the basal lamina of mouse 
uterine epithelium as molecules of particular interest during implantation. In mammalian 
epithelia the dominant HSPGs exist either as syndecan, the 200-250 kDa HSPG of the 
basolateral plasma membrane (Saunders et al., 1989), or as perlecan, the 467 kDa HSPG 
of the basal lamina (Noonan et al., 1991). Syndecan anchors the uterine epithelium 
apparently by extending through the basal lamina to the underlying stromal matrix and 
binding collagen I, and perlecan acts within the basal lamina to maintain the integrity of 
this barrier between epithelial and stromal cells. In addition, both proteoglycans bind 
growth factors (Bernfield and Hooper, 1991; Ruoslahti and Yamaguchi, 1991; Yayon et 
al., 1991). As we show here, the two types of HSPG also appear to be sensitive to the 
uterine hormonal milieu in distinctly different ways. 

Turnover of Cell Membrane HSPG 

A cell membrane HSPG that is the major metabolically active proteoglycan in 
uterine epithelium in vivo and in vitro appears to be identical to the mouse mammary cell 
membrane HSPG, syndecan, or closely related to it, on the basis of its size and 
glycosarninoglycan composition (Morris et al., 1988a) and the reactivity of tissue sections 
to anti-syndecan antibody (potter and Morris, 1992). The uterine epithelial HSPG, 
however, appears to have a much smaller ratio of chondroitin sulfate to heparan sulfate 
than that reported for syndecan (Saunders et al., 1989). 

Despite the fact that in autoradiographs of 3sS-sulfate-labeled tissue sections the 
vast majority of exposed silver grains lie in the stromal matrix, extraction of the epithelial 
surface of the intact uterus with I % non-ionic detergent, Nonidet P-40 (NP-40) for 1 
minute removes label almost exclusively from the epithelium. Electron micrographs show 
that tissue extraction occurs down to the level of the basal lamina barrier but not below 
it. Nearly all of the epithelial labeling is on the basolateral and basal surfaces. We found 
label on the apical surface to be less predictable, always in lesser amounts when present, 
and completely removed by extraction with the NP-40 (Morris et al., 1988a). Following 
the intraperitoneal injection of 12.5 ng of estradiol into 3-week old sexually immature 
mice daily for 3 days (Figure 4) or into ovariectomized adult mice daily for 2 days 
(Morris et al., 1988a), there was little apparent change in the extractable cell membrane 
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Figure 4. Proteoglycans from cultures of immature mice. Uteri were labeled in culture 1 hr, 
washed, and extracted with NP-40. The isolated proteoglycans were chromatographed on Sepharose 
CL-4B in 4 M guanidine-HCI and 0.5% Triton X-1OO. 

Figure S. Proteoglycans from cultures of uteri from pregnant mice. Uteri were labeled in 
culture 4 hr, removed from the culture medium (D), and sequentially separated into NP-40 extract (A), 
NP-40IKCI extract (B), and residual tissue (C). The isolated proteoglycans were chromatographed on 
Sepharose CL-4B as in Figure 4 following either no treatment (UNDIGESTED), digestion with 
chondroitinase ABC (Chase ABC) to reveal HSPGs, or digestion with heparitinase (HSase) to reveal 
DS/CSPGs. The columns in Figures 4 and 5 were calibrated with blue dextran (0 KJ, [3H]glucosamine 
(1.0 KJ, and three protein standards (arrows above A, from the left): catalase (232K MW), aldolase 
(158K MW), and ribonuclease A (13.7K MW). (Figures 4 and 5 reprinted from J. BioI. Chern. 
263:4712, 1988, by permission, The American Society for Biochemistry). 

HSPG peak, but there was a sharp relative increase in the amount of label going into the 
lysosomally degraded HSPG (Morris et al., 1988b). An identical increase was seen in 
4.S-day pregnant mice (Figure SA). These observations, together with pUlse-chase 
labeling and the use of chloroquine to block lysosomal activity provide evidence that the 
HSPG is endocytosed and degraded at the same time it is actively being synthesized and 
carried to the cell surface. The turnover in HSPG was not affected by prior injection with 
progesterone or its inclusion with estradiol, suggesting that the turnover during early 
pregnancy may also be an estradiol mediated event. It is significant that both during 
estradiol-induced mitotic activity in estrus (Finn and Publicover, 1981) and during estab
lishment of new cell adhesive interactions in early pregnancy, the turnover of cell-surface 
macromolecules correlates with renewed biological activity in the cells. 

Reorganization of HSPG within the Cell Membrane 

If the metabolic turnover of membrane HSPG reflects a general remodeling of the 
cell membrane in uterine epithelium, a change in distribution of this HSPG might occur 
as it does in the branching of mouse mammary gland (Rapraeger et al., 1986) or its reor
ganization of adhesive junctions in culture (Rapraeger and Bernfie1d, 1985). Accordingly, 
we examined its localization during the estrous cycle and during the early stages of 
pregnancy (potter and Morris, 1992). Using monoclonal antibody 281-2 (Rapraeger et 
al., 1986), we found that syndecan shifts from a basolateral to a predominantly basal 
localization, and into the basal lamina and subadjacent stromal matrix, as the estrous cycle 
progressed from metestrus toward estrus. Stromal localization of anti-syndecan-reactive 
HSPG has also been reported in estrous rats (Carson et al., 1993). This response could 
be induced by the injection of estradiol into intact immature or ovariectomized adult mice 
(Figure 6). Between 3.5 to 4.5 days of pregnancy the process was reversed, and both 
epithelial and stromal staining became much less intense. This distribution is quite 
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Figure 6. Comparison of anti-syndecan localization in uterine tissue from immature (A,B) and 
ovariectomized mature (C,D,E) mice injected with saline (A,C) or estradiol (B,D) or with simultaneous 
injections of estradiol and progesterone (E). Uteri of animals receiving estradiol showed more intense 
stromal reaction with anti-syndecan monoclonal antibody, 281-2 (B,D). Those receiving both steroids 
(E) had stromal staining equivalent to those receiving estradiol alone (D). Bars = 50 j.lm. (Reprinted 
from Anal. Rec. 284:383, 1992, with permission, John Wiley & Sons). 

different from that of the cell adhesion molecule uvomorulin (E-cadherin), discussed in 
the last section. 

Stability and Stimulation of Basal Lamina HSPG 

On the other hand, the localization of perlecan, which is not inserted in the plasma 
membrane, appears unaffected by steroids in the uterus (potter and Morris, 1992). 
Regardless of the stage of the estrous cycle or the biological changes up to at least 4.5 
days of pregnancy a polyclonal antibody AF-2 (Hassell et al., 1985) or monoclonal 
antibody HK-84 or HK-I02 (Kato et al., 1988) always localized to the basal lamina of the 
uterine epithelium and vascular endothelium (Figure 7 and Potter and Morris, 1992). The 
rigid localization only reflects the stability of basal lamina localization; it is not evidence 
of metabolic stability. Under conditions that clearly labeled the metabolically active cell 
membrane HSPG in uteri from pregnant mice, no peak of radioactivity was seen in a 
larger proteoglycan that could have represented basal lamina HSPG, even when the tissue 
was extracted with 1 M Kel, which should have released basal lamina proteoglycans 
(Figure 5B). The large proteoglycans that remained in the tissue after extraction (Figure 
5C) and those that were released into the culture medium (Figure 5D) were predominantly 
chondroitin sulfate proteoglycans. In uteri of immature mice stimulated to grow in 
response to estradiol, however, a small but distinct enhancement of large HSPG synthesis 
was occasionally seen after only 1 hour of incubation with 35S-sulfate (see peak at 0.2-0.3 
~ in Figure 4). These observations suggest that the basal lamina HSPG turns over very 
slowly and is under tight metabolic control. 

To investigate the control of basal lamina HSPG turnover uterine epithelial cells 
from immature mice were isolated by digestion in pancreatin and trypsin and incubated 
with 35S-sulfate in culture for 4 hours. During the first 6 hours of culture (4 hours of 
which were with 35S-sulfate) the proteoglycans synthesized were indistinguishable from 
those synthesized in intact tissue, by the criteria of enzyme susceptibility and Sepharose 
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Figure 7. Immunohistochemical demonstration of basal lamina HSPG in mouse uterine epithe
lium. Sections of fresh-frozen tissue were fixed and permeabilized with methanol at -20 'C. 
Monoclonal antibody HK-84 against periecan, the EHS tumor low-density basal lamina HSPG (A) and 
nonrelevant IgG-containing rat hybridoma supernatant (B) were stained with FITC-conjugated rabbit 
anti-rat IgG. Note that the basal lamina of blood vessels also is antigenic for HK-84. E, epithelium; b, 
blood vessels; arrow, basal lamina of epithelium. 
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Figure 8. A large metabolically active and detergent resistant proteoglycan increased in isolat
ed epithelium during culture. Flakes of epithelium from uteri of immature mice in culture were labeled 
with 3sS-sulfate for 4 hours during the interval indicated (A-E). A proteoglycan eluting at about 0.2 K". 
from Sepharose CL-4B was labeled only after at least 6 hours of culture (B-E). It was not extracted 
with detergent (Nonidet-P40) but was extracted in the detergent-resistant fraction with guanidine-HCI 
(GnCI) and reacted with anti-perlecan antibody on western blots. 

Figure 9. Relative increase of the 0.2 KaY peak during culture on Matrigel. Fragments 'were 
cultured for 20 hours (A) or 72 hours (B) on 1: 1 dilution Matrigel. (A) Guanidine-HCI extracts of 20-
hour cultures on Matrigel or on plastic (control) with 35S-sulfate. They were sequentially extracted with 
NP-40 and guanidine-HCI (GnCI). Only the guanidine-HCI extracts are shown for A, and only the 
Matrigel culture is shown for B. (Figures 8 and 9 reprinted from In Vitro Cell. Devel. Bioi., in press 
by permission of The Tissue Culture Association of America). 
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CL-4B chromatography (compare Figure 8A with controls in Figure 4). In other words, 
the process of isolating the cells from the tissue had no significant influence on 
proteoglycan synthesis. After longer periods of culture, however, as the epithelial 
fragments had recovered and spread on the dish, a large HSPG gradually appeared in 
detergent and 4 M guanidine-HCI extracts (but not in detergent extracts without high ionic 
strength); small amounts appeared after 24 hours (Figure 8B), increasing to a maximum 
by 48 hours (Figure 8C), and maintaining a steady rate of accumulation up to at least 96 
hours (Figure 8D,E). Susceptibility to heparitinase but not to chondroitinase and binding 
of monoclonal antibody HK-84 or HK-102 to transfer blots of the proteoglycans strongly 
suggest that the large HSPG is perlecan (Morris et al., 1993). 

Culturing the cells on matrix obtained by detergent or EDT A treatment of stromal 
cell monolayers had no influence on the 20- or 72-hour pattern of HSPG synthesis (data 
not shown), but culture over Matrigel, a basal lamina extract from Engelbreth-Holm
Swarm (EHS) tumor, induced a dramatic increase in the accumulation of 35S-sulfate in the 
large HSPG fraction (Figure 9). The maximal effect required culture with intact Matrigel, 
but we were able to obtain a partial stimulation from simple medium extracts of Matrigel 
obtained by either a I-hour incubation with 5X concentrated DMEM (Figure 1OC,D) or 
a 24-hour incubation with IX DMEM. Because we observed less stimulation of large 
HSPG by Matrigel in the absence of serum (Figure 1OB) than with it (Figure lOC), we 
asked whether the action of both Matrigel and serum could be due to growth factors. The 
examination of transforming growth factor-Bl (TGF-.Bl), basic fibroblast growth factor, 
epidermal growth factor, insulin -like growth factor -1, and interleukin-l revealed that only 
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Figure 10. A saline extract of Matrigel is an effective inducer of large HSPG in cultured epi
thelial cells. Matrigel was extracted with 5X concentrated DMEM as described in the text. Cells were 
cultured for 2 days + or - serum (S) and + or - Matrigel extract (MX) and then labeled with 35S-sulfate 
for a 3rd day. Compared to the control dish without serum or Matrigel (A), the radioactivity in the 0.2 
K", peak relative to the total radioactivity was 17 % higher with serum added (B). Matrigel alone stimu
lated radioactivity 28 % (C), and Matrigel with serum stimulated it 48 % (D). (Reprinted from In Vitro 
Cell. Devel. Bioi., in press by permission of The Tissue Culture Association of America). 

Figure 11. TGF-IH mimics the activity of Matrigel and Matrigel extract by the selective induc
tion of large HSPG. Epithelial cells cultured 2 days in serum-free DMEM with 10 ng/ml each of sever
al factors were given 35S-sulfate during the 2nd day. Proteoglycans were isolated and chromatographed 
on Sepharose CL-4B. Only TGF-IH among those factors tested stimulated the 0.2 If,., peak. (Reprinted 
from In Vitro Cell. Devel. BioI., in press by permission of The Tissue Culture Association of America). 
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Figure 12. Development of vesicles from fragments of uterine epithelium. Epithelium was 
isolated from uteri of mice on day 4 of pregnancy (i.e., 3.5 days post-coitus) and cultured en masse on a 
shaker. Scanning electron micrographs were made initially (a), after 3 hours (b), and after 24 hours (c). 
Vesicles were selected for size and pooled (shown live in d). Note that the rolling of uterine fragments 
occurred with the apical surface facing outward and the basal surface inside the vesicle. Scale bar = 10 
J.'m (a-c) 50 J.'m (d). (Reprinted from Trophoblast Research 4:51, 1990, with permission of Plenum 
Publishing Corp.). 

Figure 13. Disruption of lateral cell associations by estradiol. Immature mice were injected 
for 3 days with 12.5 ng of estradiol daily prior to removal of uteri. Epithelial flakes from saline-inject
ed (A,C) or estradiol-injected (B,D) mice were isolated (Morris and Potter, 1984) and immediately pre
pared for scanning electron microscopy (A,B). After 24 hours in rotation culture the vesicles were 
photographed (C,D). Epithelia from mice receiving estradiol were much more fragile and formed poor
ly organized and disintegrating aggregates. Such cells showed no abnormalities in their ability to attach 
to and spread on tissue culture plastic (not shown). Scale bar = 50 J.'m. 

TGF-l31 specifically stimulated the basal lamina HSPG (Figure 11). Based upon the 
binding of antiserum against TGF-fil to western blots, we estimate that Matrigel may 
contain 4-25 ng of TGF-fil per ml of Matrigel (range of two assays, Morris et al., 1993); 
on the basis of inhibition of cell division assays about 6.7-8.5 ng/ml appears to be present 
(Vukicevic et al., 1992). 

These observations suggest that the basal lamina HSPG ordinarily turns over very 
slowly in uterine epithelium but can be stimulated by TGF-J31, which is known to be 
synthesized by uterine epithelium, but not stroma, during the first 4 days of pregnancy 
in the mouse (Tamada et al., 1990). Because of the high affinity of collagen IV for TGF
fil (paralkar et al., 1991), the basal lamina may act as a reservoir to release the factor to 
stimulate new lamina synthesis in surrounding intact epithelium (Silberstein et al., 1992), 
when it is degraded by the underlying stromal cells during the invasive stage of 
implantation (Schlafke et al., 1985) or when the cells are stimulated to divide by estradiol 
or by spreading on new surfaces. 

CHANGES IN ASSOCIATION BETWEEN EPITHELIAL CELLS 

Influence of Hormonal Status on Integrity of the Epithelium 

There is a striking difference between the integrity of the epithelium in early 
pregnancy compared with other stages. Epithelium isolated from 3.5-day pregnant mice 
rolls up into transparent vesicles if maintained in suspension culture overnight, either in 
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hanging drops or in gently gyrating (50 rpm) Erlenmeyer flasks (Figure 12). It is these 
vesicles that were used for the hanging drop experiments (Figures 2 and 3). Vesicles also 
were obtained from epithelium removed from immature mice, but these were not as 
symmetrical nor as large and tended to be collapsed and solid instead of hollow (Figure 
13C). A striking difference was seen if immature mice had been treated with estradiol; 
the cells showed a nearly complete loss of cell-cell adhesion and formed loose fragmented 
aggregates (Figure 13D). If the aggregates were transferred to a dish, the cells were fully 
capable of spreading on the plastic, indicating that they were still viable and retained 
substrate adhesion capabilities. The difference in adhesiveness between cells of control 
and estradiol-treated epithelium did not develop during culture but was present from the 
start. The freshly isolated immature epithelium that had not been exposed to estradiol was 
in smooth intact flakes (Figure 13A), similar to the epithelium removed from pregnant 
adult mice (Figure 12A), but the epithelium from estradiol-treated mice consisted of 
rounded cells that appeared to be only loosely adhering to one another (Figure 13B). The 
implication is that adhesion molecules localized along the lateral surfaces of the cells 
either were removed or inactivated in response to estradiol. 

As would be expected, naturally cycling and pregnant adult mice showed differenc
es in their ability to form epithelial vesicles that correlated with their hormonal experience 
(S.W.P., unpUblished data). The best vesicles were formed from epithelium in early 
estrus and the most fragmented in metestrus. Thus, the loss of cell-cell adhesion lagged 
somewhat behind the peak estradiol levels at estrus, but they correlate with the regression 
of the epithelial cell surface in post-estrous mice and may reflect the delay required 
between exposure to estradiol and translation into membrane-mediated adhesion changes. 
Immature mice injected with estradiol for only 1 day began to show a loss of epithelial 
integrity that was not fully developed until about 3 days. In pregnant mice, the attainment 
of optimum vesicles peaked at 3.5 days after mating, a time during which serum levels 
of estradiol in rats has peaked and progesterone is still increasing (Glasser and 
McCormack, 1981). Beyond 3.5 days the quality of vesicles had deteriorated (Morris 
and Potter, 1984), so that they appeared similar to vesicles produced by epithelium from 
estradiol-treated immature mice. 

Influence or Hormonal Status on Uvomorulin (E-cadherin) 

A clue to the target of estradiol inhibition of cell-cell adhesion came from the 
observation that in silver stained SDS-PAGE gels a 120 kDa band was present in extracts 
from the uteri of 2.5- through 4.5-day pregnant mice but was very weak in extracts from 
0.5- and 1.5-day pregnant mice (potter et al" 1991). The size of the protein represented 
by this band suggested that it may be the cell adhesion molecule uvomorulin (Hyafil et 
al" 1981) or E-cadherin (Yoshida and Takeichi, 1982), which are the mouse analogs of 
human cell-CAM 120/80 (Dam sky et al" 1983). An 80 kDa fragment of cell-CAM 
120/80 or of E-cadherin represents the extracellular adhesive domain, minus the plasma 
membrane-spanning and cytoplasmic domains. In our experiments anti-uvomorulin 
typically bound to both 120 kDa and 80 kDa bands, but only in western blots of detergent 
extracts that were from uteri of estrous mice. A more intensely reactive 120 kDa band, 
but typically no 80 kDa band, was seen in blots of extract from 4.5-day pregnant mice 
(potter et al., in preparation). 

E-cadherin is restricted to the lateral surface of rat uterine epithelial cells in vitro 
(Glasser et al., 1988). It is relatively uniformly distributed over the basolateral cell 
surface of mouse uterine epithelial cells in vivo during early pregnancy, but some 
localization appears at focal contact sites between the blastocyst and uterine epithelial 
surfaces after about 5 days (Kadokawa et al., 1989). We found that considerable change 
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Figure 14. Changing distribution in E-cadherin during pregnancy. Uteri were frozen and 
permeabilized with methanol after sectioning. After incubation with monoclonal antibody against E
cadherin (uvomorulin) for 1 hr, the sections were washed and reacted with HRP-linked anti-rat IgG and 
stained with DAB. Shown are (A) 3.5-day pregnant uterus reacted with primary and secondary antibody 
or (B) with secondary antibody only as a control; (C) 4.5-day and (D) 5.5-day pregnant mice were 
reacted with both antibodies. During 4.5 to 5.5 days of pregnancy the antibody reaction product became 
progressively restricted and concentrated at the apical cell borders, in punctate regions, approximating 
the location of junctional complexes. Scale bar = 50 /Lm. 

in localization occurs that correlates with the change in ability of the cells to form vesicles 
and with the change in reactivity of 120 kDa and 80 kDa E-cadherin on western bolts 
(Potter et al., in preparation). Epithelium between 3.5 and 5.5 days of pregnancy showed 
a progressive restriction of staining from general basolateral staining at 3.5 days to intense 
staining at the apical-basolateral boundary by 5.5 days (Figure 14). The latter staining was 
restricted to punctate regions at junctions between cells, probably within the junctional 
complexes. The failure of metestrous epithelium to form intact vesicles is evidence for 
an estradiol-triggered cleavage of cell adhesion molecules, as seen by the appearance of 
80 kDa E-cadherin fragments at estrus. Restriction of E-cadherin to the junctional 
complex by 5.5 days correlates with the normal loosening of epithelium in preparation for 
invasion by the trophoblast and with the inability of epithelium beyond 3.5 days to form 
robust vesicles (Morris and Potter, 1984). 

Other evidence suggests that the ability of uterine epithelium from 3.5-day 
pregnant mice to form hollow vesicles may be due at least in part to the presence of intact 
120 kDa E-cadherin over the lateral cell surface. Medium containing 1: 1 ,000, 1 :500, and 
1 :250 dilutions of anti-uvomorulin monoclonal antibody showed a concentration-dependent 
inhibition of vesicle formation by epithelium from immature mice after 24 hours of culture 
(S. W. P., unpublished data). The affected epithelium resembled that from estradiol-treated 
immature mice (Figure 13). 

307 



SUMMARY 

We have used in vitro methods to examine aspects of early implantation in mouse 
uterine epithelium. (1) The frequency of blastocyst adhesion to vesicles of uterine 
epithelium in hanging drop culture was shown to be directly related to the number of 
vesicles in the drop, indicating the importance of major epithelial contact and/or of 
epithelial factors for initiating attachment and implantation. (2) A cell-surface heparan 
sulfate proteoglycan (HSPG) was studied in detergent extracts of the epithelial surfaces 
of uteri. It turned over in the basolateral plasma membrane in response to increasing 
estradiol in uteri of sexually immature mice, ovariectomized adults, and in naturally 
pregnant mice. This turnover was associated with a change to a more basal localization 
of the antibodies against cell-membrane HSPG in response to estradiol in uterine 
epithelium of immature and ovariectomized mice and during estrus. In 3.5-day pregnant 
mice staining of the HSPG became very weak, particularly basally. (3) The synthesis of 
a large basal lamina HSPG was stimulated by cell outgrowth on plastic and even more 
strongly by culture on the EHS tumor basal lamina, Matrigel. A physiological salt extract 
of Matrigel or the growth factor TGF-IH, which is tightly associated with Matrigel, also 
stimulated basal lamina HSPG. (4) Cell adhesion was maximal in vesicles prepared from 
isolated 3.5-day pregnant uterine epithelium, but adhesion was adversely affected by 
continued exposure to estradiol; only loosely associated cells were obtained from 
metestrous mice, immature females injected with estradiol, or mice beyond 3.5 days of 
pregnancy. In sections of 3.5-day pregnant uteri the distribution of E-cadherin was more 
or less uniform around the cell, but during 4.5 to 5.5 days of pregnancy it was selectively 
lost from around the basolateral and basal surfaces. Both 120 kDa E-cadherin and the 
unanchored 80 kDa extracellular fragment were present in estrous epithelium, but 
increased amounts of the 120 kDa E-cadherin and no 80 kDa fragment typically was 
present in 4.5-day pregnant epithelium. Epithelium from immature mice cultured with 
antibody against E-cadherin was as disrupted as that from mice that had been injected with 
estradiol. 

Overall, the data suggest that during estrus, uterine epithelial cells may be tightly 
anchored to the underlying stromal matrix by basally localized syndecan, but they are 
relatively loosely associated with each other due to the presence of relatively large 
amounts of unanchored 80 kDa E-cadherin fragments. After about 3.5 days of pregnancy 
an adhesive apical surface appears for blastocyst attachment, driven by a reorganization 
of the cell surface, which is represented in the experiments presented here by enhanced 
turnover and relocalization of syndecan. The work of others discussed here suggests that 
there may also be an increase in lacto-N-fucopentaose-1 and a resorting of integrin. After 
about 4.5 days of pregnancy, when the blastocyst is attached, there is a loss of syndecan 
at the basal surface, resulting in a loss of stability of the basal lamina. This is followed 
at about 5.5 days by a loss of E-cadherin from all but the junctional complex and a 
loosening of the epithelial cell-cell associations, as the trophoblast begins to invade. 
Ultimate degradation of the basal lamina locally may result in the stimulation of new basal 
lamina synthesis in the surrounding epithelium or in the trophoblast by release of TGF-fi. 
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INTRODUCTION 
Steroid hormones induce profound changes in the function of the uterus, for 

example estradiol administration produces several responses that can be separated into 
early changes that occur within six hours of the administration of the hormone and among 
these are increased vascular permeability, and water imbibition; many of these early 
changes resemble an inflammatory response and may be regulated by uterine release of 
mediators of inflammation after estrogen administration. Late responses are considered 
genomic and include growth and differentiation of the glandular epithelial cells, infihration 
by granulocytes of the stroma, and secretion and synthesis of specific proteins or 
messenger RNA's (mRNA) by one or more resident uterine cell types (Wheeler et at, 
1987). 

REGULATION OF INFLAMMATORY RESPONSES IN THE RAT UTERUS 
Initial studies in our laboratory concentrated on the changes in the immature rat 

uterus after exposure to estradiol; specifically we looked at the increase in peroxidase 
activity (Lyttle and DeSombre, 1977), as well as the infihration of the uterus by 
eosinophils; our results demonstrated that estradiol, acting via its nuclear receptor, 
stimulates the production of a uterine eosinophil chemotactic factor (ECF-U) (Lee et at, 
1989). This factor is a newly produced or activated protein secreted by the stromal cells 
with an approximate molecular weight of 20-25 kilodaltons ( Leiva et at, 1991). The role 
of infiltrating eosinophils after estrogen administration may be related to endometrial 
remodeling. 

The function and regulation of different uterine secretory proteins are of major 
importance in understanding the endometrium's role in successful reproduction. One of 
these proteins which has been widely studied by our laboratory is the regulation of 
complement component C3 in the rat uterus. Estradiol administration stimulates the 
synthesis and secretion of C3 in the endometrium and this effect is reversed or delayed by 
the administration of progesterone (Sundstrom et al, 1989; Brown et at, 1990). This 
protein with a molecular weight of 180 kDa was identified by immunohistochemical 
studies and by RNA blots of epithelial versus stromal and myometrial cells to be of 
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epithelial origin. In the rat uterus we have also observed a physiologic pattern of 
hormonal regulation for the secretion of C3. C3 secretion is at its highest level during the 
estrogen dominated stages of the estrous cycle (proestrus and estrus) and decreased in the 
metaestrus and diestrus stages. 

INFLAMMATORY RESPONSES IN ENDOMETRIOSIS 
The presence of these multiple inflammatory type of responses in the rat focused 

our attention in the human normal reproductive tract. C3 in the female was first identified 
by Weed and Arquembourg as well as Bartosik; (Weed and Arquembourg, 1980; 
Bartosik, 1985). In their studies, complement component 3 was present in the 
endometrial glands of patients with endometriosis and they attributed its presence to 
deposition from serum Endometriosis is a pathological condition which has been 
classically associated with inflammation and infertility, the underlying mechanisms 
indicating an association between these conditions are not clearly understood. 
Investigators have looked at many factors such as luteal phase dysfunction, alteration on 
the sperm-egg interaction, phagocytosis of the sperm, among others. Thus, while many 
etiologies have been proposed, few have been substantiated. A theory which has been 
extensively studied recently, is the presence of an aseptic inflammation in the peritoneal 
cavity which will cause modifications in the peritoneal fluid and in the functioning of the 
pelvic organs. (Surrey and Halme, 1989). 

Many of the known biological functions of C3 could playa role in the pathogenesis 
of the associated infertility in endometriosis, Isaacson incubated endometriotic tissue in 
minimum essential medium (MEM) containing 50JlCilml of 35S methionine and samples 
were analyzed by SDS-PAGE and immunoprecipitated with a rabbit antihuman C3 
antibody. These results indicated that endometriotic tissue is biologically active and is able 
to synthesize and secrete in vitro several proteins, one of which was further identified as 
being complement component 3 by immunoprecipitation with the specific antibody (Fig. 
1), (Isaacson et a1., 1989). Another significant observation of these studies on the 
expression of C3 , is that the endometrium of patients with endometriosis displays 
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Figure 1. Competition of immunoprecipitated (35S) C3 by unlabeled C3. Aliquots 
containing 50,000 TCA precipitable counts were immunoprecipitated with different 
dilutions of rabbit antihuman C3 in the absence (line bars) or presence (open bars) of 
added C3 (65 Jlg). 
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Figure 2. Immunohistochemical analysis of C3 in human endometrial tissue. lllg of 
anti-human C3 antibody was diluted with 100 J.1l of PBSIBSA. Sections of late secretory 
phase endometrium from disease-free patients were stained for C3. A represents no 
primary antibody and B staining with anti-C3 antibody. (40x magnification). 

significant C3 synthesis in contrast to the endometrium of normal patients which produces 
little if any C3 (Isaacson et al, 1990). 

REGULATION OF COMPLEMENT COMPONENTS AND RECEPTORS 
THROUGHOUT THE MENSTRUAL CYCLE 

Other complement proteins besides C3 have been detected in reproductive tissue: 
membrane cofactor protein (MCP) a regulator of complement activation is present in the 
acrosome-reacted human sperm (Anderson et al, 1989), and in trophoblast (Johnson et al, 
1990). 

Activation of complement by either classical or alternative pathways, leads to 
generation of products that mediate inflammation and tissue injury. The activation and 
regulation of each of these pathways requires the presence of other complement proteins 
or factors as well as receptors which are key in the activation of each of the pathways. 

The classical pathway represents the adaptive immunity associated with memory in 
which the first stage leading to C3 fixation is the formation of the complex antigen
antibody; the initial step in the classical pathway requires the presence of C4 and C2. In 
contrast, the alternative pathway, does not require complexed antibody and activated 
alternative enzymes assemble in the target membrane and cleave C3b from C3 (Goldstein, 
1988). The central controlling element of this pathway is a mechanism which prevents the 
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association between C3b and factor B. Factor B also enhances the macrophage-mediated 
cytotoxicity and activation of plasminogen; it is also necessary to have the presence of 
factor D and properdin. The activity of complement is regulated either through 
inactivation of C3b by membrane cofactor protein (MCP) or by the dissociation of the 
alternative pathway convertase by decay accelerating factor (DAF). (Kinoshita, 1991). 
Furthermore, MCP binds C3 and protects cells from lysis representing a self protected 
mechanism. 

Recently we have examined the presence and the hormonal regulation of different 
complement components and receptors in the human endometrium at various phases of the 
menstrual cycle (Hasty et al, 1993). Tissues were obtained from women with no pelvic 
pathology; immunohistochemical analysis of endometrial sections was performed using 
monoclonal antibodies against C3, factor B, DAF, MCP, CRl, CR2 and CR3. Figure 2 
demonstrates the presence of C3 in luteal endometrium: Fig. 2A represents luteal 
endometrium stained in the absence of primary antibody. Fig. 2B represents staining in the 
presence of antihuman C3 antibody. To further confirm our immunohistochemistry 
findings, the tissue was incubated with methionine-free MEM containing e5S) methionine. 
Immunoprecipitations were performed with goat anti-human C3 antibody and the media 
proteins were analyzed by SDS-PAGE. C3 was found to be present in the glandular 
epithelial cells of luteal endometrium. Biosynthesis as analyzed by immunoprecipitation 
using the anti-C3 antibody was found to increase during the luteal phase of the cycle and 
to be minimal in the proliferative phase. 

Like C3, Factor B and DAF were localized in the glandular epithelial cells ofluteal 
endometrium (Fig. 3). In contrast, membrane cofactor protein (MCP) was found to be 
present throughout the menstrual cycle. CRI was present only in the stromal 
compartment of luteal endometrium. CR3 was present only in the infiltrating leukocytes 
and CR2 was non detectable. 

Local production of C3 was again demonstrated by immunoprecipitation of the 
incubated media with a goat anti-human antibody for C3. This confirmed the 
immunohistochemistry findings of C3 expression in the luteal endometrium. We have 
demonstrated a cycle specific appearance of complement and its binding proteins in hum.ar 
endometrium. The synthesis and presence of C3 in the progesterone dominated phase of 
the menstrual cycle raises the possibility that in the human the expression of this particular 
protein may be regulated by progesterone. The underlying mechanisms for this regulation 
are not known; mediators such as interleukin 1 (IL-l) have been demonstrated to be 
regulated by progesterone and cellular levels of IL-l mRNAs and serum levels of IL-ll3 

Figure 3. Immunohistochemical localization of DAF in disease-free human 
endometrial tissue in the secretory phase (day 24). 
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Table 1. Summary of the regulation of complement components throughout the 
menstrual cycle 

Component Proliferative Secretory 

C3 H glands 
DAF (-) glands 
MCP (-) glands 
factor B (-) glands 
CRI (-) stroma 

are increased during the secretory phase of the human endometrium, (Kauma et al, 1990; 
Cannon and Dinarello, 1985). 

Table I presents a summary of the findings regarding the regulation of C3 and its 
regulatory proteins throughout the menstrual cycle. The function of C3 produced by cells 
of the female reproductive tract is unknown at present; the presence of Factor B, DAF, 
MCP and CRI within the endometrial tissue suggest a functional complement system; The 
expression of C3, Factor B, DAF and MCP in the same cell type suggest that lytic 
functions of complement are directed to different targets. Whether the C3 produced by 
these cells acts in an autocrine fashion is unlikely since receptors for C3 have not been 
found on these glandular epithelial cells. The differential regulation of complement 
components suggests a tight control of whatever functions complement may play in the 
endometrium. 

PERITONEAL FLUID CHANGES IN ENDOMETRIOSIS 
Having demonstrated that endometriotic tissue actively secretes C3 we examined 

the peritoneal fluid, trying to explain the changes of the fluid in endometriosis and the 
secondary inflammation of the peritoneal cavity as another contributory mechanism The 
peritoneal fluid arises from two different sources: the plasma as a transudate and the ovary 
as an exudate; it normally contains several types of blood cells with macrophages and 
lymphocytes being the most abundant although desquamated endometrial and mesothelial 
cells are also present (Haney, 1990). In the initial stages of the disease, endometriosis has 
been shown to increase the peritoneal fluid volume, the number of cells present and its 
concentration oflysosomic enzymes, probably a reflection of the increased number of cells 
and their state of activation (Halme et al, 1983). 

Several studies have focused on the elevated numbers of macrophages in the 
peritoneal fluid of endometriosis patients which showed a 10 fold increase when compared 
to normal patients (Halme, 1989). Furthermore, the ratio of macro phages to lymphocytes 
is also higher when compared with fertile patients or with the ratio observed in peripheral 
blood samples (Hill et al, 1988). The majority of lymphocytes present consist ofT-helper 
cells and natural killer cells with very few B lymphocytes being detected. This elevation of 
peritoneal leukocyte number is only observed in initial stages of the disease the reason for 
this is not known, neither are the mechanisms mediating this infiltration understood. 

The study of macrophages and cytokines within the pelvic cavity has opened new 
possibilities in the understanding of endometriosis. The presence of activated 
macrophages in the fluid has been associated with an increase in the production of 
prostaglandins, tumor necrosis factor a and other compounds such as interleukin-l. 
Additionally, prostaglandins affect several functions associated with reproduction such as 
ovulation, tubal motility and implantation (Fakih et al, 1987; Rezai et al, 1987; Halme 
1989). Recent reports have shown the production ofMDGF (macrophage derived growth 
factor) by activated cells and this may be a new contributory factor in the associated-
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infertility of endometriosis patients (Halme et a1. 1988). Further studies by Halme and 
others demonstrated that peritoneal macrophages in endometriosis exhibit higher levels of 
expression of acid phosphatase and low myeloperoxidase activity which would be in 
agreement with the view that endometriosis produces a more mature and activated 
population of macro phages when compared with normal patients (Halme et at. 1984). 

CHEMOTACTIC ACTIVITY OF PERITONEAL FLUID IN ENDOMETRIOSIS 
We have tested chemotactic activity of peritoneal fluid to macrophages and 

neutrophils derived from U937 and HL60 cell lines respectively (Fig.4). These cell types 
are leukemia cell lines which have proven chemotactic activity in the presence of 
chemoattractants such as histamine or tMLP (N-formyl-L-methionyl-L-Ieucyl-L
phenylalanine). Chemotaxis is performed utilizing a forty-eight well chemotactic chamber; 
samples in triplicate are applied to the lower chamber and incubated for 30 minutes at 
370 C in humidified 5% carbon dioxide and 95% air atmosphere. After incubation, 50!li of 
the cell sample is applied to each well of the upper chamber which is incubated for another 
hour under the same conditions. Chemotaxis is assessed by counting the number of cells 
that migrate and attach to the bottom side of the filter (Leiva et at. 1991). 

Peritoneal fluid obtained from patients with endometriosis has chemotactic activity 
for neutrophils and macrophages (Fig. 4). This activity is significantly different from the 
activity displayed by the fluid obtained from normal patients and it is comparable to the 
activity exhibited by fMLP. Another interesting observation from these studies was that 
treatment of the disease either with Medroxiprogesterone acetate or oral contraceptives 
reduces this activity to levels even smaller than the ones displayed by normal patients. 
(Leiva et at. 1993a) 

To further resolve the characteristics of this chemoattractant peritoneal fluid was 
passed through a G-75 superfine Sephadex colU1llll, protein profiles of the eluant were 
monitored by absorbance at 280nm and major protein peaks analyzed for chemotactic 
activity (Fig. 5). 
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Figure 4. Chemotactic activity of peritoneal fluid. Macrophages were differentiated 
from U937 cells and tested for chemotaxis. Results are expressed as number of migrated 
cells ± SD. Controls were tMLP and phosphate buffered saline. Treatment group 
consisted of patients who had received either oral contraceptives or Medroxiprogesterone 
acetate. 
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Figure 5. Protein profile and chemotactic activity of fractions from patients with 
endometriosis. Peritoneal fluid fractions from patients with endometriosis were applied to 
a G-75 superfine Sephadex column and the 28Onm. absorbance of each fraction was 
determined; The graph represents 28Onm. divided by 10. For evaluation of chemotaxis, 30 
III of each fraction was run in triplicate results are presented as number of cells/well ± so. 

Comparison of protein profiles from the control and endometriosis patients 
demonstrated a similar protein profile for both groups, with the majority of the proteins 
being of high molecular weight; however, the endometriosis group had an additional 
protein peak oflow molecular weight, approximately 15 to 25 kDa where the majority of 
the chemotactic activity was present. The exact nature and sequence of this small protein 
peak is part of our current investigations. 
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Figure 6. Chemotactic activity of endometrial biopsies from endometriosis and 
normal patients. Endometrial extracts obtained from proliferative and luteal phases of the 
cycle were tested for chemotactic activity towards macrophages differentiated from U937 
cells. Results are expressed as number of cells/well ± SO. 
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ENDOMETRIAL CHANGES IN ENDOMETRIOSIS 
Is the phenomena of aseptic inflammation in endometriosis localized to the 

peritoneal fluid and cavity or is it also present in other reproductive organs such as the 
endometrium? Previous investigations by Isaacson, (Isaacson et at. 1990) demonstrated 
that the proliferative endometrium of patients with endometriosis displayed significant C3 
synthesis in contrast to the endometrium of normal patients which expresses little if any . 
These observations were further confirmed by Hasty, (Hasty et al., 1993) with 
immunohistochemical studies of endometrial biopsies stained for C3 throughout the 
menstrual cycle. To further expand on these observations endometrial biopsies from 
patients with mild to moderate endometriosis as well as normal patients were evaluated for 
chemotactic activity throughout the menstrual cycle. As shown in fig. 6, patients without 
the disease displayed a pattern of hormonally regulated chemotactic activity with 
increasing numbers of migrating cells in the luteal phase. In contrast, patients with 
minimal to moderate endometriosis exhibited high chemotactic activity for neutrophils and 
macrophages through out the menstrual cycle, (Leiva et ai, 1993b). 

After isolating the different uterine cell types from luteal biopsies (glandular 
epithelium, stroma and myometrium) to investigate the source of the chemotactic activity, 
the activity, the stromal compartment demonstrated higher chemotactic activity over the 
other two cell types (fig. 7). The immunohistochemical analysis of these sections 
confirmed the presence of greater amounts of infiltrating leukocytes in the endometriosis 
samples, the majority of which are monocytic in origin. 

SUMMARY 
All of our studies initially performed on rats and applied to humans have 

demonstrated a pattern of hormonal regulation for inflammatory responses in the 
reproductive organs. These responses are mostly physiological such as the regulation of 
the complement components throughout the menstrual cycle or the infiltration of blood 
marrow derived cells in the late luteal phase of the cycle or the peri-implantation period. 
However, our studies also indicate a modification of these responses in pathological 
conditions associated with infertility such as endometriosis. We do not know at this point 

200 

100 

o 

Luleal Pbase Isolated Cells 

Figure 7. Chemotaxis of cellular extracts from luteal glandular epithelium and stroma 
from nomlJli and endometriosis patients were evaluated with macrophages. Results are 
presented as in previous figures. 
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the exact nature of the chemoattractant which is present in the peritoneal fluid and the 
endometrium of patients with this disease. Neither do we know the exact role that it plays 
in the pathophysiology of endometriosis; however, based on these observations it may 
suggest that it is strongly associated with the aseptic inflammation of the pelvic cavity, 
and its almost complete disappearance after treatment may be a useful marker of therapy. 

The endometrium of patients with endometriosis is able to synthesize and secrete 
inflammatory factors and proteins. Macrophages are routinely present in the connective 
tissue and stroma of several tissues including the endometrium; recently activation factors 
such as monocyte chemotactic protein-l (MCP-l) have been shown to be modulated by 
endometrial stromal cells (Tabizadeh 1991). The regulation of this protein may be 
responsible for coordinating the recruitment of monocytes at specific times. In fact, one 
of the mechanisms proposed to explain early pregnancy loss is based on a suppresor 
immune-cell deficiency or in an increase in macrophage activation and function on the 
decidua of women with spontaneous abortions (Hill et al., 1991). 

Many inflammatory responses of the uterus appear to be regulated by steroidal 
hormones; abnormal functioning of these responses may be associated with reproductive 
failure and endometriosis. 
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INTRODUCTION 

Is it possible to set up an in vitro culture system which will mimic implantation in vivo? 
Such a system would have to accommodate acquisition of receptivity of the endometrial cells, 
apposition and adhesion of the trophectoderm to the endometrial epithelial layer and, if 

appropriate to the species, penetration of the endometrium and the subsequent modifications 
to the subepithelial cells and the penetrating trophoblast. In 1981, Enders et al., critically 
compared the in vitro systems which were available at the time and said that there is no such 
thing as in vitro implantation, although "it is possible to make models, if not of normal 
implantation, at least of ectopic implantation". Significant advances in the techniques of cell 
culture have occurred in the past decade which, when applied to endometrium and blastocyst, 
have allowed us to study the interaction of the blastocyst and endometrium in vitro in a way 
which is better defined and more successful than was possible previously. Only time will tell 
whether or not these new in vitro models for studying embryo-maternal interactions are more 
relevant than earlier models. There have also been major advances in our understanding of 
the cytokines and other local regulatory substances acting between the trophectoderm and 
endometrium and within the endometrium, knowledge about the role of the extracellular 
matrix in cellular function, and informaticn about mesenchymal-epithelial interactions. 

IN VITRO METHODS 

Itis worth reminding ourselves about the limitations of in vitro models. Studies of whole 
organs or pieces of organs do not provide information about the functional differences and 
interactions between the individual cells that constitute that organ or the interactions between 
organs. This particularly applies to the endometrium which consists of two types of epithelial 
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cells (lumenal and glandular), endothelial cells and myoepithelial vascular cells, stromal 
fibroblasts (which may be several in type and decidualised) and a host of transient cells such 
as macrophages, lymphocytes, mast cells and leukocytes. It is only recently that we have 
had the techniques to identify most of these cells in situ and to isolate and study them 
in vitro (Findlay, Salamonsen and Cherny 1990; Clark 1993). However, these techniques 
have both advantages and disadvantages, some very pertinent to the study of embryo
maternal interactions in vitro. 

The advantages of using isolated cells in culture are as follows: 

(a) the individual functions and responses of one cell type can be identified and 
distinguished from those of other cells and from effects mediated by vascular 
components. 

(b) cells can be studied in vitro in varying numbers for prolonged periods under the 
influence of specific stimuli or inhibitors, with relatively good reproducibility 
between replicates and batches. 

(c) a study of isolated cells allows identification of autocrine and paracrine factors 
produced by those cells. 

The disadvantages of using isolated cells are: 

(a) An investigation of one population of cells in vitro does not define the activity 
of the organ as a whole. 

(b) It is imperative that cross contamination of one cell type with another is known 
and preferably minimal and that cells are properly identified. 

(c) A particular subpopulation of cells may be inadvertently selected for study, 
e.g., lumenal vs. glandular epithelium, making conclusions limited to that 
population. 

(d) Isolated cells in vitro may not respond the same as they would in situ, either 
because they lack a basic requirement in the culture medium or were modified 

during isolation or because they are missing an essential regulatory influence 
which can only be provided by a surrounding matrix of ground substance and/ 
or other cells. 

So, can we use these methods to isolate and identify individual cells from the 
endometrium, and then put them together again in vitro in such a way that a blastocyst will 
'implant' in vitro in a manner similar to that in vivo? The answer is a cautious 'maybe'! 
Attempts to do these types of reconstruction experiments in vitro to study the function of the 
endometrium either alone or in the presence of a blastocyst, have relied on know ledge gained 
from other in vitro systems and have also produced some interesting results of their own. Some 
critical points are as follows: 
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(a) cells are influenced by their surrounding extracellular matrix, not only through 
physical support and determining their shape but also through mediation of 
transfer into cells, for determining their hormone responsiveness or as a source 
ofmitogens. 

(b) epithelial cells are normally polarized in vivo, with apical and basolateral 
domains of unique protein and lipid composition and tight inter-epithelial 
junctions, and they have preferential secretion of products apically and basally. 



(c) mesenchymal (stromal) cells are known to exert an influence on the 
morphogenesis and cytodifferentiation of urogenital epithelial cells; they can 
also make the epithelial cells responsive to steroids in vitro. 

There are now in vitro systems which can accommodate some or all of these require

ments for epithelial endometrial cells (Findlay et ai., 1990; Salamonsen and Nancarrow, 
1994). Individual components of the extracellular matrix or a complex such as Matrigel, are 
now available commercially and can be added to cultures of endometrial cells with the result 
that epithelial cells, for example, become polarized and form tight junctions if grown on an 
appropriate support. Three dimensional culture systems such as the floating collagen gel or 
the millicell inserts can accommodate cocultures of epithelial and stromal cells in a matrix. 
Attempts have also been made to add blastocysts to these in vitro systems. 

APPLICA TION OF METHODS 

With these issues in mind, we can return to the stages of implantation viz. apposition, 
adhesion and penetration of a receptive endometrium and ask whether or not the new in vitro 
systems can be used to contribute to our understanding of these processes. 

The surfaces of the blastocyst and endometrium are epithelial sheets, and as opposing 
epithelial surfaces are generally non-adhesive to one another, inductive processes which allow 
apposition and adhesion must precede implantation. Hypotheses advanced to explain this 
phenomenon including production of a glycocalyx of carbohydrates by the trophoectoderm or 
by the epithelial cells of the endometrium (see Carson et ai., 1992). The in vitro systems now 
available would allow critical testing of these hypotheses. 

The acquisition of receptivity to the blastocyst by the progesterone dominated endometrial 
epithelial cell in response to nidatory estrogen is a key event in implantation but its mechanism 
is not understood (Glasser & Mulholland 1992). The advent of polarized endometrial 
epithelial cells in culture which are hormonally responsive should serve as an in vitro model 
for this aspect of implantation. For example, transient down-regulation of the expression of 
glycosylated mucin glycoproteins under steroid hormone control could facilitate access to the 
uterine surface (see Carson et ai., 1992) and could be tested in this model. 

Penetration of the endometrium will require a degree of extracellular remodelling which 
is known to involve a family of enzymes called matrix metalloproteinases (MMPs) (see 
Salamonsen & Nancarrow, 1994). The identities, source and activities of these MMPs and 
their regulation can now be studied using the in vitro models summarized above. 

A combination of blastocyst (or trophectoderm) and polarized epithelial cells on a 
matrix containing stromal fibroblasts in a three dimensional system should be tested as a 
model for implantation. If successful, such a model would allow a study of the morphological 
and functional changes occurring before and during implantation and to examine the effects 
of cytokines, growth factors and potential inhibitors of implantation in vitro. 

In those species such as rodents and primates in which the trophectoderm penetrates the 
subepithelial layer, some as yet unexplained mechanism limits the degree of penetration. 
Does this involve tissue inhibitors of MMPs? Is this a function of decidualized stromal cells 
or is it a function of the transient lymphomyeloid cells (ie. an immune response)? Perhaps this 
can also be examined in the 'reconstituted' in vitro systems. 

The author is supported by the National Health & Medical Research Council of 

Australia. 
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INTRODUCTION 

Implantation involves initial interaction between the embryo 
and uterine epithelium. Where placentation is chorio-epithelial, 
this relationship continues throughout gestation. In other cases 
in which invasion occurs, the embryo interacts with mesenchymal 
elements of the uterus. In species showing interstitial 
implantation, the embryo-stromal inter-relationship is much more 
long-lived than the embryo-epithelial interaction and arguably 
more important in the success of the pregnancy since it is the 
means by which the embryo gains access to nutrients supplied 
through the maternal blood stream (Mossman, 1987). The intention 
of this short article is not to review decidualisation or 
placentation, but to comment on model systems that may offer 
promise for an improved understanding of morphogenesis in the 
trophoblastic interaction with maternal stroma in rodent and 
primate. 

In establishing models to enable the interaction of embryo 
and maternal stroma to be studied in vivo or in vitro, the 
difficulty arises that two time-dependent processes are 
occurring: embryo (placental) development and differentiation 
(with or without overt decidualisation) of the maternal stroma. 
Selective retrieval of specific cell types, disturbances of the 
relative time course of differentiation of the cell populations 
present, and altered physical interrelationships between the 
cells are often the consequence of experimental manipulations in 
vitro. Thus it is essential to examine carefully the 
significance of any observations made to the processes of 
implantation in vivo in the relevant species. Inappropriate 
interpretations of data gathered from model systems permeate the 
literature. 
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THE DECIDUAL ENVIRONMENT 

The precise timings and anatomical distributions of 
differentiating decidual cells differ between species; in human, 
implantation occurs into an initially undifferentiated stroma 
(Hertig et aI, 1956; Enders, 1991), decidual cells appearing 
about 3 days after the first interaction between 
syncytiotrophoblast and the endometrial stroma. In rats, 
decidualisation of steroidally-sensitised stromal cells occurs 
as a result of a trans-epithelial stimulus from the pre
implantation embryo so that the implanting trophoblast encounters 
differentiated stromal cells from the first. Much evidence 
exists to show that provided (in rodents) the initial stimulus 
is given, decidual differentiation in both rodents and humans can 
occur independent of the presence of a conceptus (De Feo, 1967; 
Shelesnyak, 1986; Glasser, 1990). In addition to the cytological 
changes attendant on decidualisation, new secretory products are 
expressed by the cells (Bell, 1983; 1988; 1989; Jayatilak et al., 
1989; Gu et al., 1992; Thomas, 1993) and extracellular matrix 
remodelling takes place (O'Shea et al., 1983; Zorn et al., 1986; 
Wewer et al., 1986; Glasser et al., 1987; Aplin and Jones, 1989; 
Aplin, 1989) with a reduction in abundance of banded collagen 
fibrils (Myers et al., 1990), loss of the microfibrillar collagen 
type VI (Aplin et al., 1988; Mulholland et al., 1993), loss of 
hyaluronate (Brown and Papaioannou, 1992) and the production of 
a pericellular basement membrane containing collagen type IV, 
laminin and heparan sulphate proteoglycan (Wewer et al., 1985; 
Faber et al., 1986; Glasser et al., 1987; Aplin et al., 1988; 
Kisalus and Herr, 1988). 

In addition, altered cytokine networks are established 
(Mitchell et al., 1993; Wegmann et al., 1993) with the appearance 
of new populations of bone marrow-derived cells including large 
granulated lymphocytes and macrophages (Starkey, 1992). 

In rat, regionally specific protein secretions are 
associated with the mesometrial and antimesometrial decidua; the 
latter produces a luteotropin and therefore functions as an 
endocrine tissue. The former tissue produces the protease 
inhibitor and growth factor binding protein a2-macroglobulin, 
which is more likely to function in the decidual-placental 
dialogue (Gu et al., 1992; Thomas, 1993). There is also 
evidence of regional variations in extracellular matrix 
glycoproteins (laminin isoforms in mouse: Farrar and Carson, 
1992) and in pericellular glycosylation (specific subsets of 
decidual cells express terminal a2-3 sialic acid residues: Jones 
et al., 1993). 

This regionally specific function may be related to the 
anatomy of placentation in rat and mouse, the yolk sac placenta 
forming adjacent to the antimesometrial decidua while the 
mesometrial decidua lies adjacent to the chorioallantoic 
placenta. However, there is a general problem of determining 
whether a product of decidual tissue is either an 'internal' 
requirement of differentiation, or involved in the interaction 
with trophoblast. Thus, for example, it is not clear whether the 
primary function of decidual laminin is in the physical integrity 
of decidual tissue or in providing a substrate for migrating 
trophoblast or bone marrow-derived cells (or all of these). 
Similarly, protease production is a requirement of the matrix 
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remodelling observed to occur during decidualisation (Aplin, 
1989), and decidua may regulate this process by producing 
protease inhibitors (a2-macroglobulin: Gu et al., 1992; Thomas, 
1993; TIMP: Graham et al., 1993). The extent to which these 
components are involved directly in the interaction with 
trophoblast in vivo is not easy to determine. It is worth noting 
however that in species showing chorioepithelial placentation, 
matrix-directed proteolysis remains a feature of the endometrial 
stroma (Salamonsen, et al., 1991 and this volume). 

The resident stromal cell population of the uterus can be 
isolated and maintained in culture (Glasser and Julian, 1986; 
Irwin et al., 1991; Fernandez-Shaw et al., 1992). Bone marrow
derived cells and vascular cells have also been recovered using 
enrichment procedures (Starkey et al., 1988). Given the 
likelihood of intercellular communication via soluble mediators 
(Wegmann, 1993), it is important to define and characterise the 
cells present in culture models. Their state of differentiation 
is also an important variable. In the case of human stromal 
cells, the addition of progesterone to the culture medium 
stimulates decidual differentiation as monitored morphologically 
and by the production of prolactin, IGFBP-1, laminin and other 
specific secretions (Irwin et al., 1991). In contrast, rat and 
rabbit cells differentiate spontaneously amd rapidly in vitro 
without the need for hormonal stimulation (Mani et al., 1992). 

TROPHOBLAST DIFFERENTIATION 

In both rat and human, trophoblast differentiation occurs 
from a stem cell population along several pathways giving rise 
to giant cells, spongiotrophoblast, glycogen cells, 
syncytiotrophoblast and endovascular trophoblast in the rat 
(Glasser and Davies, 1967; Soares et al., 1991), and extravillous 
interstitial cytotrophoblast, extravillous endovascular 
cytotrophoblast, villous syncytio- and cytotrophoblast and 
chorionic cytotrophoblast in the human (Pijnenborg et al., 1980; 
Benirschke and Kaufmann, 1990; Aplin, 1991). 

The anatomical relationships between these subpopulations 
are very different in the two species. While a distant analogy 
might be drawn between the rodent ectoplacental cone and the 
human cytotrophoblastic shell (Pijnenborg et al., 1981), the 
interstitial infiltrative behaviour of extravillous 
cytotrophoblast observed in human has no parallel in rat or 
mouse. Human terminal chorionic villi occur in two forms: free 
floating and anchoring. Anchoring villi make contact with the 
decidua basalis. From these contact zones, rapid cytotrophoblast 
proliferation occurs into columns that are continuous with the 
cytotrophoblastic shell. From here mononuclear cytotrophoblast 
detaches to migrate into the maternal stroma (Pijnenborg et al., 
1980). These interstitial cytotrophoblasts are more abundant in 
the vicinity of maternal spiral arteries than elsewhere in the 
stroma (Pijnenborg, 1990). Cytotrophoblast migration also occurs 
along the inner walls of maternal spiral arteries. The migrating 
populations of trophoblast are known as 'extravillous' and they 
produce a characteristic pericellular matrix (Feinberg et al., 
1991; Fernandez et al., 1992; Blankenship et al., 1993). 
Eventually, presumably as a result of trophoblast-stimulated 
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remodelling, the arterial walls are transformed with the loss of 
smooth muscle and replacement of elastic and collagenous 
extracellular matrix with a fibrinoid polymer. This allows an 
increased flow of blood to the placenta. This phenomenon is 
common to human, certain other primates (Enders and King, 1991; 
Blankenship et al., 1993) and rodents including rat, hamster and 
guinea pig (Pijnenborg et al., 1981). While in the macaque 
there appears to be a close correlation between arterial 
remodelling and the presence of trophoblast (Blankenship et al., 
1993), in guinea pig and hamster arterial changes precede the 
appearance of trophoblast (Pijnenborg et al., 1981; Hees et al., 
1987) . 

Significant changes in the cell surface expression of 
integrins occur during trophoblast differentiation into the 
extravillous pathway with the loss of integrin a6B4 and the 
appearance of integrins of the B1 family, specifically the 
fibronectin receptor a5B1 and the collagen/laminin receptor a1B1 
(Korhonen et al., 1991; Damsky et al., 1992; Aplin, 1993; Damsky, 
this volume). Aplin et ale (1992) have also suggested that not 
only the level of surface expression, but also the activation 
state of the fibronectin receptor may affect the ability of 
trophoblast to migrate. Loss of molecules such as E-cadherin 
(Logan et al., 1992) that mediate cell-cell adhesion is also 
likely to be important in the ability of cytotrophoblasts to 
leave the columns. 

There is much evidence to demonstrate the ability of 
trophoblast to produce proteases capable of the local degradation 
of extracellular matrix; these include plasminogen activator, 
interstitial collagenase, and 72kDA and 92kDa type IV 
collagenases (strickland et al., 1976; Martin and Arias, 1982; 
Glass et al., 1983; Fisher et al., 1985; 1989; Puistola, 1989; 
Moll and Lane, 1990; Lala and Graham, 1990; Bischof et al., 1991; 
Librach et aI, 1991; Autio-Harmainen et al., 1992; Behrendtsen 
et al., 1992; Fernandez et al., 1992; Logan et al., 1992; Graham 
et al., 1993). The nature of the enzymes produced is modulated 
in vitro by the substrate composition (Bischof et al., 1991). 
Proteolysis might be required during early implantation when the 
trophoblast penetrates the epithelial basement membrane 
(Turpeenniemi-Hujanen et al., 1992), or at later stages including 
the remodelling of maternal vessels by extravillous 
cytotrophoblast (Blankenship et al., 1993), but careful matching 
of data to species is required; for example, subepithelial 
decidual cells rather than trophoblast have been shown to effect 
local degradation of the basal lamina in rat (Schlafke et al., 
1985; Welsh and Enders, 1987). 

Cultured human trophoblast of first trimester requires 
secreted protease to infiltrate and cross a three-dimensional 
barrier of densely collagenous extracellular matrix (the amnion 
invasion assay; Yagel et al., 1988; Lala and Graham, 1990; Graham 
et al., 1993). The same cells also utilise proteases to 
penetrate filter wells coated with collagen gel or matrigel 
(Fisher et al., 1985; 1989; Librach et al., 1991). 

A difficulty associated with the assignment of in vivo 
function to trophoblast proteases is that in situ localisation 
has not revealed major differences between subsets of 
trophoblast. Thus in later first trimester, both villous and 
extravillous trophoblast contain interstitial collagenase (Moll 
and Lane, 1990); the same applies to the 72kDa type IV 
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collagenase (Autio-Harminen et al., 1992). One possible 
resolution of this issue is the existence of local environments 
in which an appropriate balance is achieved between protease 
activity and its inhibition. This may be achieved by a 
combination of autocrine and paracrine mechanisms. Extravillous 
cells produce specifically the inhibitor of plasminogen activator 
PAI-1 (Feinberg et aI, 1989). Plasminogen activator (PA) is 
required to produce plasmin for the activation of latent 
collagenases (He et al., 1989). Lala and Graham (1990) have 
shown that TGFB produced by decidual cells acts to up-regulate 
production of the tissue inhibitor of metalloproteinase (TIMP) 
both in trophoblast and decidua. 

EMBRYO TRANSPLANTATION EXPERIMENTS 

Many authors have cited the work of Kirby (1963a,b) and 
Cowell (1969) who transferred blastocysts to ectopic soft tissue 
si tes and non-progestational uteri respectively. Samuel and 
Perry (1972) transferred blastocysts from pig, in which 
epitheliochorial placentation occurs, from the uterine cavity to 
the stroma. All these authors reported a greater degree of 
'invasive' behaviour by trophoblast than would be found in normal 
implantation sites. Aplin (1991) however pointed out the need 
to distinguish invasion ( cell motility) from erosion (local 
degradation). It is now well known that trophoblast in all the 
species studied produces secretory proteases, and it is not clear 
to what extent the observations in these early papers arose from 
the failure of the host environment to regulate this activity or 
to what extent active migration of trophoblast may have occurred. 
Given the technical limitations and lack of markers available at 
the time they were performed and the relatively few published 
micrographs, it would be useful if these studies were repeated 
and extended. The data of Samuel and Perry (1972) indicating 
syncytialisation of trophoblast in eutopic stroma does indicate 
a possible role for uterine stimuli in trophoblast 
differentiation since syncytium does not form in the normal 
chorioepithelial placenta of pig. 

Abrahamsohn and coworkers have more recently undertaken 
experiments in which mouse ectoplacental cones (EPCSi day 8) were 
transplanted to subcutaneous sites (Bevilacqua et al., 1991). 
It is interesting in the light of in vitro models in which EPC 
cells interact with two-dimensional substrates (see below), that 
although overall cell proliferation occurred resulting in growth 
of the subcutaneous grafts, no evidence for specific motile 
activity by trophoblast or infiltration of the surrounding 
tissues was reported. Instead, the enlarging grafts remained 
smooth-edged. Trophoblast differentiation occurred to give 
several cell types also found in eutopic placenta, with giant 
cells at the periphery (soares, 1991). This evidence supports 
the notion of a programme of trophoblast differentiation much of 
the essential character of which is independent of tissue
specific signals from the maternal environment (Aplin, 1991). 

Randall et a1. (1987) studied the morphology of ectopic 
implantation sites in human Fallopian tubes and again found 
features including cell columns and anchoring villi that were 
very similar to those observed during placental development in 
utero. 
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EMBRYO OUTGROWTH ON EXTRACELLULAR MATRIX 

A widely used approach that is often claimed to be relevant 
to the dissection of embryo-endometrial interactions involves 
plating blastocysts onto two-dimensional substrates containing 
extracellular matrix (ecm) components. Hatched mouse blastocysts 
attach, and trophoblast outgrowth can be observed, on substrata 
containing various matrix molecules including fibronectin, 
laminin, entactin and various collagen types (Armant et al., 
1986; Carson et al., 1988; Yelian et al., 1993). This activity 
can be enhanced by exposure to growth factors including TGFa, 
EGF, PDGF, FGF and CSF-1 (Haimovici and Anderson, 1993), all of 
which are present in the uterus at the time of implantation 
(Tabibzadeh, 1991). There is also evidence that PDGF and FGF 
binding to ecm could enhance presentation to the blastocyst 
(Haimovici and Anderson, 1993). Trophoblast outgrowth can also 
occur from mouse day 7.5 ectoplacental cones (EPCs) onto laminin 
substrates (Romagnero and Babiarz, 1993). 

Such assays demonstrate the potential for trophoblast to 
adhere to individual components of ECM and to use the interaction 
as a means to motile activity during the period immediately after 
hatching (i. e., when interaction with the antimesometrial decidua 
is occurring). However, relating the observations to the 
behaviour of trophoblast in vivo is less staightforward. In 
rats, the earliest trophoblast-uterine interactions occur at the 
anti-mesometrial pole where the primary decidual zone forms prior 
to direct heterotypic intercellular contact between trophoblast 
and decidual cells (Krehbiel, 1937; Welsh and Enders, 1985; 
1987). The maternal blood supply to the yolk sac placenta is 
established following degenerative loss of first epithelial cells 
and later subepithelial decidual cells (Welsh and Enders, 1987), 
rather than as the result of trophoblast invasion. Later, 
beginning on day 10, the chorioallantoic placenta forms at the 
mesometrial pole after the disappearance of uterine epithelium 
(Welsh and Enders, 1991). There is evidence to suggest that the 
chorioallantoic placenta acquires its blood supply as the result 
of maternal angiogenesis rather than the penetration of 
trophoblast into the stroma (Welsh and Enders, 1991). In any 
case, this occurs at a developmental stage later than most of the 
above-mentioned assays were carried out. 

The observation of trophoblast outgrowth from blastocysts 
or EPCs onto adhesive substrates is not in itself surprising -
most cells, plated in the form of aggregates onto an adhesive 
substrate, will behave in a similar fashion (Trinkaus, 1984). 
Lack of outgrowth in these circumstances may be a more useful 
observation, indicating either a non-permissive substrate 
composition or strong intercellular adhesion (Aplin and Foden, 
1985). Chondroitin sulphate proteoglycan, which is produced by 
mouse stromal cells, can act as an inhibitor of outgrowth on 
fibronectin or collagen (Carson et al., 1992). Thus the local 
balance between permissive and inhibitory matrix components and 
cell-cell interactions needs to be determined. 

Furthermore, loss of the antimesometrial-mesometrial 
polarity of the implantation site along with the spatial 
relationship between the embryo and inner cell mass is occurring 
during the process of trophoblast outgrowth in vitro. outgrowth 
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may occur as the result of proliferation, differentiation into 
flatter cells, migration and spreading of an existing trophoblast 
population, or a combination of these processes. It is difficult 
to determine whether the observed adhesive and migratory 
activities really reflect requirements for maintaining the 
integrity of the developing embryo, or for the trophoblast
maternal stroma interaction, or are artifacts of the culture 
system. 

Cell shape and motility assays are probably more relevant 
to interactions that occur in vivo in the infiltration of human 
cytotrophoblast from columns into the maternal interstitium. 
Cultured normal human trophoblast of late first trimester (a time 
whem active infiltration is underway) has the ability to attach 
and spread on fibronectin, presumably as a result of the 
expression of integrin a5B1 (Burrows et al., 1993). Since 
villous syncytiotrophoblast does not express significant 
quantities of a5B1 (Korhonen et al., 1991; Damsky et al., 1992), 
this suggests that the cultures express certain characteristics 
of migrating extravillous cytotrophoblast. However, as pointed 
out by Aplin (1991) and Kliman and Feinberg (1992), a 
characteristic common to cultured trophoblast and choriocarcinoma 
cell lines is the loss of a regulated pattern of differentiation. 
These cells express numerous trophoblastic features, but cannot 
be identified with anyone normal trophoblastic subpopulation. 
Immortalisation (Logan et al., 1992) or selection (Aplin et al., 
1992) of cells with defined properties may help with 
characterisation of specific lineages, but control of 
differentiation in vitro remains a major challenge in trophoblast 
biology. 

TROPHOBLAST OUTGROWTH ON DECIDUAL CELLS 

In rats and mice the most superficial layers of 
antimesometrial decidual cells are closely packed, with prominent 
adherens and gap junctions (Finn and Porter, 1975; O'Shea et al., 
1983; Parr and Parr, 1986; Winterhager, 1991 and this volume) 
between the cells and rather narrow residual intercellular 
spaces. Pericellular basement membrane components including 
laminin and collagen type IV may be detected immunocytochemically 
(Glasser et al., 1987), but ECM is not present in abundance. The 
mesometrial decidual cells are less close-packed (O'Shea et al., 
1983). However, it seems likely that trophoblast-stromal 
interaction involves cell-cell as well as cell-matrix 
interactions. More extracellular matrix is usually visible 
between human decidual cells (wynn, 1974; Aplin and Jones, 1989). 
Nevertheless, close apposition between infiltrating trophoblast 
and resident decidual cells is also evident. 

Babiarz et al (1992) have shown that trophoblast of mouse 
EPCs (day 7) attaches to decidual cell monolayers and is capable 
of displacing the maternal cells to form outgrowths along the 
culture dish. There also appears near the interface a bilayer 
consisting of trophoblast giant cells overlaid with polygonal 
mononuclear trophoblast. The data suggest that less extensive 
outgrowth occurs in the presence of decidual cells than in 
control experiments on plastic. Outgrowth, but not attachment, 
could be inhibited using peptides of the RGD (f ibronectin-
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derived, but also present in other ECM macromolecules including 
mouse laminin) or YIGSR (laminin-derived) families. 

Although as pointed out by Mareel (1979), two dimensional 
assays are inadequate when used to model biological phenomena 
that occur in three dimensions, this is still a more realistic 
model of trophoblast-decidual interaction than outgrowth from 
newly hatched blastocysts. The data indicate that trophoblast 
might attach directly to decidual cells, and that an interaction 
with the maternal extracellular matrix could occur during 
formation of the chorioallantoic placenta (or alternatively that 
there is a role for laminin in the integrity of the EPC). Since 
outgrowth was inhibited by proteinase inhibitors, it may be that 
local trophoblast-derived proteolysis is required during 
placentation, but further investigation (especially the 
identification of physiological substrates) is required to 
determine the precise role of protease action. Although these 
data could support a role for the decidual cell in restricting 
invasion, either by inhibiting proteolysis or motility or by 
influencing the differentiation and multi layering of the 
trophoblast, it is not yet clear whether there is any cell type 
specificity associated with the restriction of outgrowth. 

Aplin and Charlton (1990) have shown that choriocarcinoma 
cells are capable of displacing mono layers of endothelial cells 
in confrontation cultures; this may provide a useful model of the 
surface interactions that occur as trophoblast migrates within 
the lumena of maternal spiral arteries. 

THREE DIMENSIONAL CELL CULTURE MODELS 

Kliman et al. (1990) allowed aggregates of cultured term 
cytotrophoblast to attach to fragments of endometrium in a 
suspension culture system. Attachment to the open stromal 
surface took place and was followed by some limited infiltration 
of the tissue. An acellular or necrotic zone developed at or 
near contact sites, apparently not as a result of hypoxia or 
starvation. 

Genbacev et al. (1992) cultured first trimester villi as 
explants on a Matrigel substrate and observed the outgrowth of 
cytotrophoblast with the features of extravillous cells, and 
these also showed matrix degrading activity. Vi60vac et al. 
(1993) and Aplin et al. (1993) coincubated first trimester 
villous tissue explants with decidual tissue in a collagen gel 
support matrix. They observed the specific proliferation of 
cells at heterotypic contact zones into columns with the 
appearance of differentiation markers of the extravillous pathway 
such as integrin B1 (Vi6ovac et al., submitted). Cells at the 
tips of the columns detached and infiltrated the adjacent 
decidua. Again, the collagen gel suffered degradation, but 
decidual tissue remained viable except for a thin zone of 
necrosis at the contact site. These observations however were 
not specific to decidual cocultures; villous tissue cocultured 
with peritoneum behaved in the same fashion (Vi6ovac et al., 
1993) • However, the formation of columns specifically at 
contact sites of villi either with matrix (Genbacev et al., 1992) 
or viable tissue (Vi6ovac et al., 1993; 1994; Aplin et al., 1993) 
does suggest a role for local signals in diverting villous stem 
cytotrophoblast into the extravillous differentiation pathway. 
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INTRODUCTION 

Implantation requires an interaction of the blastocyst with the uterine endomeu'ium 

which initiates an orderly morphological, physiological and biochemical alteration of the 

endometrial cell populations. This successful interaction develops only on a synchronous 

program of the maternal side due to estrogen and progesterone which transfonns the uterus 

into its ovoreceptive stage (Psychoyos 1976). Though the modus of implantation is quite 

different among different species the preconditioning of the uterus by steroid hormones and, 

in addition, a local interaction between the blastocyst and the endometrium seem to be 

common in mammalian implantation. In recent years it became more evident that some of the 

cell biological differentiation programs are similar between all invasive types of implantation 

including apposition and adhesion of the trophoblast before it penetrates the uterine 

epithelium (Schlafke and Enders 1975). 
The local rearrangement of the endometrium and the fonnation of a decidua in rodents 

seem to be needed for pennission and control of trophoblast invasion (for review see Glasser 

1990). 

A high amount of embryonic signals and their effects on the maternal endometrium, 

especially decidualization, are discussed in literature (for review see DeFeo 1967, Kennedy 

1983a and Glasser 1990) but little is known how they can regulate the maternal 
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differentiation program and what kind of expression pattern is really changed. Recently we 

found evidence that the induction of cell-cell communication via gap junctions is one of the 

impressive maternal program changes in response to an embryonic signal (Winterhager et al. 

1988,1991, 1993). 

Each connexon of a gap junctional plaque is composed of six connexins (cx) which 

belong to a multigene family with more than 10 members (Beyer et al. 1990, Willecke et al. 

1991). These connexins are cloned and their sequences show very high sequence-identity 

between the species. Cell-cell communication is involved in ion transfer like in the 

myometrium and heart (Garfield et al. 1980, Beyer et al. 1987), and in regulation of tissue 

homeostasis (Yamasaki 1991), in regulation of cell differentiation as well as cell proliferation 

(Mehta et al. 1989). In addition. gap junctions normally treated more or less as a 

housekeeping gene in an adult organism demonstrate a dynamic structure with modulations 

and a high turnover in the uterus throughout pregnancy. The purpose of this review is to give 

evidence that the induction of gap junctions during embryo implantation seems to be an 

impOitam step in regulating the invasion process. 

RESULTS 

Gap Junction Formation during Embryo Implantation in Rabbits 

Implantation in rabbits occurs by adhesion of the trophoblastic knobs followed by 

membrane fusion of the apical trophoblast membrane with the apical membrane of the uterine 

epithelial cells thereby penetrating this barrier (Enders and Schlafke 1971). During 

nonpregnancy as well as during the preimplantation phase up to day 6 post coitum (p.c.) the 

uterine epithelium is noncoupled as evidenced by lucifer yellow injection (Fig. 2a), freeze 

fracture and immunocytochemistry. At implantation (day 6 p.c.), however, cx32 is detected 

in the uterine epithelium of the implantation chamber SlllTOlll1ding the blastocyst (Fig. la/b). 

At this stage the blastocyst is still separated from the uterine epithelium by the blastocyst 

covering (Fig. I a). One day later a fully coupled epithelium restricted to the implantation 

chamber (Fig. 2b) is evidenced by lucifer yellow injection. This local induction of cell-cell 
communication spreads out on day 8 of pregnancy leading to connexin expression in the 

epithelium of the whole uterus. In contrast, uterine epithelium of pseudopregnant animals in 

comparable phases demonstrates a very low or no expression of gap junctions (Fig. 3); tubal 

ligation experiments which permit comparison of the blastocyst bearing uterus with the 

blastocyst-free uterus within the same animal give evidence that the induction of cx32 
depends on the presence of a blastocyst when examined on day 7 of pregnancy. These 

experiments and the comparison with pseudopregnant animals support the idea that in a 
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Figure la,b. Implantation chamber (6 d p.c.) of a rabbit uterus. Thc phase contrast micrograph reveals lhat 

the blastocyst is still surrounded by the coverings (arrow) which stick to the uterine epithelium (a). The 

uterine epithelium adjacent to the trophoblast exhibits an intense immunostaining to cx32 (b) . 

Figure 2. Dye coupling proved by lucife r yellow injection. The dye rema ins in one injected ute rine 

epithelial cell of a nonpregnant rabbit (a). Utcrinc epithelial cells in the implant<ltion chamber (7 d p.c.) 

demonstrate J high dye coupling (b). 

Figure 3. Endometrium of a pseudopregnant rabbit (7 d p.c.). The uterinc epitbelium of a pseudopregnant 

<lnimallacks the reac tion to cx:l2 . 
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preconditioned uterus embryonic signals seem to trigger this differentiation step prior to 

trophoblast invasion (Winterhager et al. 1988). 

Gap Junction Formation during Embryo Implantation in Rats 

If gap junction induction at implantation is an essential step to trophoblast invasion it 

should be verified in other species with a different implantation modus. Thus we have 

investigated the role of gap junctional communication in rats. Here the trophoblast invades 

the endometJium by destruction of the uteline epithelium (Enders and Schlafke 1967) and, in 

contrast to the rabbit which ovulates spontaneously after mating, rats are already governed by 

steroid hormones during the different cyclic phases of non pregnancy. We have investigated 

four different connexins - cx26. cx32. cx37 and cx43 - during all cyclic phases as well as 

during early pregnancy up to day 9 p.c. using immunohistochemistry, freeze fracture and 

Northern blot analysis. As evidenced by Northern blot analysis and immunohistochemistry, 

cx32 and cx37 do not play that important role during the cyclic phases of non pregnancy as 

well as during early pregnancy. Therefore we focused our interest on the expression of cx26 

and cx43. 

In all cyclic phases of nonpregnancy cx43 is not found in the endometrium using 

immunolabeling: cx26 exhibits some staining of the epithelium in the deeper crypts (Fig. 4) 

and a very weak staining of the luminal epithelium. From day 1 p.c. onwards neither cx26 

nor cx43 are found throughout the entire endometrium of the uterus up to the beginning of 

implantation. Northern blot analysis, however, reveals that during the different cyclic phases 

of nonpregnancy cx26- as well as cx43-mRNA are expressed in the rat endometrium (Figs. 

9, 10) whereas - as described above - the antigen is not (cx43) or only faintly (cx26) 

detected. 

It was of our main interest to investigate if this suppression of the connexin synthesis 

during the preimplantation phase is abolished by an embryonic signal at implantation. In rats 

the implantation reaction stm1s by invagination of the uterine epithelium thereby catching the 

blastocyst and forming an interstitial implantation chamber (Fig. 5) (Enders and Schlafke 

1967). Staining with anti-cx26 reveals an intense reaction in the uterine epithelium of this 

implantation chamber surrounding the trophoblast on day 5 p.c. (Fig. 6). Interestingly cx26 

labeling decreases with a gradient towards the epithelial cells of the uterine lumen (data not 

shown). The developing decidual cells arround this implantation chamber exhibit a weak but 

clear expression of cx43 (Fig. 7). Thus prior to trophoblast invasion induction of cx26 is 

evidenced locally in the surrounding epithelium and cx43 in the developing decidua. In the rat 

the invasion process proceeds by destruction of the uterine epithelium of the implantation 

chamber which leads to a confrontation of the trophoblast with the compact decidual tissue. 

At this stage in addition to cx43 immunostaining of cx26 is detected in the decidual cell 
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Figure 4. Endomctrium or a nonpregnant rat during estrus. Thc epi

thelium or the uterine glands reveals a weak immunorcaction to cx26. 

population in the vicinity of the blastocyst. the so-called primary decidual zone. This 

phenomenon is enhanced one day later (7d p.c .): cx26 antigen is strongly expressed in the 

specialized decidual cells surrounding the embryo showing decreasing intensity with 

increasing distance from the trophoblast (Fig. X). At the same time cx43 has spread out 

through the whole decidual tissue up to the myometrial layer but is still enhanced in the 

vicinity of the implantation chamber. This situation does not change up to day 9 of 

pregnancy: Cx26 expression stays in the decidual cell population around the growing embryo 

whereas cx43 is the connexin of all decidual cells. 

The corresponding Northem blot analysis reveals a clear cut relationship to the results 

obtained with immunolabeling (Figs. 9, 10). Cx43 mRNA is 13-fold increased at day 6 p.c. 

compared to non pregnancy and stays nearly constant up to day 9 (Fig. 9). Cx26 transcripts 

increases from day 5 p.c. onwards up to day 9 p.c. (Fig. 10). In contrast to the constant 

increasing of the cx43 mRNA levels cx26 transcript is slightly enhanced on day 4 p.c. 

compared to day 5 p.c. The result obtained on day 4 p.c. could be correlated with the high 

expression of cx26 one day later in the uterine epithelium. The decrease of the cx26 mRNA 

level on day 5 p.c. could be due to the shift of the expression from the epithelial to the 

decidual tissue. 

The connexin expression results in numerous gap junctional plaques as we could 

evidence by freeze fracture from day 7 of pregnancy onwards (Fig. II). Double 

immunolabeiing (Fig. 12) of tissue from the primary decidual zone with anti-cx26 and anti

cx43 demonstrate that most of the gap junctional plaques coexpress both connexins. 
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Figure 5. Implantation chamber in the rat uterus (5 d p.c.). The phase contrast micrograph shows the 

interstitial implantation chamber surrounded by the uterine epithelium enclosing the hlastocyst (arrow head). 

The stroma demonstrates developing decidual cells. 

Figure 6. The same implantation chamber described in figure 5. The uterine epithelium surrounding the 

blastocyst is strongly l;Jbeled with cx26 antigen. 

Figure 7. The same implanWtion chamber described in figure 5. The reaction to cx43 is found in the 

developing decidua surrounding the implantation chamber. 

Figure 8. Implantation chamber in the rat uterus (7 d p.c.). The primary decidual cell population surround

ing the implantation chamber exhibits cx26 with a decreasing gradient from the implantation chamber (Ie). 
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cx43 cx26 

0 4 5 6 7 8 9 d p.e. 0 4 5 6 7 8 9 d p.e. 

a kb kb 

4,4 4,4 

- 2,4 2,4 

- 1,4 1,4 

- 0.2 - 0,2 

b .. -...... B-actin 

9 10 
I<'igure 9. Northern bIoI analysis of cx43 mRNA in Ihe endomelrium of nonpregnanl and pregnanl rats (4-9 

d p.c.). Hybridizalion was performed wilh a ral cDNA prohe (1.4 kb) specific for cx43. The level of cx43 

mRNA increases rapidly from 4 10 fi d p.c.: from fid p.c. onwards all probes demonslrale aboul Ihe same 

mRNA levels (a). The same Northern hlol was rehyhridizell 10 a [I-aclin prohe. No apparenl differences in 

aClin mRNA levels could be seen. 

Figure 10. Northern bIoI analysis of cx2fi mRNA in Ihe endomelrium of nonpregnanl and pregnanl nUs (4-

9 d p.c.). Hybridizalion was performed wilh a cDNA prohe (1.1 kb) corresponding 10 Ihe coding region of Ihe 

ral cx26 gene. In pregnanl rals Ihe level of cx2fi mRNA increases conslanlly from day 5 10 day 6 p.C. 

compared 10 nonpregnanl rats. The ex26 Iranscripl is elevaled on day 4 p.c. jusl before implanlalion starls. 
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Figure 11. Freeze fracture replica of decidual cells (8 d p.c.). Large gap junctional plaques could be found in 

high amounts between the decidual cells. 

Figure 12. Double immunocytochemical labeling demonstrates that both conncxins arc integrated in the 

same gap junctional plaque. Big beats represent cx43. small beats cx26. 

SUMMARY AND CONCLUSIONS 

Cell-cell coupling via gap junctional channels seems to be induced in the uterine 

epithelium in rats as well as in rabbits as a response to embryo recognition. The expression 

of cx26 in the uterine epithelium of the rat is a cell marker of differentiation corresponding to 

cx32 expression in rabbit uterine epithelium. Preconditioning of the endometrium by maternal 

steroid hormones seems to suppress cell-cell communication during the preimplantation 

phase. In addition, the rabbit lacks cell-cell communication in non pregnancy probably 

because of noncycIing. The program of connexin expression seems to be triggered locally by 

the embryo only in a hOll1lonally preconditioned endometrium. Although the implantation 

modus of rat and rabbit are quite different (Schlafke and Enders 1975) the response of the 

maternal tissue to this process is similar which may indicate the importance of this cell 

biological differentiation step in regulating implantation. In rat due to the implantation 

reaction (especially decidualization) it becomes evident that the event of connexin induction is 

not only restricted to the uterine epithelium but accompanies the route of invasion in the 

surrounding tissue penetrated by the trophoblast. Spatial and temporal expression of the two 

different connexins cx26 and cx43 demonstrates that cx43 becomes distributed all over the 

decidua, while the induction of cx26 stays restricted to the trophoblast penetration pathway 

into the endometrium (Winterhager et al. 1993). The local and limited expression of cx32 in 
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rabbit uterine epithelium and cx26 in rat endometrium suggests an influence of the embryo 

via unknown signals as postulated by several authors (Hoffman et a!. 1977, DeFeo 1967, 

Kennedy 1983a, b. 1985). The embryonic signals which could be related to such a process 

remain to be identified. Signals discussed include a high number of different compounds 

which probably could act like a cascade including different steroid hormones, second 

messengers, growth factors, prostaglandins and even mechanical manipulations. Several of 

these stimuli induce decidualization in a honTIonally preconditioned rat (Kennedy 1983b) or 

rabbit (Hoffman 1977) uterus. 

The results described give evidence that the decidual cell population alters its program to 

a different extent in response to these stimuli and is not only regulated by ovarian hormones 

but in a more sophisticated way. It has already been shown that connexin channels exhibit 

different unit conductivities as proved by investigations in stable transfections (Eghbali et a!. 

1990, Fishman et a!. 1(91). However, nothing is known in regard to the differences in 

metabolic coupling so we could only speculate about the role of cx26 induction in the rat. 

Cx26 accompanies the route of trophoblast invasion in the surrounding tissue probably to 

maintain a coordinate differentiation program which may be regulated in a synchronous way 

by the induction of such specific gap junctional channels. 
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INTRODUCTION 

The differentiation program for trophoblast is an intricate one that begins at the 8-16 

cell stage and continues throughout the first third of gestation (reviewed in Damsky, et aI., 

1993). Along with the extraembryonic endoderm it is the first terminal differentiation 

program to be executed in the mammalian embryo, a reality necessitated by the nutritional 

needs of the growing embryo. It therefore has lessons for students of differentiation 

mechanisms in other tissues. Trophoblast differentiation is of particular interest to tumor 

biologists as well as to developmental biologists because trophoblasts acquire an invasive 

phenotype as part of their normal differentiation program. Although as vigorous in their 

invasive capacity as metastatic tumor cells, the invasiveness of trophoblasts in vivo is closely 

regulated both spatially and temporally. The mechanisms by which the invasive phenotype 

of trophoblasts is developed and controlled are therefore of widespread interest. 

The acquisition of an invasive phenotype by trophoblasts is a complex process 

involving the appropriate regulation of several sets of molecules including cell-cell adhesion 

molecules (e.g. the cadherins), extracellular matrix molecules and their cell surface receptors 

(primarily the integrins), matrix-degrading proteinases and their inhibitors (primarily 

metalloproteinases-MMPs, and tissue inhibitors of metalloproteinases-TIMPs). According 

to this scenario, invasion takes place when the net effect of the functions of these molecules 

tips the balance in favor of cell migration and matrix degradation (Alexander and Werb, 

Endocrinology of Embryo-EndomEtrium Interactions 
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1991). The spatial and temporal regulation of this balance is therefore likely to be critical for 

regulating both the depth of trophoblast invasion and the time period over which it takes 

place. Growth factors and cytokines surely playa critical role in regulating the expression of 

adhesion molecules, ECM components and proteinases and their inhibitors. However, it is 

likely that signals triggered through cell-cell and cell-ECM adhesion receptors themselves, 

also supply regulatory information that influences expression of other classes of molecules 

that determine the net invasiveness of trophoblast (e.g. growth factors, proteinases). This has 

been demonstrated in other systems (Damsky and Werb, 1992; Juliano and HaskilJ, 1993). 

Thus, net invasiveness likely involves a network of inductive and feedback regulatory loops. 

We have studied the early stages of trophoblast differentiation and invasion in the 

mouse (Sutherland et aI., 1993) and later stages of trophoblast differentiation and 

placentation in the human (Fisher, et al., 1989; Librach, et aI., 1991a; Damsky et aI., 1992; 

Zhou et aI., 1993; Damsky et aI., in preparation). The architecture of the placentas in these 

two species is very different (Aplin, 1991; Rossant and Croy, 1985), although both are 

characterized as hemochorial. In the mouse, the initial stages of penetration and invasion of 

the uterine wall, and later events in placentation appear to be carried out by different 

populations of trophoblast. The mural trophectoderm (precursor of primary giant cell 

population) of the mouse embryo initiates the process of blastocyst-uterine epithelial contact 

and trophoblast penetration of the epithelial basement membrane, and contributes to the yolk 

sac placenta. The polar trophectoderm forms the ectoplacental cone (EPC), which is the 

stem cell population for additional invasive (secondary) giant cells, and also contributes to 

the chorioallantoic placenta. The situation is less clear in the human because of the difficulty 

in obtaining data on the very early stages of implantation. The histology of early human 

implantation sites suggested that the early trophoblast syncytium might initiate implantation. 

However, evidence is not firm (discussed in Enders and Schlafke, 1979). Clearly this issue 

requires further careful work. After further morphogenesis, the cytotrophoblasts (CTB) in 

the human, like the polar trophectoderm in the mouse, form a proliferative stem cell 

population and specialized structures (anchoring villi, as compared to the EPC in the mouse) 

which supply the bulk of the cells (mononuclear CTB) that invade the uterine wall (Table 1; 

see Damsky et aI., 1992; Sutherland et aI., 1993). Although invasion is much more extensive, 

and there is much greater intermingling of fetal and matemal cells in the human than in the 

mouse, in both cases, direct contact between fetal trophoblast and maternal blood results. 

As we will describe below, there are striking similarities in the patterns of expression 

of integrins (Sutherland, et aI., 1993; Damsky, et aI., 1992), proteinases (Behrendtsen, et al 

1992; Librach et aI., 1991a) and proteinase inhibitors (Nomura et aI., 1989; Fisher, 

unpublished experiments) in differentiating mouse and human trophoblast. Therefore, 

insights from early trophoblast differentiation gained from the mouse system should be 

relevant to the human system. That said, however, the unique features of human placentation 

make it imperative to study the biology of human trophoblast as extensively as possible, to 
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provide insight into the etiology of disorders of implantation that have a profound impact on 

fertility and pregnancy outcomes in humans. The utility of this advice is demonstrated by 

our finding that the regulation of integrin expression by differentiating human CTB in 

placentas from preeclamptic pregnancies is abnormal. 

INTEGRINS ARE INTRICATELY REGULATED IN MOUSE AND HUMAN 

TROPHOBLAST 

Table 1 shows the switching of the integrin repertoire that takes place temporally and 

spatially during differentiation of mouse and human trophoblast. We do not have complete 

information for all integrins in both systems. In particular, determining the spatial 

distribution of several integrins in the mouse has been hampered by the lack of antibodies 

that both recognize mouse integrin a subunits and stain tissue. Thus, a combination of 

immunocytochemistry, embryo dissection followed by immunoprecipitation, and RT -PCR 

have provided the information in the mouse (Sutherland et aI., 1993), whereas 

immunocytochemistry has been the primary tool in the human system. In addition, the 

information in the mouse is at an earlier stage than we have been able to examine in the 

human. Despite these caveats, two striking similarities stand out (Damsky et aI., 1992; 

Sutherland et aI., 1993). Firstly, a6-containing integrins are expressed in early stages of 

primary trophoblast differentiation and in the stem cell trophoblast populations present in the 

chorionic villi in human and EPC in the mouse. These are down regulated in trophoblasts 

that are differentiating to an invasive phenotype in both species. Secondly, expression of the 

al and a7 integrin subunits is upregulated in differentiating trophoblast. In the mouse, a7 is 

detected at the time the hatched blastocyst becomes attachment-competent, while al is 

detected only after trophoblast outgrowth has started. In the human the expression pattern of 

a7 is unknown, but the al integrin is present only in CTB that have invaded the uterine wall. 

The a6 and a7 integrins, receptors for several forms of laminin, and the alB 1 

integrin, a receptor for laminin and collagen IV, recognize basement membrane components. 

Thus, the switching from one integrin subset to another that takes place during trophoblast 

differentiation suggests that trophoblast stem cells and invasive trophoblast interact in 

qualitatively different ways with basement membrane components in their environments. 

This, in turn should elicit distinctive behavioral responses. Trophoblast interactions with 

basement membrane components are likely to be important during implantation. During the 

decidual response, individual uterine stromal fibroblasts enlarge and surround themselves 

with a basement membrane containing laminin, entactin and collagen IV (Wewer et aI., 

1986). In contrast, interstitial matrix components such as fibronectin and fibrillar collagens 

are downregulated. The a6Bl and a7Bl integrins interact with the long arm of the cross

shaped laminin heterotrimer (Hall et aI., 1990; Kramer et aI., 1991). Comparative mapping 
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of the two interaction sites within the long arm has not been carried out. However, it is 

reasonable to suggest that binding via the two different integrins have distinct consequences. 

The al B 1 integrin interacts with the cross region of laminin (Hall et ai., 1990). 

Interestingly, in some systems, contact with this region of laminin promotes motility rather 

than adhesion (Cal of and Lander, 1991), supporting the suggestion that distinct integrin 

repertoires promote distinct cellular behaviors. Determining what downstream signals are 

activated following binding via these integrin complexes may shed light on why stem cell TB 

and invasive TB behave so differently. The availability of in vitro model systems for 

trophoblast differentiation in both the mouse and human should enable us to address such 

questions. 

INTEGRIN SWITCHING HAS FUNCTIONAL CONSEQUENCES FOR 

TROPHOBLAST INVASIVENESS 

Human cytotrophoblasts upregulate counterbalancing adhesion mechanisms during 

their differentiation 

To determine if the extensive changes in the integrin phenotype observed during CTB 

differentiation have important functional consequences, we employed a model for human 

trophoblast differentiation originally developed to study proteinase function (Librach et aI., 

1991a). In that model, CTB stem cells, isolated from floating chorionic villi of placentas of 

different gestational age, are put into culture on surfaces coated with the reconstituted 

basement membrane, Matrigel. CTB from first trimester placentas adhere, aggregate and 

invade the Matrigel over 18-36 h. The invasive capacity of cells from second trimester 

placentas is reduced, while CTB from term placentas do not invade at all in this assay. Using 

this model, Librach et a!. (l99Ia), determined that the 92 kD MMP is rate-limiting for CTB 

invasion and that its production by CTB declines over the course of gestation. Thus, this 

proteinase is likely to be critical in determining invasive capacity of CTB in vivo. The 92 kD 

MMP is also rate-limiting for mouse trophoblast invasion (Behrendtsen et aI., 1992). 

To use this model for determining the functional consequence of integrin switching 

for CTB function, we first determined that CTB invading Matrigel displayed the same 

integrin and ECM phenotype as CTB invading the uterus in situ. As shown in Table 2, this 

criterion was fulfilled, thereby validating the model for testing the role in CTB invasiveness 

of those integrins that are modulated during CTB differentiation in situ (Librach et a!., 

1991 b; Damsky et a!., in preparation). We then used an antibody-perturbation approach to 

detelmine which CTB-ECM interactions were critical for invasiveness. 
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Table 1. Imegrin switching during trophoblast differentiation in mouse and human 

Mouse Trophoblast 

Stage 

Early Blastocyst 

Hatched Blastocyst 

E 

Embyro Outgrowth 

Ectoplacental cone 

TE{fB Integrins 

o.VB3 0.6131* 

o.VB3 0.6131* 0.7131 

o.VB3 0.7131 

0.1131 

o.VB3 o.6Bl~ 0.7131 

0.1131 0.5131 

E 
P 

C 

*polarized to basal surface of TE(TB 
~restricted to stem cell core of EPC 

Human Trophoblast 

Zone of AV 1st TM CTB Integrins 

c 

TE, trophectoderm; TB, trophoblast; 2° GC, secondary giant cells; EEEc, extraembryonic ectoderm; EPC, 
ectoplacental cone; CTB, cytotrophoblast; STB, syncytiotrophoblast; TM, trimester; A V, anchoring villus; BV, 
blood vessel 
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Table 2. Integrins and ECM ligands expressed by first trimester human CTB invading 

uterine wall in vivo and isolated CTB invading Matrigel in vitro 

CTB: Zone I II III IV CTB in Matrigel 

ECM com12onents 

Fibronectin + +/- + 

Collagen IV + +/- + 

Laminin A + + + + + 

Laminin Bl + + + + + 

Laminin B2 + + + + + 

S-laminin + 

Merosin + 

Integrins 

al~1 + + 

a5~1 + + + 

a6~4 ++ + +/-

a6~1 ?* +/-

*since ~4 and ~ 1 are both present in this zone, and a6 pairs preferentially with ~4, it is not clear whether a6~ 1 
is also present. 

Table 3. Effects on CTB invasion of Matrigel of antibodies that interfere with CTB-laminin 

interactions or CTB-fibronectin interactions 

CTB Interactions with 
Laminin and Collagen 

CTB Interactions with 
Fibronectin 
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Reagent added to 
invasion assay 

Anti-laminin 

Anti-collagen IV 

Anti-a 1 integrin 

Anti-a6 integrin 

Anti-al+Anti-a6 

Anti-fibronectin 

Invasiveness of 1 st TM CTB 
(control=l.O) 

0.1 

0.1 

0.4 

0.9 

0.2 

1.2 

Anti-a5 integrin 2.4 

Exogenous fibronectin in Matrigel 0.2 

Anti-a5+cxogenous fibronectin 1.4 



As indicated in Table 3, CTB interactions with laminin or collagen are critical for invasion, 

as antibodies against them blocked CTB invasion. Antibodies against the alBl integrin 

collagen/laminin receptor, which is upregulated during CTB invasion in situ, also blocked 

CTB invasion significantly, suggesting that alBl is critical for mediating CTB interactions 

with basement membrane components during invasion. The GoH3 antibody against the a6 

subunit, which affects interactions of a6Bl, but not a6B4 with laminin, had a small effect on 

invasion that was apparent only when it was added together with the anti-al antibody. Thus, 

a small amount of a6Bl remaining after differentiation of CTB, may make a small 

contribution to CTB interactions with laminin. However, the alBl receptor is clearly the 

major receptor affecting invasiveness of first trimester CTB. We obtained further evidence 

for the significance of the alBI integrin by examining the onset of expression of the al 

integrin subunit in CTB plated on a monolayer of Matrigel. In first trimester CTB, this 

integrin was initially expressed on only 15% of the cells. A plateau level of 60% aI-positive 

cells was reached by 18 h. In second trimester CTB, al upregulation was slower, but the 

maximum levels obtained after 36 hr were the same as for first trimester CTB. In term 

placenta, CTB did not upregulate the al subunit even after 72 hr in culture. Thus, there is a 

gestational delay in the ability of CTB to express the a 1 subunit (Lim, et aI., 1993). This 

parallels the decline of invasive capacity and MMP production in CTB isolated from 

different trimesters of gestation (Fisher, et aI., 1989; Librach, et aI., 1991a). 

In contrast to the results for CTB interactions with laminin and collagen, CTB-Fn 

interactions appeared to restrain invasion. Antibody to the integrin fibronectin receptor, 

a5Bl, stimulated CTB invasion, while addition of exogenous Fn to the Matrigel reduced 

CTB invasion. This was at first surprising. However, this is consistent with results from 

tumor cells. In those studies, CHO cell lines with low levels of the a5Bl were more 

tumorigenic than those with higher levels and restoration of higher expression of a5Bl in the 

tumorigenic lines, reduced their tumorgenicity (Giancotti and Ruoslahti, 1990). Taken 

together, these results suggest that, in the course of differentiation to an invasive phenotype, 

human CTB upregulate counterbalancing adhesion mechanisms that are invasion-enhancing 

(laminin and collagen interactions with a 1131) and invasion-restraining (fibronectin 

interactions with a5Bl) adhesion mechanisms (Librach, et aI., 1991b; Damsky, et aI., in 

preparation). We hypothesize that careful regulation of these mechanisms plays a significant 

role in regulating the depth of CTB invasion during implantation. If this is the case, we 

would expect abnormal regulation of integrin expression in implantation disorders in which 

CTB invasion is excessively deep or excessively shallow. 

Abnormal regulation of CTB integrin switching is a striking feature of preeclampsia 

Preeclampsia is a serious disorder of pregnancy that is characterized by high blood 

pressure and proteinuria in the mother, and by intrauterine growth retardation of the fetus. 
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Examination of the placenta at the histological level reveals that trophoblast invasion is 

abnormally shallow and blood vessel invasion virtually absent. Given our analysis of 

integrin expression and function, it is reasonable to suggest that the invasion-promoting arm 

of the adhesion mechanism proposed above is not upregulated during CTB differentiation in 

preeclamptic pregnancies. This prediction was borne out when patterns of integrin 

expression in placental bed biopsies of placentas from age-matched normal and preeclamptic 

pregnancies were examined by immunocytochemistry (Table 4; Zhou, et aI., 1993). 

Table 4. Comparison of the pattern of integrin expression on CTB in the placental bed 

tissue from age-matched late second trimester placentas (22-27 weeks) from control and 

preeclamptic pregnancies 

CTB in chorionic villi 

CTB in Placental Bed 

CTB Present in Maternal 
Blood Vessels 

Intewn 

a684 

a3Bl 

a684 

a6Bl 

a3Bl 

a5Bl 

alBl 

alBl* 
a5Bl 

Control* Preeclampsia 

+ + 

+ + 

+ 
+~ ?~ 

+ + 
+ + 
+ 

CTB Present CTB Not present 

+ 
+ 

*The differences in integrin profile in the control CTB at this stage when compared to the first trimester CTB 
(Tables 1, 2 and Damsky, et al 1992) reflect normal gestational changes of the integrin profile in normal tissue. 

~since 84 and Bl are both abundant in the preeclamptic placental bed, an~ a6 pairs preferentially with 84, it is 
not clear whether a6BI is also present. Since 84 is not present in control placental bed, a6BI is 
unambiguously the a6-containing integrin present. 

*CTB lining blood vessel walls in normal second trimester placental bed stained particularly strongly for al. 

Firstly, the a6B4 integrin characteristic of undifferentiated villus CTB, is not down regulated 

on preeclamptic CTB in the placental bed. Secondly, the alBl integrin characteristic of 

CTB within the uterine wall in normal placenta, is not upregulated on CTB from 

preeclamptic placental bed tissue. Thirdly, the aSBI integrin is upregulated normally in 

crn from preeclamptic tissue. Finally, CTB from the preeclamptic placenta are confined to 
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the superficial region of the placental bed, and have not invaded and modified maternal 

blood vessels. These data support the idea that in preeclampsia, CTB differentiate 

abnormally: they retain a major stem cell adhesion molecule, and upregulate the integrin 

suggested to restrain invasion (a5Bl), but do not upregulate the integrin (alBl) suggested to 

accelerate invasion. Thus, CTB in preeclampsia do not assume the optimum adhesion 

phenotype for invasion to the appropriate depth during placentation. 

Disregulation of integrins during CTB differentiation is not likely to be the primary 

defect causing preeclampsia. However, since preeclampsia is a disease of the placenta 

(recovery results from delivery of the placenta) it is reasonable to propose that defective 

differentiation of the cell type responsible for invasion of the uterine wall during 

placentation, is a proximal consequence of the initial defect(s), and has significance for the 

further development of systemic disease. The fact that preeclampsia is primarily a disease 

of primagravidas suggests that the maternal immunologic response to the conceptus at an 

early stage of implantation could be abnormal. Over 50% of the maternal cells in first 

trimester decidua are bone marrow-derived (Starkey, et aI., 1988), and such cells are active 

producers of cytokines and growth factors. Therefore, an altered immune response could 

result in abnormal production of signals that modulate trophoblast-uterine interactions. 

How are integrins regulated during trophoblast differentiation? 

Data described above make understanding how integrin expression is modulated 

during normal and defective placentation a high priority. The fact that the differentiation of 

villus (zone I) CTB to an invasive phenotype can take place in vitro suggests that the normal 

program for integrin switching is regulated in an autocrine manner. This is supported by our 

work in the mouse, in which the downregulation of a6Bl on trophoblast and the sequential 

upregulation of a7Bl and alB 1 at the time of blastocyst attachment and outgrowth take 

place in embryos cultured in vitro from the 2 cell stage onward, precluding a significant 

maternal (paracrine) effect on the normal integrin expression pattern from the uterine wall 

(Sutherland, et aI., 1993). Growth factors and cytokines are prime candidates for regulating 

integrin expression. Trophoblasts have been shown to express several growth factors and 

growth factor and cytokine receptors (reviewed in Bass, et aI., 1993; Wegmann and 

Guilbert, 1992), some of which are known to regulate integrin expression in other cell types. 

These are candidates for regulating normal CTB integrin expression in an autocrine manner. 

This does not mean, however, that signals from the uterine wall could not modulate the 

depth of invasion or provide cues for trophoblast targeting to maternal blood vessels. 

Autocrine regulation by trophoblast of their normal pattern of integrin expression also does 

not preclude aberrant signals from the endometrium interfering with the normal program of 

integrin regulation in the case of preeclampsia. We are cUlTently examining which factors 

normally made by CTB, or by the endometrium, are able to modulate normal CTB invasion. 
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These will be tested for their ability to accelerate or depress the onset of expression of the 

<xl integrin subunit in CTB of different gestational ages in vitro. 

FUTURE QUESTIONS 

Many important questions remain concerning the consequences of altered integrin 

regulation for the etiology of preeclampsia. The most obvious link is that CTB do not 

migrate normally and therefore do not reach the appropriate depth within the uterine wall. 

More specifically, they may not have the appropriate integrin repertoire to interact properly 

with maternal blood vessels, resulting in the inability of the trophoblasts to invade and 

modify them. This in turn could lead to poor perfusion of blood to the developing fetus. It 

is also possible that the altered integrin repertoire has effects on the expression by 

trophoblasts of other components that are required for invasion. For example, integrins have 

been shown to regulate the expression of MMP in fibroblasts (Werb, et al., 1989) and in 

melanoma cells (Seftor, et al., 1992). If inappropriate regulation of integrins leads to an 

altered proteinase repertoire, this could seriously impair matrix degradation and therefore 

invasiveness. We are currently investigating this possibility in our in vitro model. 

Integrins are likely not the only adhesion molecules affected in preeclampsia. 

Previous studies have shown that the cell-cell adhesion molecule E-cadherin, which is 

strongly expressed by the polarized villus CTB monolayer, is downregulated in invasive 

CTB in vitro (Fisher, et aI., 1989) and in vivo (Damsky and Fisher, unpublished 

experiments). E-cadherin expression and/or function are also downregulated in invasive 

carcinomas, leading to the idea that E-cadherin and its cytoplasmic binding proteins 

constitute a tumor suppressor system (Behrens, et aI., 1993). E-cadherin is a member of a 

large family of calcium-dependent cell adhesion molecules. Cadherin switching is a feature 

of the differentiation of most tissues (Takeichi, 1991), and is likely to occur during human 

CTB differentiation. If cadherin regulation is abnormal in preeclampsia, this could affect 

the ability of CTB to undergo the step-wise epithelial-mesenchymal transformation 

necessary for it to differentiate from a polarized monolayer sitting on the trophoblast 

basement membrane, to a large aggregate of nonpolarized cells (the cell column), and 

finally, to the largely single cell population that actively invades the uterine wall. 

Finally, understanding the biology of uterine blood vessels and their endothelium 

could provide important links between the specific defects in trophoblast adhesion we have 

observed and the systemic nature of preeclampsia. If one consequence of preeclampsia is 

aberrant activation of endothelium (either insufficient or excessive), this could alter immune 

cell trafficking and cytokine production, thereby modifying the normal trophoblast program 

for regulating adhesion receptors. Clearly, much fascinating, but difficult work is needed to 

understand what role trophoblast adhesion molecules play in the etiology of preeclampsia. 
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INTRODUCTION 

Implantation of the conceptus is a progressive process but can conveniently be divided 
into three phases, blastocyst adhesion, trophoblast invasion and placentation. In all mammalian 
species invasion of the trophoblast is accompanied by degradation and remodelling of uterine 
tissue although there is a line of increasing invasiveness from those species where there is simple 
attachment of the trophoblast to the luminal uterine epithelium to those in which implantation 
involves deep embedding of the blastocyst into the endometrium. The extent of tissue 
degradation is also related to the form of placentation that ultimately results. The human 
(hemochorial placentation) and the sheep (epitheliochorial placentation)representtwo extremes 
(Renfree, 1982; Finn, 1990). In the human and other primates, implantation is highly invasive 
and commences immediately after the hatched blastocyst (in the region of the polartrophectoderm) 
adheres to a receptive endometrial epithelium. Subsequently the trophoblast cells begin to 
intrude between the epithelial cells and eventually breach the basal lamina to reach the 
endometrial stroma. Further penetration of the extracellular matrix (ECM) occurs with erosion 
of local blood vessels, bringing the trophoblast into direct contact with maternal blood 
(Pijnenborg et al., 1981). By contrast, in the sheep, relatively little invasion by the trophoblast 
occurs. The ovine blastocyst attaches at clearly-defined sites, the caruncles, by fusion of 
binucleate cells of trophoblast origin with caruncular epithelial cells (Wooding & Morgan 
1989). Some penetration of the basal lamina is seen at defined sites near areas of formation of 
minisyncytia. In addition, degenerative changes in the intercaruncular regions (the glandular 
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areas between the caruncles) accompany attachment and implantation with columnar surface 
epithelium being lost, the trophoblast apparently making use of the cellular debris by ingestion 
(Boshier, 1969). Little is known of events in the endometrial stroma at this time but 
reorganization of the vasculature and associated structural changes in the interstitial matrix 
would be required to bring a sufficient blood supply into the area. 

Extracellularmatrix (ECM) degradation occurs at a number of sites during the implantation 
process. The basal lamina (associated with both the uterine epithelium and the endometrial 
blood vessels) must be degraded to allow passage of the trophoblast and access to maternal 
blood. Remodelling of the interstitial matrix is necessary to allow for new vessel growth and 
to accommodate the invading cells. Because the tissue barriers are made up of variety ofECM 
macromolecules, proteolytic enzymes capable of degrading each component are required. 
Therefore, it would seem important to identify the proteolytic enzymes responsible for the 
different phases of successful implantation, their cellular sources and the temporal and spatial 
relationship of their expression to the nidatory events. 

Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of enzymes which together are capable 
of degrading most of the components of the ECM. Along with tissue inhibitors of MMPs 
(TIMPs) the enzymes may be synthesized and secreted locally by the resident cells of a tissue 
or by recruited inflammatory cells such as neutrophils and macrophages. They have been 
studied extensively in inflammatory connective tissue disorders and in situations in which 
tissues are being invaded (Woessner, 1991; Matrisian, 1990; Mignatti and Rifkin, 1993) but 
their potential role in the remodelling of endometrial tissue or in implantation has not been 
widely explored. However, the inflammatory-type responses to implantation (Finn 1986) and 
the invasive nature of trophoblast tissue (Fisher et al., 1989) suggests that similar mechanisms 
will exist. 

MMPs are calcium-dependent zinc proteinases with optimal activity at neutral pH. 
A number of the human MMP family members have now been cloned and their products 
sequenced (Birkedal-Hansen et al., 1993). The MMPs can be classified into major groups on 
the basis of preferential activity towards specific ECM macromolecular components, such as 
the collagens, proteogl ycans, fibronectin and laminin (Woessner et al., 1991; Birkedal-Hansen 
et al., 1993). Those most likely to be important in the endometrium are: MMP-1 (interstitial 
collagenase), which is capable of initiating the degradation of the interstitial collagens; 
MMP-2 (gelatinase A; 72kDa gelatinase), which further degrades the products ofMMP-l in 
the interstitium as well as having activity towards some basement membrane components; 
MMp-3 (stromelysin 1), which digests proteoglycans, fibronectin and collagen IV and also 
degrades other components of the basal lamina; and MMP-9 (gelatinase B; 92kDa gelatinase) 
which appears to be important in tumor invasion degrading many of the same substrates as 
MMP-2 but also collagen XI (Table I). Unique features ofMMPs which distinguish them from 
other metalloendopeptidases are that each is secreted as a latent zymogen or precursor which 
can be activated by treatment with mercurial compounds or proteinases in vitro and by certain 
proteinases in vivo (Table 2). In this context, MMP-3 is likely to be a pivotal enzyme in the 
generation of collagenolytic activity since it is able to activate both MMP-l and MMP-9. Thus 
the activation of MMp-3 may be critical (Nagase et al., 1991) and may initiate a cascade of 
proteolytic activity if co-expressed with other MMPs. All MMPs are inhibited by tissue 
inhibitors of metalloproteinases (TIMPs) by the formation of 1: 1 complexes (Woessner, 1991) 
and by <x2-macroglobulin. 
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Table 1. Substrate specificities of matrix metalloproteinases of likely 

importance in implantation 

MMP# 

MMP-I 

MMP-2 

MMP-3 

MMP-7 

MMP-9 

Alternative names 

interstitial collagenase 

gelatinase A 
72kDa gelatinase 

stromelysin 1 

matrilysin 

gelatina ,e B 
92 kDd gelatinase 

Adapted from Nagase et al. (1991) 

Extracellular matrix substrates 

collagens I, II, III, VII, X 
gelatin, proteoglycans 

gelatin 
collagens IV, V, VII, X 
laminin, elastin, fibronectin 
proteoglycans 

proteoglycans 
collagens IV, V, IX, X 
laminin, fibronectin 
procollagen peptides 
activates proMMP-1 and proMMP-9 

fibronectin, laminin, gelatin 
collagen IV 
proteoglycans 
elastin 
activates proMMP-l 

gelatin 
collagens IV, V 
laminin, elastin 

Table 2. Natural activators of matrix metalloproteinases 

proMMP-l 

trypsin 
plasma kallikrein 
plasmin 
MMP-3 

proMMP-2 

not 
known 

proMMP-3 

trypsin 
chymotrypsin 
plasmin 
plasma kallikrein 
neutrophil elastase 
cathepsin G 

thermo lysin 

proMMP-9 

trypsin 
MMP-3 
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Induction of genes for MMPs and their activators by phorbol myristate acetate (PMA) 
and by cytokines and growth factors such as tumor necrosis factor a (TNF), epidermal 
growth factor (EGF), basic fibroblast growth factor (bFGF) and interleukin-1 (IL-1) and of 
TIMP-1 and matrix proteins by transforming growth factor ~ (TGF~), platelet-derived growth 
factor (PDGF), and epidermal growth factor (EGF) have been described in a range of tissues 
and cell cultures (Woessner, 1991). Thus, control of the activity of each MMP is multifactorial 
and controlled at a number of different levels (Figure 1). Many of these regulatory molecules 
(growth factors and cytokines) are locally produced in the uterus (Tabibzadeh, 1991; 
Salamonsen 1992) though whether or not their release coincides temporally or spatially with 
MMP expression has not been explored. 

Matrix Metalloproteinases in the Embryo-Uterine Axis 

There have been a number of reports ofMMPs or other matrix-degrading enzymes in the 
embryo-uterine axis. Human embryos produce collagen-degrading activity (Puistola et a1., 
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1989) and mRNA transcripts for collagenase, stromelysin and TIMP, have been demonstrated 
in mouse embryos using the technique of polymerase chain reaction; as maternal transcripts in 
the unfertilized egg, in the zygote and cleavage stages but increasing at the blastocyst stage 
(Brenner et aI., 1989). In addition, MMPs, particularly gelatinases are produced by human 
cytotrophoblast cells derived from first trimester pregnancies (Fisher et aI., 1989; Bischof et 
aI., 1991, this volume; Librach et aI., 1991; Fernandez et aI., 1992). In vitro, these 
cytotrophoblasts invade cultured endometrial glands, but not epithelial cells from other 
sources, suggesting that not only are the trophoblast cells invasive but also that the uterine 
epithelial cells must have a specific response to the trophoblast factors (Librach et aI., 1991). 
Furthermore, decidual cells are the frrst cells to penetrate the uterine luminal basal lamina of 
rats and also invade the basal lamina of maternal blood vessels (Schlafke et aI., 1985). 
Rat uterine cells have a greater capacity to degrade a variety of complex extracellular matrices 
in vitro than either rat or mouse trophoblast cells (Welsh and Enders, 1989). These studies 
support an active role for the uterine stroma in implantation and placentation in the rat and 
suggest that at least in this species, trophoblast invasiveness is not all important for implantation. 
Thus, it would seem important to determine the expression and secretion ofMMPs from both 
endometrial as well as trophoblast cells in a number of animal species with different forms of 
placentation. 

MATRIX METALLOPROTEINASES IN THE EMBRYO-MATERNAL UNIT OF 
THE SHEEP 

Endometrium 

Ovine endometrial cells in primary culture have the potential to express a range ofMMPs 
(Salamonsen et aI., 1991, 1993). Endometrial tissue was derived from estrogen- and 
progesterone-treated ovariectomized Corriedale ewes and dissociated cell suspensions were 
obtained following digestion with bacterial collagenase. Cultures of either mixed endometrial 
cells (Salamonsen et aI., 1985) or highly purified epithelial and stromal cells (Cherny & 
Findlay, 1990) were plated in medium 199 with 10% charcoal-stripped fetal calf serum and 
antibiotics for 24-48 hours and the medium then changed to serum-free with or without 
PMA (100nM) for a further 48 hours. Conditioned medium was collected for analysis and the 
cells were either retained for DNA assay or fixed for immunocytochemistry following 
treatment with monensin (which inhibits transport of proteins through the Golgi apparatus) for 
4 hours. The identity ofMMPs in the culture medium was established by the use of specific 
enzyme assays for collagenase (MMP-l), gelatinases (MMP-2 + MMP-9) and stromelysin 
(MMP-3), by zymography and by Western blot analysis. Northern blot analysis using cDNA 
probes for human MMP-I and human MMP-3 identified specific mRNA as a component of the 
total RNA extracted from the PMA-treated cells. 

Collagenase, gelatinase and stromelysin acti vity was detected in the culture medium from 
mixed endometrial cells by specific enzyme assays. Most of the enzymes were present in their 
latent form as evidenced by the increased activity measured following treatment of the medium 
with 4-(aminophenyl)mercuric acetate (APMA). Both collagenase and stromelysin activities 
were increased following treatment of the cells with PMA but gelatinase activity was not 
significantly affected (Figure 2). These effects of PM A were both time- and dose-responsive 
(Salamonsen et aI., 1991 1993). 
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Figure 2. Relative production of (a) collagenase, (b) gelatinase and (c) stromelysin by ovine endometrial cells 
cultured without (control) or with PMA. Enzyme activities are expressed as units released into culture medium 
in 48h. Hatched bars = without activation; cross-hatched bars = following treatment with APMA in vitro. 
• significantly different (P<O.05). (Compiled from data in Salamonsen et a11991, 1993.) 
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Figure 3. Gelatin zymography of culture medium from mixed cultures of ovine endometrial cells. Lane I: pro 
MMP-2 (human standard), lane 2: proMMP-9 (human standard), lanes 3 & 4: culture medium from ovine 
endometrial cells, unstimulated, lanes 5 & 6: culture medium fromovine endometrial cells stimulated with PMA 
(I OOnM, 48 hours), lane 7: human synovial cell culture medium. (reprinted from Salamonsen et aI., 1993, with 
permission). 

Gelatin zymography demonstrated that gelatinases of molecular weights corresponding 
to those ofhwnan proMMP-2, but not proMMP-9, were present in the culture mediwn together 
with an additional gelatinolytic band of higher molecular weight (approximately 11OkDa) 
(Figure 3). Both these gelatinases were also present in culture medium from human synovial 
cells. The higher molecular weight species was less prevalent than proMMP -2. Each gelatinase 
was secreted primarily in its latent form as demonstrated both by molecular weightdeterrnination 
and by its activation by APMA. Further evidence for the identification of these gelatinases as 
MMPs was demonstrated by their complete inhibition using EDT A and 
o-phenanthroline. Both gelatinases were produced by the cells without stimulation in vitro and 
PMA did not significantly increase their production. 

Expression of specific mRNA for MMP-l and MMP-3 in these cell preparations was 
confirmed by Northern blot analysis of total RNA derived from the cultured cells following 
stimulation with PMA for 48 hours (Figure 4). 

kB 

2.2_ 
1.S-

MMP-1 MMP-3 

Figure 4. Northern blot analysis of total RNA (20Jlg) derived from cultured ovine endometrial cells treated 
with PMA (48 hours, IOOnM), and hybridized with 32P-cDNA probes specific for human MMP-l and human 
MMP-3. 
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Figure S. MMP-3 production by purified ovine epithelial and stromal cells in primary culture, either (single 
hatched bars) untreated or (cross-hatched bars) treated with PMA (IOOnM, 48 hours). Culture medium was 
treated with APMA prior to assay. 

Matrix metalloproteinases are produced predominantly by appropriately stimulated 
connective tissue cells (Matrisian and Hogan, 1990) and in the sheep endometrium it was the 
stromal and not the epithelial cells which produced MMPs 1, 2 & 3 into the culture medium 
(Salamonsen et aI., 1993; Figure 5), observations confirmed by immunocytochemical staining 
of the cells (Figure 6). 
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Figure 6. Immunocytochemical staining for MMP-3. (a) in ovine endometrial stromal cell cultures following 
stimulation with PMA for 48 hours followed by treatment with monensin (3~M) for 4 hours. (b) in ovine 
endometrial epithelial cells treated similarly. Antiserum was raised in rabbits against human MMP-3 and 
detected using FITC-labelled anti-rabbit IgG. Sections were counterstained with ethidium bromide. Arrows 
highlight positive staining for MMP-3 in the Golgi apparatus of stromal but not epithelial cells. 
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Figure 7. Gelatin zymography of uterine flushings from day 16 non-pregnant (lanes 1-4) and day 16 pregnant 
(lanes 5-10) ewes and synovial cell culture medium (contains proMMP-2, lane 11). 
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Figure 8. Gelatin zymography of medium following culture of trophoblast tissue from 6 individual sheep 
blastocysts (1-6); C = cultured without PMA, P = cultured in the presence of PM A, S = synovial cell culture 
medium (proMMP-2). 

373 



Blastocyst 

The uteri of anaesthetized pregnant and non-pregnant ewes were flushed with saline on 
day 16 of the cycle (estrus, day 0; non-pregnant) or day 16 of pregnancy (day of attachment) 
(Salarnonsen et al., 1986). Uterine flushings were collected, blastocysts retrieved and cellular 
debris removed by centrifugation. Pieces of trophoblast tissue (approximately lcm) were 
thoroughly washed and maintained in serum-free culture for 48 hours with and without 
PMA (lOOnM) (Salarnonsen et al., 1984). Both flushings and culture medium were subjected 
to gelatin zymography. Whereas uterine flushings from four day 16 non-pregnant ewes 
contained little or no gelatinase activity, flushings from six pregnant ewes contained at least 
two bands of activity, one being identified as proMMP-2 and the other as probably proMMP-
3 by molecular weight estimation (Figure 7, Salarnonsen et al., 1992). Furthermore, following 
culture of trophoblast tissue, proMMP-2 activity was identified by zymography in the culture 
medium from 4 of 6 separate blastocysts. In each case there was no more proMMP-2 released 
in the presence than in the absence of PMA suggesting that its secretion by trophoblast is 

constitutive (Figure 8). Although this enzyme could have been taken up by the trophoblast in 
utero and then released into the culture medium in vitro, a more likely explanation is that the 
preimplantation trophoblast is synthesizing proMMP-2 and secreting it into the culture 
medium. This requires confirmation. 

In summary, sheep endometrial stromal but not epithelial cells in primary culture secrete 
proMMP-l, proMMP-2 and proMMP-3. The production ofproMMP-l and proMMP-3 can 
be further stimulated in vitro by PMA, but synthesis of proMMP-2 appears to be either 
constitutive or to have been previously stimulated in vivo by some bioregulator present in the 

uterus of the ovariectomized sheep treated with estrogen and progesterone to mimic the luteal 
phase of the estrous cycle. The nature of the natural stimuli of gene expression within the 
endometrium, the extent and mediators of activation of endometrial MMPs in vivo, and to what 
extent the MMPs are bound by TIMPs or <X2 -macroglobulin following secretion, remains to be 
determined. It is possible that the co-production of proMMP-l and proMMP-3 from 
endometrial cells favours activation ofproMMP-l in vivo. Preliminary evidence also suggests 
that proMMP-2 is produced by sheep blastocysts at the time of attachment. The developmental 
stage of the sheep blastocyst when gene transcription and translation begins, the duration of 
release ofMMP-2 and whether the enzyme is present at the site of trophoblast invasion ofthe 
basal lamina of the uterine epithelium, remain to be established. It is to be expected that, as 
in disorders such as rheumatoid arthritis and tumor invasion, MMP production and activation 
reflects microenvironmental activity restricted to sites oftissue invasion. 

The sheep blastocyst produces a number of other proteins at the time of implantation 
(Godkin et al., 1982, Salamonsen et al., 1984) the most dominant of these being a trophoblast 
interferon (Roberts et al., 1991) which modifies both prostaglandin and protein release from 
the endometrium (Salarnonsen et al., 1988). Whether or not any of these proteins act in a 
paracrine manner to modify MMP production by the endometrial cells or whether any of them 
are capable of activating MMPs of either endometrial or blastocyst origin are other important 
questions which require resolution. 

MATRIX METALLOPROTEINASES IN THE HUMAN ENDOMETRIUM 

Relatively subtle changes in the interstitial extracellular matrix components of the human 
endometrium can be observed throughout the menstrual cycle with the collagen type VI 
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network that interconnects the major structural collagens being less prominent around the time 
of implantation. There are also cyclical changes in the relative amounts of the components of 

the basal lamina (laminin, entactininidogen, collagen type IV, heparan sulphate proteoglycan) 
(Aplin et aI., 1988, Aplin 1989). In particular, decidualization of the stromal fibroblasts is 

associated with development of a basal lamina around the resultant decidual cells and hence 
there is a relatively large total increase in the associated component molecules. As the human 
embryo invades through the luminal epithelium into the decidualized stroma, it seems likely 
that both interstitial ECM and basal lamina will be broached by the local production and 
activation of MMPs. Identification of the MMPs and their endometrial or embryonic origin 
should improve our understanding of the implantation process. 

Production of MMPs in vitro by human endometrium has recently been described. 

Collagenase (MMP-1), and gelatinases A (MMP-2) and B (MMP-9) are secreted into culture 
medium by human endometrial explants (Marbaix et aI., 1992) and are stimulated upon 
withdrawal of progesterone from the explants. The same three MMPs plus MMP-3 have been 

detected by enzyme assay and by gelatin and casein zymographyin culture medium from human 
endometrial stromal cells in both primary and secondary culture (Rawdanowicz et aI., 1992). 

Following treatment of these cells with PMA (lOOnM) the secretion ofMMP-2 is not altered 

whereas that of the other three MMPs is enhanced, suggesting differential regulation as seen 
forMMPs in the ovine endometrium. MessengerRNAsforbothMMP-1 andMMP-3havebeen 

detected by Northern analysis following extraction from the human endometrial stromal cell 
cultures (Hampton and Salamonsen, unpublished observations). In another study (Rodgers et 

aI., 1992) both the enzyme matrilysin (MMP-7) and its mRNA have been localized to epithelial 

cells of the human endometrium being particularly abundant in the perimenstrual period. This 
epithelial origin of an MMP is unusual, most MMPs being produced from cells of connective 

tissues or from tumor or trophoblast cells. The time of the appearance of MMP-7 and the 
upregulation of other endometrial MMPs by progesterone withdrawal suggests that in women, 

MMPs of endometrial origin may have a particularly important role in menstruation. For ethical 
reasons it will be difficult to establish the role ofMMPs in the early stages of blastocyst invasion 
in the human. 

CONCLUSIONS 

Although only limited data are available it is apparent from our studies and those of 
others that MMPs are likely to have a pivotal role in implantation. It will be important to 
establish the temporal and spatial location of the MMP production in relation to the invasion 

of trophoblast, the factors regulating transcription of the genes for MMPs in the endometrium 
and the trophoblast, the identification of specific enzyme activators and the control of inhibitor 

production. Ultimately, an improved understanding of these mechanisms may offer new 
avenues for the regulation of fertility and infertility not only in man, but also in domestic and 

endangered species. 
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TROPHOBLAST INVASION AND PROTEOLYSIS 

Implantation in humans occurs in a non decidualized endometrium. It is 
believed to begin 5 days after ovulation. After an initial apposition and attachment 
phase, penetration starts by thin folds of trophoblast progressing between 
adjacent endometrial epithelial cells. Once the blastocyst is completely embedded, 
the embryonic disc is surrounded by a cytotrophoblast layer and more distally by a 
highly proliferative syncytium (formed by the fusion of cytotrophoblastic cells). 
Radially distributed lacunae appear in the syncytium and cytotrophoblast cells 
proliferate between the lacunae (cytotrophoblastic columns, Boyd and Hamilton, 
1970). This process leads to the formation of trophoblastic villi (lacunar stage). 
The mature villi, consist of an outer layer of syncytium, an inner layer of 
cytotrophoblast (villous trophoblast) surrounding a fetal stroma. Trophoblastic 
invasion does not end with the formation of the villi. At the tips of certain villi, 
cytotrophoblast cells break through the syncytium and begin to invade the 
endometrial stroma (anchored villi). These trophoblastic cells can either fuse 
secondarily to form syncytial islets or invade the maternal tissues (including the 
endometrial capillaries) as single cells. This trophoblastic tissue is known as the 
intermediate trophoblast (Yeh and Kurman, 1989). Thus, implantation is 
characterized by two distinctive waves of invasion, the first is due to syncytial 
trophoblast (prelacunar and lacunar stages) and the second to cytotrophoblast 
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(lacunar and villous stages). It must be remembered that at the villous stage, 
syncytium is not invasive anymore. These two waves of trophoblastic invasion 
occur in two different types of endometria: the "syncytial wave" occurs in a non 
decidualized endometrium whereas the "cytotrophoblastic wave" occurs in a 
decidualized endometrium. To what extent decidualization triggers 
cytotrophoblastic invasion remains to be explored. 
As reviewed recently (Bischof and Martelli, 1992), trophoblastic invasion is not due 
to passive growth pressure but to an active biochemical process. Trophoblast is 
invasive partly by virtue of its ability to secrete proteinases capable of degrading 
its surrounding extracellular matrix (Mullins and Rohrlich, 1983, Aplin 1991, 
Bischof and Martelli 1992). Several proteolytic enzymes associated with a 
phenotypically invasive trophoblast have been described. Moll and Lane (1990) 
described a 55 kDa interstitial collagenase produced by villous and extravillous 
trophoblast cells. Several distinct Matrix-Metalloproteinases (including the 72 kDa 
and 92 kDa gelatinases) where shown to be secreted by first trimester 
cytotrophoblast (Fisher et al 1989, Bischof et al 1991). Plasminogen activator 
(uPA, Martin and Arias 1982, Queenan et al 1987) and plasminogen activator 
inhibitor (PAl-I and PAI-2, Feinberg et al 1989) were found in villous and 
extravillous trophoblast. That these enzymes are involved in trophoblast invasion 
is evidenced by the following observations: Collagenase (55 kDa) and gelatinases 
(72 and 92 kDa) are the only enzymes capable of digesting collagen type I and 
type IV respectively. These collagens are the major constituents of the basement 
membrane (Type IV) and extracellular matrix (type I) of the endometrium. uPA and 
PAl-I contribute indirectly to matrix breakdown by controlling the generation of 
plasmin from its precursor plasminogen; plasmin activating procollagenase into 
coliagenase(He et al 1989). As convincingly shown by Yagel et al (1988), 
trophoblast cells invade denuded amnion in vitro (basement membrane) and this 
invasion is abrogated by inhibitors of collagenase or plasmin. Furthermore, 
Librach et al (1991) showed that antibodies to uPA blocked only partially the 
invasion of cytotrophoblast cells into a basement membrane analogue Matrigel, 
whereas antibodies to the 92 kDa gelatinase inhibited this invasion completely. 

Taken together these observations support the concept that trophoblast 
invasion into the endometrium depends on the activity of trophoblastic proteases 
capable of digesting the endometrial basement membrane and extracellular 
matrix. 

REGULATION OF METALLOPROTEASE ACTIVITY 

By using the classical technique of zymography on gelatin containing 
polyacrylamide gels (Bischof et al 1991) we analysed the culture medium of 
different cells types isolated from trophoblast, endometrium, fallopian tubes as well 
as granulosa cells, cumulus cells and human triploid 8 cells embryos (Tab. I). We 
were surprised to observe that all cells, except first trimester syncytium, expressed 
several gelatinases. Stromal and epithelial cells from the endometrium as well as 
Iymphomyloid cells (CD45 positive cells) from the same tissue expressed several 
similar gelatinases. (Martelli et al 1993, Tab. I). The 89 kDa gelatinase 
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Table 1. Comparison of gelatinases secreted in vitro by different cell types of 
human reproductive tissues 

Molecular weight (kDa) 

Cell type 248 197 113 105 89 82 64-58 53 

Trophoblast 

cytotrophoblast (+) + + + 

syncytiotrophoblast 

Endometrium 

Stroma cells + + + + (+) 

Epithelial cells + + 

Lllmghomllioid cells from 1 

endometrial stroma (+) + (+) 

endometrial epithelium + (+) 

trophoblast + + + (+) + (+) 

fallopian tube + + + + (+) 

Emb!)lo 

8 cell with 3 pronuclei + 

Other tissues 

Cumulus cells + 

Granulosa cells + + 

11ymphomyloid cells were immunopurified from different tissues after enzymatic disruption and 

cultured in-vitro according to Bischof et al (1991). 

(corresponding to the 92 kDa procollagenase type IV) was expressed by all cell 
types studied (Tab. I) whereas the 64-58 kDa gelatinase (corresponding to the 72 
kDa procollagenase type IV and its activated form) was expressed by most cell 
types with the exception of 8 cells triploid human embryos, cumulus and granulosa 
cells (Tab. I). These observations imply that the secretion of metalloproteinases 
(gelatinases and collagenases) is not specific to cytotrophoblast cells and thus 
one can no longer view trophoblast invasion as the simple penetration of 
proteolytically active trophoblastic cells into a proteolytically inactive endometrium. 
Since convincing in vitro evidence (reviewed above) shows the necessity of active 
protease secretion for trophoblast invasion one must admit that during the 
invasion process, endometrial and trophoblastic metalloproteinases are both 
topographically and temporally precisely regulated. 

Inhibitors 

Many factors have been shown to regulate the activity of 
metalloproteinases. Inhibitors of metalloproteinases activity are present both in the 
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circulation and the extracellular matrix: alpha 2 macroglobulin and alpha 1 
antitrypsin are the major circulating inhibitors whereas Tissue Inhibitors of 
Metalloproteinases (TIMP-I and TIMP-2) are present in the extracellular matrix. 
TIMP-1 a 28 kDa glycoprotein forms a 1: 1 stoichiometric complex with the 55 kDa 
interstitial collagenase and with the 92 kDa collagenase type IV (Cawston 1986). 
TIMP-2 (also called metalloproteinase inhibitor MI) is a 20 kDa glycoprotein, which 
has a 38 % sequence homology with TIMP-1, forms a complex with the 72 kDa 
collagenase type IV (Boone et al 1990). It is unknown if these inhibitors are 
produced by human endometrium and decidua. A TIMP like molecule is however 
produced by decidual cells in mice (Nomura et al 1989). None of these inhibitors 
appear highly selective in their inhibition and hence their precise role in 
modulating the activity of collagenases remains obscure. However, as shown by 
Librach et al (1991), TIMP-I inhibits both enzyme activity and trophoblast invasion 
into a basement membrane. 

Endocrine factors 

The endocrine regulation of collagenases and their inhibitors is not well 
understood and conflicting results have been published. Oestradiol and 
progesterone were shown to stimulate collagenase production in human cervical 
fibroblasts (Saito et al 1981). In contrast, in rat cervical fibroblasts, oestradiol and 
progesterone decreased the levels of procollagenase mRNA while increasing 
TIMP mRNA (Saito et al 1991). In our hands, oestradiol (30 nM), progesterone 
(300 nM) or oestradiol and progesterone decreased endometrial stromal cell 
collagenase type IV activity by 80, 90 and 90% respectively (Bischof, unpublished 
results) a result which was also observed by others (Dr. F. Schatz personal 
communication). 

Para-autocrine factors 

Increases in collagenase expression are induced by many growth factors 
and cytokines including Interleukin 1 (IL-I), Tumor Necrosis Factor (TN F), 
Epidermal Growth Factor (EGF), Platelet Derived Growth Factor (PDGF) and 
Fibroblast Growth Factor (FGF, see Tryggvason et al 1987 for review). 
Transforming Growth Factor r., (TGF r.,) is a well recognized inhibitor of 
collagenase expression in synovial and lung fibroblasts (Edwards et al 1987) and 
inhibits trophoblast invasion in-vitro (Lala and Graham 1990). The inhibitory effect 
that conditioned medium from decidual cell cultures exerts on trophoblast 
invasiveness seems to be due to TGF r., since an antibody to this growth factor 
abolishes the inhibitory effect of decidual cell culture supernatant on 
cytotrophoblast invasiveness. Furthermore, an antibody to TIMP tested in the 
same conditions has the same effect as anti-TGF r., indicating that TGF r., inhibits 
collagenase activity and trophoblast invasiveness by inducing the release of TIMP. 
(Lala and Graham 1990). It is not known however if human decidua produces TGF 
r.,. 
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Figure 1. Effect of matrigel dilution on the proteolytic activity of first trimester cytotrophoblastic 

cells. Cells were plated at the same density (5105 cells/well) on the same volume of matrigel (200 

ul). Matrigel was prediluted with culture medium and allowed to gel before the cells were added. 

In addition to the effects of cytokines and growth factors we made some 
interesting observations on other potential regulators. When cytotrophoblast cells 
are cultured on an analogue of basement membrane, Matrigel, they gradually 
digest the matrigel within a few days (Bischof et al 1991). However, the digestion 
areas become smaller when Matrigel is diluted before coating the plates (Fig. 1) 
and the activity of the 92 and 72 kDa type IV collagenases is reduced when 
analysed on a zymogram (result not shown). Matrigel is mainly composed of 
collagen type IV and laminin (an extracellular matrix glycoprotein). Thus by 
decreasing the concentration of these factors the activity of type IV collagenase 
decreases, indicating that factors from the extracellular matrix in the cellular micro
environment can also modulate the collagenolytic activity of the cytotrophoblast 
cells. This observation prompted us to analyse the effects of soluble laminin and 
fibronectin given to cytotrophoblast cells grown on plastic. As shown in Fig. 2, both 
matrix glycoproteins, laminin and fibronectin, increased the activity of the 92 and 
72 kDa collagenase type IV. A similar observation had been published earlier by 
Emonard et al (1990). They showed that laminin increased the activity of 
trophoblastic interstitial collagenase (55 kDa). These observations give credit to 
the hypothesis that the cellular environment (matrix glycoprotein) modulates the 
proteolytic behaviour and probably the invasive potential of trophoblast cells. 

The role of integrins 

Cells recognize their environment (other cells, basement membrane or 
extracellular matrix) through membrane associated adhesion molecules. Adhesion 

383 



molecules are grouped into five superfamilies: the integrins, the cadherins, the 
selectins, the immunoglobulins and the EGF family (Bock 1991). Integrins are a 
family of cell-surface receptors involved in cell-matrix adhesion (Buck and Horwitz 
1987) and in cell-cell interaction (Hynes 1987). These membrane receptors are 
heterodimeric glycoproteins composed of an alpha and a ~ subunit. The specificity 
of the integrin towards a ligand (matrix glycoprotein) depends on the type of alpha 
and ~ subunit combination for example: alpha5 ~ 1 is the major fibronectin 
receptor, alpha2 ~ 1 is the major collagen type I receptor whereas alpha6 ~4 
functions as a laminin receptor. (AI beida and Buck 1990). The alpha and ~ 

subunits have a large amino-terminal extracellular domain, a hydrophobic 
transmembrane domain and a short carboxy-terminal cytoplasmic domain. The 
extracellular domain binds certain glycoprotein of the surrounding matrix and the 
intracellular domain is associated with the actin filaments of the cytoskeleton 
(Albelda and Buck 1990). Integrins are thus transducers of signals from the 
extracellular environment to the interior of the cell. This signal turns on genes the 
product of which will then modify the cellular microenvironment. Werb et al (1989) 
convincingly demonstrated in rabbit synovial fibroblasts that a monoclonal 
antibody to the fibronectin receptor which interferes with the binding of cells to 

L MI IN FIBRONF.LTIN 
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Figure 2. Zymogram of supernatants of purified first trimester cytotrophoblast cells cultured on 

plastic (5105 cells/well) in presence or absence of laminin or fibronectin. Proteolytic activity was 

also measured in the supernatants using denatured (60°C 30 min) 3H collagen type IV. Digested 

3H collagen type IV was measured in the supernatant in presence or absence of 20mM Ethylene 

diamino tetra acetate (EDTA an inhibitor of metalloproteases MMP) Results are given by 

comparison to a standard of bacterial collagenases (Clostridium histolyticum) and expressed in 

ng/106 cells. MMPs, matrix rnetalloproteases, activity inhibitable by EDTA, Tot-type IV, Total type 

IV activity, total activity. 
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fibronectin (thus recognizes the antibody as it would be fibronectin) induces the 
expression of genes encoding interstitial collagenase and stromelysin (another 
metalloproteinase). An observation which fits very well with our observation of 
fibronectin stimulating type IV collagenases in cytotrophoblast cells. The 
mechanism of transduction from the binding of fibronectin to its membrane 
receptor to the induction of the genes coding for the collagenases is unknown, 
however it does require aggregation and conformational changes of the receptor 
(Werb et al 1989). 

Cytotrophoblast cells do also express integrins. Immunolocalization studies 
(Korhonen et al 1991, Damsky et al 1992, Bischof et al 1993) showed that villous 
cytotrophoblast cells express an alpha6 r..4 integrin (Iaminin receptor) in a highly 
polarized pattern: alpha6 M is only distributed at the zones of contact between 
the cytotrophoblast cells and the villous basement membrane. Intermediate 
cytotrophoblast cells (extravillous) expressed both the alpha6 r..4 and the alpha4 
r..1 integrin (Iaminin and fibronectin receptors), but the alpha6 r..4 distribution was 
not polarized. Deeper in the endometrium, the cytotrophoblast cell expressed only 
the alpha5 r..1 integrin. Thus during trophoblastic invasion of the endometrium, 
cytotrophoblast cells change their integrin repertoire from being alpha6 r..4 positive 
and alpha5 r.. 1 negative to alpha6 r..4 negative and alpha5 r.. 1 positive. Note that 
villous cytotrophoblast cells (alpha6 M positive) are non invasive whereas the 
intermediate cytotrophoblast cells (alpha5 r..1 positive) are highly invasive cells. 
One can speculate that these two types of cytotrophoblastic cells must secrete 
quite different amounts of metalloproteinases. Experiments are underway in our 
laboratory to investigate this possibility. 

In order to see if collagenase expression in cytotrophoblast cells was also 
modulated by binding of matrix glycoproteins to their receptors, we incubated 
purified (Bischof et al 1991) first trimester cytotrophoblast cells with monoclonal 
antibodies to the alpha 2, alpha 5, and alpha 6 subunits of integrin. As shown in 
Fig. 3, in three different experiments run in duplicates, all antibodies used inhibited 
the secretion of the 72 and 92 kDa collagenase type IV as measured by 
zymography or by a quantitative assay. Note that in contrast to the study of Werb 
et al (1989) reported above, the antibodies used here did not inhibit the adhesion 
of the cells to the culture dish and thus the inhibition of collagenases secretion is 
most probably due to an inhibition of receptor aggregation and consequently to an 
inhibition of the integrin transduction mechanism. We thus conclude that 
metalloprotease secretion by cytotrophoblast cells is under the control of the 
cellular microenvironment through, at least, the fibronectin, the laminin and the 
collagen type I receptors. 

CONCLUSION 

Based on the summarized herein observations but fully aware that the 
results obtained in-vitro with first trimester cytotrophoblast cells might not 
accurately reflect the in-vivo behaviour of blastocyst's trophectodermal cells, we 
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Figure 3. Effect of monoclonal antibodies (diluted 1 :20) to alpha 2, alpha 5 and alpha 6 integrin 

subunits on the expression of collagenases by purified first trimester cytotrophoblast cells (5105 

cells/well). Zymograms and quantitative measurements (see legend of fig. 2) of 3 different 

experiments run in duplicates. 
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Figure 4. A molecular model for blastocyst implantation (detailed description see conclusions). 

would like to propose a molecular model for the mechanism of trophoblast 
invasion (Fig. 4). After an initial attachment to the endometrial lining, the 
blastocyst's trophectodermal cells progress towards the endometrial basement 
membrane in an intrusive way by expanding invadopodes. These invadopodes 
bind to the basement membrane through their laminin (alpha 6, r., 4 integrins) and 
collagen type IV (alpha 1, r., 1 integrins ) receptors (Fig. 4.1). This binding between 
the basement membrane glycoproteins and their receptors on the trophectodermal 
cells induces the secretion of the 72 and 92 kDa collagenases type IV which 
digest the basement membrane underneath the cells (Fig. 4.2). This allows the 
trophectodermal cells to penetrate through the basement membrane and to come 
in contact with the underlying extracellular matrix. The trophectodermal cells bind 
to the extracellular matrix through their fibronectin receptors (alpha 5, r., 1 integrin). 
This binding induces the secretion of interstitial collagenase which digests the 
surrounding extracellular matrix allowing the cells to progress further (Fig. 4.3). 
During their progression, the collagenolytic activity of the trophectodermal cells is 
modulated by inhibitory factors (TIMP and/or TGF r.,) secreted by the endometrial 
cells (Fig. 4). Although this model is most probably an over simplification of the 
many mechanisms controlling trophoblast cell mobility and proteases secretion, 
we found it helpful to formulate our hypothesis. 
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FUTURE PROSPECT OF RESEARCH ON ENDOCRINOLOGY OF 
EMBRYO-ENDOMETRIAL INTERACTIONS 

Koji Yoshinaga 
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INTRODUCTION 

Although there are many interesting maternal-embryo interactions that deserve 
careful attention, this presentation will focus on the following four topics that represent, 
in my personal opinion, areas of investigation that attract research interest in the near 
future: (1) endocrine regulation in early pregnancy, (2) uterine receptivity for blastocyst 
implantation, (3) in vitro culture systems, and (4) step-by-step consideration of 
blastocyst-endometrial interactions. 

ENDOCRINE REGULATION OF EARLY PREGNANCY 

It is well established that progesterone plays an important role in preparation of 
the endometrium for the implanting blastocyst and in the subsequent maintenance of 
pregnancy. We know that there are species variations in the luteotropic complex 
during early pregnancy. In the human the pituitary gonadotropins, particularly LH, are 
responsible for the initial maintenance of luteal function, while in small laboratory 
rodents it is essential to have prolactin secretion to activate the non-functional corpora 
lutea of the estrous cycle. After fertilization the peri-implantation embryo in the 
genital tract plays an important role to assure an adequate supply of progesterone. 

There are at least three types of embryonic participation in luteal maintenance; the 
species of mammals that belong to these types are (1) primates, (2) rodents, and (3) 
sheep and cows. The first two types use luteotropic hormones of the trophoblastic 
origin to stimulate the luteal cells directly, i.e. ,by CG (chorionic gonadotropin, an LH
like hormone) in primates, or by placental luteotropin (a prolactin-like hormone) in 
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rodents (Yoshinaga, 1977). In the third type, trophoblastic proteins include interferons 
and these proteins act on the uterine epithelium to dampen the pulsatile secretion of 
prostaglandin F2a (PGF 2..) which is a potent luteolytic factor, prior to the expected 
onset of luteolysis so that progesterone secretion by the corpus luteum is maintained 
(Roberts, 1989). 

According to a recent report (Wiltbank et al., 1992), the sheep conceptus also 
appears to exert a direct effect on the corpus luteum. These workers found that PGF2a 
inhibited progesterone production by lipoprotein-stimulated large luteal cells in vitro. 
This anti-steroidogenic action was blocked in a dose-dependent manner by conceptus 
proteins (28kd) secreted from day 15 embryos. Purified ovine trophoblast protein-l 
(oTP-l) did not exhibit the anti-PGF 2a activity. On the other hand, conceptus-derived 
proteins devoid of oTP-l did prevent the anti steroidogenic effects of PGF ~ This 
recent finding adds a new dimension to the luteotropic complex during early pregnancy 
in the sheep. 

The involvement of embryonic interferons in the luteotropic complex in the sheep 
and cows makes one think whether embryonic interferons are also involved in the 
luteotropic complex, or in maternal recognition of pregnancy in other species of 
animals. What we know about the endocrine regulatory mechanism is limited to only 
a few mammalian species and the complexity of the luteotropic mechanisms in these 
known species appears to warrant further investigation in other species of animals. 
Interferons have antiviral and immunological activities. Recent findings of the 
involvement of lymphokines and cytokines in endocrine functions make it necessary to 
investigate the mode of interaction between the endocrine system and the immune 
system. If there is cross-talk between the immunological system and the endocrine 
system in terms of establishment and maintenance of early pregnancy, the 
communication between the two systems may not only exist between the uterus and the 
ovary, but may also involve intracellular signal transduction systems within the target 
cells that contain receptors for not only endocrine/paracrine regulators, but for immune 
ligands as well. 

Although the corpus luteum of early pregnancy is maintained mainly by the 
hormones of pituitary and trophoblastic origin, there is, at least in the rat, a luteotropin 
secreted from decidual tissue (Gibori et al., 1987). Human decidual cells secrete 
prolactin, but the luteotropic activity of human decidual tissue has not been 
substantiated. 

UTERINE RECEPTIVITY FOR BLASTOCYST IMPLANTATION 

Using the rat model, Psychoyos (1973) demonstrated that the uterus can accept the 
blastocyst to implant only for a brief period of time. He defined the state of the 
uterine sensitivity (the neutral, receptive and refractory phases) for blastocyst 
implantation. Electronmicroscopic studies revealed that the endometrial luminal 
epithelial cells exhibit numerous large protrusions (pinopods) into the lumen during the 
receptive period. The stage-specific appearance of pinopods and glycoproteins on the 
surface of uterine epithelial cells (Martel et al., 1989) and reduction in the negative 
charge of the luminal epithelium have been reported to be characteristics of the 
receptive endometrium. However, these indices have not been used in clinical studies 
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because they are not practically applicable. From the clinical point of view, there is 
an urgent need for some measurable markers that indicate the uterus is indeed 
receptive or going to become receptive within a certain period of time, so that one can 
perform a timely transfer of embryos fertilized in vitro. But these markers unfortunately 
are not available at the present time. 

As one of the steps to solve this problem, the National Cooperative Program on 
Markers of Uterine Receptivity for Blastocyst Implantation has recently been initiated. 
This program is, by a collaborative effort of multiple research sites, to identify and 
characterize some useful markers of the receptive uterus for non-human blastocyst 
implantation. It is hoped that this program will expand in the future to include human studies. 

IN VITRO CULTURE SYSTEMS 

In research on implantation, one of the difficulties is accessibility to the site of 
implantation. One way to resolve this problem is to establish in vitro models. 
Appropriate usage of extracellular matrix components appears to be important to 
establish polarized uterine epithelial cell culture systems which are hormone responsive 
(Glasser et al., 1991). The article by Kimber in this volume provides the information 
that attachment of the blastocyst is influenced by manipulating the ratio of 
progesterone to estrogen. Studies of this kind are considered to be especially useful 
to focus one's attention on some of the specific stages of the implantation process. It 
is a difficult task to develop one culture system which has the same structure and 
function of the endometrium in vivo. Instead, it would be more practical to develop 
separate culture systems that may be appropriate for studies on only one step of the 
implantation process. For example, one system may be useful for a study of attachment 
by cell adhesion, another culture system may be suitable for a study of penetration of 
the basement membrane, and still another system may be useful for a study of further 
invasion into the stromal tissue. Much effort and time will be needed to establish in 
vitro systems for studies of sophisticated local embryo-endometrial structures (e.g. 
epithelium + basal lamina; trophoblast+epithelium; etc.). However, in vitro systems will 
become essential when specific molecules, e.g. "receptive uterus marker genes", are 
found and one tries to do gene expression studies in vitro using the DNA transfected 
in a cell line which is unrelated to the reproductive system. 

STEP-BY -STEP CONSIDERATION OF TROPHOBLAST-UTERINE 
INTERACTIONS 

The concept of involvement of ligand-receptor interactions during the implantation 
process was developed by early researchers who found mouse blastocysts attach 
selectively to extracellular matrix components. These workers confirmed the presence 
of the receptors on the trophoblast by pretreatment of blastocysts with an excess 
amount of ligands to prevent their attachment to the respective component. Since this 
concept was reviewed by this author at a previous symposium (Yoshinaga, 1989), it has 
been gaining ground with increasing evidence that the uterine epithelial membrane 
contains ligands and the trophectoderm membrane contains their receptors, and that 
the appearance of some of these molecules is hormone dependent (Dey et at., 1991). 
Identification of some molecules in the trophectoderm such as EGF receptors, and 
localization of their ligands on the apical surface of the receptive uterine epithelial cells 
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give the impression that a ligand-receptor interaction is very likely to be taking place 
at the time of attachment. 

Cell to Cell Attachment - Cell Surface Glycoproteins 

Analysis of the stage-specific and hormone-dependent glycoproteins on the apical 
surface of the receptive uterine luminal epithelial cells is expected to reveal what kind 
of glycoproteins, integrins and their ligands, are involved in the attachment of 
trophoblast cells to the uterine epithelial cells. Particularly it has been suggested that 
the structure of oligosaccharide is important for attachment of blastocysts to the uterine 
surface (Kimber and Lindenberg, 1990). A recent report suggests that apical mucin 
glycoproteins of uterine epithelial cells provide an enzymatically resistant barrier, and 
drastic reduction of mucin expression is likely to be required to permit cellular access 
to the apical surface of uterine epithelial cells. The importance of heparan sulfate 
proteoglycan has also been implicated in embryo attachment to the uterine surface 
(Carson etai., 1993). Further analysis of the cell surface molecules appears to warrant 
new information useful for elucidation of the initial attachment mechanism. One thing 
we have to bear in our mind is that the cell surface changes caused by estrogen alone 
should be distinguished from those changes caused by the estrogen-progesterone 
regimen during the preimplantation period. Since pinopods are said to be one of the 
markers of receptivity, functional studies of this stage specific structure are needed. 

Trophoblastic Intrusion of the Epithelium 

In guinea pigs, rhesus monkeys and humans where implantation is the intrusive type 
and, even in the rat where implantation is the displacement type, the initial attachment 
of trophoblastic membrane on the apical surface of the endometrial epithelial cells is 
followed by intrusion of the trophoblast processes between the epithelial cells. The 
epithelial cells are tightly bound together near their apical regions with tight junctions. 
How, then, can trophoblast cells insert themselves between the two cells? Since the 
epithelial cells at this early stage of implantation do not appear to be degenerative, it 
is reasonable to assume that the tight junctions are either "relaxed" or dissociated to 
give way to the intruding trophoblastic processes. 
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Figure 1. Effect of Ca++ on cell junctions. (Modified from Gumbiner & Simons, 1986) 
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Figurel. Epidermal growth factor activates calcium channels. (from M.P.Peppelenbosch et al.,1992) 

If the tight junctions are dissolved or digested by the intruding trophoblast processes, 
it may be possible that the trophoblast processes may secrete specific enzymes to digest 
proteins specific to tight junction such as ZO-l or cingulin (Citi, 1993). Another 
possibility is that the tight junctions are dissociated by the trophoblast processes. If the 
latter is the case, how does it happen? The following is a hypothetical mechanism: EGF 
on the uterine epithelium binds the EGF receptors on the trophoblast cell membrane; this 
activates the Ca++ channel of the trophoblast cell and increases Ca++ influx into the 
trophoblast cell, thus resulting in a reduction in Ca++ concentration in the uterine fluid 
trapped between the epithelial cells and the trophoblast cell; the reduction of Ca++ in the 
uterine fluid locally dissociates the tight junctions of the uterine epithelial cells. Figure 1 
illustrates the relationship between the establishment of tight junctions and Ca++ in the 
culture medium of established polarized epithelial cells (Gumbiner and Simons, 1986). 
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Figure 3. A hypothetical mechanism of trophoblast intrusion between the uterine epithelial cells 
at the initial stage of implantation (see text for explanation). 
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When EGF binds to EGF receptors, EGF induces a Ca + + influx in many cell types (Figure 
2, Peppelenbosch et al., 1992). Estrogen enhances levels of transcripts for HB-EGF 
(heparin binding EGF-like growth factor) in the rat uterine luminal epithelium (Zhang et 
al., 1994). Ligands for EGF receptors (EGF/TGF/HB-EGF) increases in the apical 
portion of the uterine epithelial cells during the receptive period of the mouse (Das et 
al.,1993). EGF receptors appear on the trophoblast membrane prior to the time of 
implantation (Dey et al., 1991). Therefore, this hypothetical mechanism (Figure 3) 
appears theoretically possible, but needs verification. 

Junctional Complex Formation 

The electron microscopic studies of cell to cell attachment at the early stages of 
implantation clearly indicate the establishment of junctional complexes between the 
trophoblast cell and the uterine epithelial cell. These junctional complexes established 
between the trophoblastic cell membrane and that of the maternal cell are tight junctions 
and desmosomes. The desmosome is a complex disk-shape structure at the surface of 
one cell that is matched with an identical structure at the surface of another cell. The 
cell membranes are very flat and some material is often present in the intercellular space. 
Inside the membrane of each cell is a circular plaque and groups of intermediate 
filaments of the cytokeratin family are inserted into the plaque or make hairpin turns to 
the cytoplasm. The function of the desmosome is to provide a firm attachment between 
the cells. Since the formation of junctions is considered to require a prior cell adhesion 
molecule-mediated event, it is quite likely that the initial attachment of the trophoblast 
cell membrane and the uterine epithelial cell membrane involves cell adhesion proteins. 

Although the process of the establishment of junctions between the trophoblastic cells 
and the uterine luminal epithelial cells has not been clarified, it may be postulated that 
trophoblast and epithelial cells bind each other by means of a carbohydrate linkage and 
a ligand-receptor binding mechanism. Many membrane receptors have been shown to 
be coupled to G proteins, and the binding of a ligand to its receptor results in activation 
of G protein as a means of signal transduction. The assembly of cytoskeleton 
components such as actin and tubulin has been shown to be controlled by G proteins, and 
the ligand binding results in rearrangement of cytoskeletal elements. The ligand-receptor 
binding also causes lateral movement of the bound receptors in the plasma membrane 
resulting in clustering, patching and capping of the receptors. This lateral movement of 
bound receptors in the membrane is regulated by cytoskeletal tubules and microfilaments. 
Thus, it may be considered that the formation of desmosomes is a result of ligand
receptor binding. The desmosome formation between the trophoblast and the uterine 
cells is a very important process for firm attachment and further penetration of the entire 
blastocyst into the stroma and for establishment of placental blood circulation. 

Movement of Blastocyst after Desmosome Formation 

The formation of desmosomes between the trophoblast and uterine epithelial cells 
appears to be important for secure attachment of the blastocyst to the uterine wall. 
However, how does the attached blastocyst insert itself into the epithelium? The reader 
is referred to Preston et al. (1990) for comprehensive writings on the cytoskeleton and 
cell motility. The mechanism for the crawling movement of tissue cells such as 
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fibroblasts appears to be useful for our investigation of the trophoblast cell movement. 
Fibroblasts advance in vitro across the substratum by the forward protrusion of the 
anterior of the cell. In this connection it is interesting to note that the point of 
attachment of a cell to the substratum by means of the ligand-receptor binding 
mechanism is often associated with actin filaments, thus attachment and mobility appear 
to be coordinated at the subcellular local level. The movement of membrane and 
cytoskeletal fiber elements in the advancing pseudopod of an Ascaris (pin worm) sperm, 
for example, is done by continuous assembly and disassembly of proteins and lipids. It 
is fascinating to imagine that the fibrous complex, called a villipodium in this species, may 
be considered an equivalent of the desmosome in trophoblast cells of the implanting 
blastocyst. Clarification of the cellular and molecular mechanisms involved in the 
blastocyst movement in implantation is an area wide open for research. 

Penetration of the Basement Membrane 

Trophoblast cells invading through the uterine luminal epithelium stop at the 
basement membrane when they reach it before breaching the membrane (Schlafke et al., 
1985). It takes some time to penetrate the membrane. As has been suggested by Liotta 
et al., (1990) for the cellular mechanism of cancer cell invasion of the basal lamina, 
attachment of the trophoblast cells to the basal lamina appears to be mediated by the 
receptors on the invading cell surface to their ligands in the basal lamina. In vitro mouse 
trophoblast cells attach to various components of extracellular matrix including laminin, 
type IV collagen and fibronectin by ligand-receptor binding mechanism. A recent study 
(Yelian et al., 1993) indicates that entactin, another component of the basement 
membrane, plays an important role in blastocyst penetration through this membrane. 
Using a mouse trophoblast outgrowth model system, these workers showed that the 
outgrowth is promoted by a mechanism mediated by the amino acid sequence Arg-Oly
Asp (ROD), the integrin recognition site. If we apply the cancer cell invasion hypothesis 
to the blastocyst invasion of the basal lamina, the trophoblast on the basal lamina 
attaches itself by means of receptors such as laminin receptors and anchors itself to the 
membrane. The trophoblast, next, secretes proteases to break down type IV collagen that 
is one of the major components of the basal lamina. The trophoblast cell then penetrates 
the basal lamina. As trophoblast cells invade the uterus, it is ordinarily considered that 
the invading trophoblast cells breach the basement membrane. However, it is decidual 
cells, the cells on the other side of the basement membrane, that penetrate the basement 
membrane in the case of the rat (Schlafke et al., 1985). This may be explained by a 
hypothesis that prostaglandins produced by trophoblast cells penetrate the basement 
membrane and act on decidual cells to stimulate the activity of type IV collagenase. 
Type IV collagenase breaks the membrane from the stromal side. Since prostaglandin 
is produced by blastocysts and prostaglandin has been shown to activate type IV 
collagenase in different cell types, localization of the collagenase activity will solve this 
problem. 

Although I have reviewed only some areas of the research I am interested in, the 
research on the maternal-embryo interactions during the periimplantation period needs 
to be carried out in a step-by-step manner as emphasized by Schlafke and Enders (1975). 
Further elucidation of the mechanisms applicable to each step will bring us useful 
information to construct a complete picture of blastocyst implantation. 
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SUMMARY 

In summary, we need more information on endocrine regulation of early pregnancy. 
Mechanisms by which the pituitary-ovarian feedback system is altered from the cyclic 
pattern to that of pregnancy is not well elucidated. Particular attention is needed to the 
local mechanisms: secretion of molecules by the conceptus, response of the uterus to the 
conceptus molecules and secretion of uterine specific molecules that influence the fetus 
and the ovarian tissues, and alteration of the ovarian function by the presence of 
conceptus in the uterus. Simple extrapolation from one species to another may not be 
possible because of well-known species variations in the mode of blastocyst implantation. 

We need to clarify what is the receptivity of the uterus that allows the blastocyst to 
implant. How the uterine surface that is usually indifferent to blastocyst is made 
responsive to the presence of a mature blastocyst? What markers that indicate the uterus 
is receptive are available? Can we use the markers, when and if they are available, to 
predict the uterus is going to become receptive so that we can improve the pregnancy 
rate after embryo transfer? 

We need to establish useful in vitro culture systems to study blastocyst - uterine 
interactions. However, in establishing a system, we have to aim at clarification of the 
mechanisms in volved in a specific stage of implantation or a specific cell-to-cell 
interaction. 

We need to start sorting out all of the hormones and factors thus far found to be 
involved in implantation, and to construct a sequence of events in considering the 
morphological aspect of the cell-to-cell interactions. This practice will assist finding more 
new molecules and to assign the positions and roles of essential molecules in the 
"cascade" of implantation phenomenon. 
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exon organization, 248 
evolutionary pressure, 249 
fetal vs maternal regulation, 249 
parental imprinting, 248 
placental expression, 249 
promoters (Pl,2,3,4), 247 
promoter usage, 247, 248 
RNAse protection assay, 248 

IGF receptors, 234, 235 
estrogen action, 60, 234, 235 
cell-specific synthesis, 59, 60, 234 
decidual cells, 60, 245 
IGF-R mRNA, 234 
IGF-R affinity, 234 
IGF-R number, 234 
in vivo vs in vitro, 234 
mannose-6-phosphate receptor, 234 
progesterone action, 234 
type I receptor, 58, 59, 234 
type II receptor, 58, 234 

Integrins, 23, 330, 333, 353-361 
Integrin expression, 353-361 

cell-cell adhesion molecules, 353 
cytotrophoblast (CTB) expression, 

354 
abnormal regulation, 359 
normal regulation, 34, 354-361 

ectoplacental cone cells (EPC), 354 
ECM surface receptors, 353 
feedback loops, 354, 371 
hemochorial placenta, 354 

species variation, 354 
inductive loop, 354, 371 
matrix degrading proteinases (MMP), 

353 



Integrin expression (cant.) 
matrix molecules, 353 
MMP inhibitors (TIMP), 353 
trophoblast cell types, 354 

Integrin switching, 355-357 
cytotrophoblast (CTB) differentia-

tion, 356, 357 
antibody perturbation, 356, 358 
in vivo vs in vitro, 365 
MMP 92 kD, 358, 365 
stem cell models, 356 
trimester stage, 359 

invasive phenotype, 355-361, 387 
alpl ,355-361, 387 
a3Pl , 360 
a5PI,358,359,387 
~Pl ,355,356, 358-361 
a6p4, 358, 360, 387 
a7pl ,355,358, 361 

mouse vs human, 355, 356 
RT-PCR, 355-356 

Interferons (trophoblastin, bTP-l, oTP-
1),196-199,320-329 

Interferon't (ruminant), 168-170, 196-
199,326-329 

antiluteolytic action, 199,201,320-
329 

maternal recognition factor, 199, 201, 
320-329 

inhibition of prostaglandin secre-
tion,201 

ipsilateral/contralateral action, 199 
in vitro oxytocin secretion, 329 
in vitro prostaglandin secretion, 

201,320,329 
in vitro stroma vs epithelium, 201, 

320 
in vitro models, 201, 320 
in vivo models, 201 
in vivo prostaglandin secretion, 

201,320 
luteal oxytocin, 201 
luteal-uterine reciprocity, 201 
natural vs recombinant forms, 199 
paracrine functions, 199 
purified bTP-l, oTP-l, 199 
recombinant bovine IFNa (Lb. 

IFNa),199 
recombinant oTP-l (L oTP), 200 
role of isoforms, 201 

Interferon 't (ruminant) (cant.) 
maternal recognition factor (cant.) 

trophoblast vs oTP, 201 
yeast expression system, 201 

gene families, 168, 169, 196 
amino acid sequence, 170, 196 
antigenic distinctions, 168 
cDNA,170 
5' flanking disparity, 171 
genomic libraries, 169 
homology, 196 
isoforms, 168 
N-terminal sequence, 196 
promoter AP-l site, 169 
RT-PCR oIFN't mRNA, 168 
type I, II structural characteristics, 

168 
IFN properties, 43, 196, 203 

antiviral, 196 
antitumor, 196 
in vitro immunoregulation, 43, 44, 

196,203 
in vivo immunoregulation, 43, 44, 

196,203 
in vivo conceptus expression, 172, 

196 
secretion, 23,42,142,168, 196 
species variation, 168, 196 

differential expression 
antiluteolytic, 196 
immunoendocrine function, 195-

208 
immunolocalization, 197 
immunoregulatory function, 196 
in situ hybridization, 197 
in utero regulation, 162, 167, 172, 

196 
Northern blots, 197 
recombinant oTP (r. oTP), 196 
similarity vs natural isoforms, 196 
simultaneous expression, 197 
working hypothesis, 205 

immunoregulatory mechanisms, 203-
207 

cytotrophoblast, positive effects, 
207 

cytotrophoblast, negative effects, 
206 

embryonic semiallograft, 203, 207 
fetal resorption, 207, 208 
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Interferon't (ruminant) (cant.) 
immunoregulatory mechanisms 

(cant.) 
immunotrophism, 206 
local tolerance, 203 
MHC antigens, 205 
oTP inhibits allogenic response, 

205 
oTP inhibits lymphocyte prolifera

tion,204 
oTP stimulates NK cell prolifera

tion,206 
PHA induction, 205 
r.oTP action on NK cells, 206 

Interferons (non-ruminant tropho
blast) 

equine, 198 
antiviral activity, 198 
trophoblast localization, 198 

human, 198 
fetal tissues, 198 
identity vs human genome, 198 
IFNy, IFNP, 198 
late expression, 198 
putative role, 198 

maternal recognition factor absent, 
197-199 

pig, 198 
antiviral activity, 198 
breed comparison, 198 
IFNy, 198 
single gene, 198 
time of expression, 198 

rabbit, 198 
antiviral activity, 198 
pregnant uterus, 198 
pseudopregnant uterus, 198 

Invasion, 365, 366, 379, 380 
blastocyst aggression, 13, 353 
interstitial, 13, 327, 366 
in vitro models, 201, 288, 320 
maternal control, 13 
matrix metalloproteinases (MMP) 

365,380 
MMP-integrin interaction, 387 
trophoblast cells, 12, 17, 18, 327, 

351,353-361 
In vitro fertilization, 107, 108, 112, 113, 

126 
blastocyst derived, 107, 108, 126 
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In vitro fertilization (cant.) 
blastocyst derived (cont.) 

human chorionic gonadotrophin, 
126 

implantation, 126 
in vitro cultures, 126 
LHRH analogues, 107, 108 
live births, 107, 108, 126 
luteal phase support, 126 
oocyte retrieval, 107, 108, 126 
pregnancies, 112-114 
sperm penetration, 126 
superovulation, 107, 108, 126 
transvaginal ultrasound, 126 
treatment cycles, 126 

embryonic transfer 
biochemical pregnancy, 112-114 
cycle number, 112 
embryo transfers, 112-114 
fetal heart, 112 
implantation, rat, 96, 97 
oocyte retrieval interval, 109-113 
outcome, 112, 113 
ultrasound pregnancy, 112-114 

In vitro systems (embryo/en
dometrium), 298, 283, 284, 
288,323 

epithelial component, 254 
apical adhesion, 11, 22, 298 
basal attachment, 19,289,394 
receptivity, 393 

isolated cells, 333, 334, 394 
advantages, 333, 334 
disadvantages, 333, 334 
epithelia, 393 
matrix proteins, 332, 394 
polarity, 393 
substratum, 332, 394 

limitations, 201, 320, 333, 394 
endometrial cultures, 333, 394 
explant cultures, 333, 394 
organ cultures, 333, 394 

Junctional complexes, 24,22, 306, 396 
desmosomes, 22, 396 
E-cadherin, 306 
gap junctions, 22 
tight junctions, 21, 396 
zona adherens, 21, 396 



Labor, 150 
RU 486, initiation, 150 

Leukemia inhibitory factor, LIF, 54, 263 
embryonic stem cells, 270, 271 

differentiation, 270 
feeder layer culture, 270 
proliferation, 270 

in situ hybridization, 271 
pleiotropic action, 270 
reproductive cycle expression, 270 
uterine expression, 271 

blastocyst attachment, 272, 273 
diapause, 272, 273 
estrogen action, 273 
estrus, 272 
peri-implantation period, 272, 274 
pseudopregnancy, 272 

uterine receptivity, 270, 274, 275 
Leukotrienes, 186, 188 

5' lip oxygenase pathway, 186 
leukotriene C4 binding site, 186, 188 
mediator (decidualization, implanta-

tion), 188 
nordihydroguaric acid, 186, 188 

5' lipoxygenase inhibition, 186, 188 
prostaglandin synthase inhibition, 

188 
LIF gene, 274 

chimeric blastocysts, 274 
homozygotic mutants, 275 

blastocyst transfer, 275 
decidualization defect, 275 
embryonic response, 275 
fertili ty, 275 
implantation defect, 274, 275 

LIF receptors, 274, 275 
trophectoderm, 274, 275 
uterine, 274 

targeted mutagenesis, 274, 275 
Local mediators (decidualization), 184-

190 
angiotensin, 189 
blastocyst estrogen, 184 
criteria, 184 
histamine, 184 
leukotrienes, 186, 188 
neutrophils, 189 
platelet activating factor, 187-190 
prostaglandins, 185-188 

Lymphohemapoietic cell markers, 68 

Lymphohemapoietic cell markers (cont.) 
CD2 (T lymphocytes), 68 
CDll b (monocytes, granulocytes), 68 
CD14 (monocytes, granulocytes), 68 
CD20 (~ lymphocytes), 68 

Matrix metalloproteinases (MMPs) 
cell specific secretion, 381 

immunocytochemistry, 372 
in vivo vs in vitro, 369, 372, 383 
species specificity, 374, 375 
western blot, 371 
zymography, 370, 371, 381 

endometrial cells, 369, 374, 380 
integrins, 384-387 

attachment, 307,380-384, 394 
cytotrophoblast differentiation, 

384-387 
invasion, 384-387 
MMP-integrin correlates, 387 
receptor specificities, 384-385 
signal transduction, 384-387 

MM~365-367,380-387 

MMP-l, 367, 369,373, 375 
MMP-2, 367, 369, 375 
MMP-3,367,369,375 
MMP-7,375 
MMP-9, 367, 375, 380 
substrate specificities, 367, 375, 

380 
Zn,Ca2+ dependent proteinase, 365-

367,380-387 
trophoblast invasion, 366, 379, 380 

ECM degradation, 365, 366, 380 
ECM remodeling, 365, 366, 380 
interstitial matrix, 327, 366 
stage 1,380 
stage 2, 380 

MMP gene activation, 367, 371-375, 
382 

cytokines, 367, 382 
growth factors, 367, 382 
MMP mRNA, 371, 375 
natural activators, 371-375, 382 
PMA (phorbol myrestic acetate), 

367,370 
pro-MMP (1,2,3,9),367,372-375 
northern blots, 371 

MMP inhibition, 366, 381 
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Matrix metalloproteinases (MMPs) 
(cont.) 

MMP inhibition (cont.) 
activity assays, 370, 380 
a-2 macroglobulin, 366, 375, 381 
cytokines, 382 
growth factors, 382 
matrix regulatory factors, 383 
TIMP-l specificity, 381 
TIMP-2 specificity, 381 

Neutrophils, 189 
decidual infiltration, 189 
putative role, 189 
vascular permeability, 189 

Ovariectomy, 34 
estrogen replacement, 34 
progesterone replacement, 34 

Oxytocin receptor (RoT), 202 
endometrial regulation, 202 
steroid regulation, 202 
trophoblast regulation, 202 

Peptidases 
differentiation antigens, 67 
glandular epithelium, 71, 72 
immunocytochemistry, 69, 71 
monoclonal antibodies, 67 
regulatory roles, 73 
reproductive stage expression, 68 
steroid hormone regulation, 71 

activity assays, 72 
stromal cell surface antigens, 68, 71 

CD 10, neutral endopeptidase 
(NEP), 68, 69, 71, 72 

CD13, aminopeptidase N (APN), 
68,71,72 

CD26, dipeptidylpeptidase IV 
(DPP IV), 68, 71, 72 

Pituitary gland, 4 
anterior pituitary, 4 
hypothalamus, 4 

Placenta, 5, 50 
endocrine source, 5, 50 
gonadotrophic function, 5 
luteoplacental shift, 63 
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Placenta (cont.) 
placentallactogens, 50, 54 
pregnancy specific protein (PSP), 50, 51 
types, 18, 50 

Plasmin, 60 
Plasminogen activator, 60 
Platelet activating factor, 187, 189 

controversial role, 187 
endometrial production, 187 
luminal epithelial receptors, 187, 189 
WEB-2086 inhibitor, 189, 190 

Polarity, 17-20,23,41,393-395 
epithelia 17-20, 393-395 
domains, 23, 297-300 
reorganization, 23, 27 

Pregnancy interruption, 146, 148 
ammenorhea, 149 
antiluteolytic actions, 164,201,320 

corpus luteum function, 3, 163,391 
decidual cells, 185 
implantation, 185 
in vitro epithelial synthesis, 186, 

201,320 
prostaglandin binding sites, 186 
prostaglandin immunolocalization, 

186 
prostaglandin inhibition, 185, 201 
prostaglandin synthase, 186 
prostaglandin types, 185, 186 
vascular permeability, 185 

blastocyst implantation, 185 
prostaglandins, 135, 147, 164, 185-

188 
RU 486, 146, 148 

success rate, 148 
second, third trimester, 150 

Progesterone induced gene expression, 
34,35 

uterine stromal cells, 34 
Bz expression, 34, 35 
beta amyloid protein precursor, 37 
cDNA library construction, 35 
cDNA library screening, 34 
cell differentiation, 36, 37 
cell proliferation, 37 
cytochrome oxidase, 34 
HB-EGF, 34-37 
LINE,34-35 

Progesterone regulated proteins, 58 
az -PEG, 58 



Progesterone regulated proteins (cont.) 
IGF-BP,58 
PP 14, 58 
PRL,58 

Progesterone receptors 
antagonists, 130, 137 

RU 486,137 
antiprogestin ligands, 138, 145 
downregulation, 138 
ligand binding domain, 140 
progestins, 138 

1113 agonists, 143 
transactivating factor, 145 

Receptivity, 17-20, 101, 102,392 
pre-receptive, 20 

hostile, 18, 19 
permissive, 18, 19 

receptive 17-20,97,392 
window of implantation, 97, 392 

refractory, 93, 101 
embryo toxicity, 101, 102 

Retinoic acid, 59 
Retinol binding protein (RBP), 58-60 

implantation site, 59, 60 
secretion, 59 
synthesis, 59, 61 

Retinol (vitamin A), 59, 60 
RBP complex, 61 

RU 486, 143, 144 
abortion, 148 
antiglucocorticoid, 143 
antiprogestin, 143 
contraception, 145 
contragestion, 145 
1113-phenyl substitution, 143-145 
history of development, 138 

labor induction, 145 
ligand binding domain, 140 
medical interruption of pregnancy, 

148 
myometrial gap junction, 150 
ovulation suppression, 153 
progesterone receptor, 140 

Selectins, 287 
carbohydrate recognition, 20, 279, 

282 

Sexual cycles, 4, 57 
estrus cycle, 4 
menstrual cycle, 57 

stages, 57 
stage-specific peptidase, 68 

Steroid hormone regulation, 71 
Steroid hormone secretion, 3, 7, 50, 

138,163,391 
corpus luteum, 3, 163, 391 
estrogen, 2, 3 
hormonal correlates, 7 
ovary, 34 
placenta, 50, 54 
progesterone, 4, 138 

Stromal cells, 1, 7, 17, 36 
decidualization, 1, 8 
differentiation, 1, 2 
hormonal correlates, 7 
proliferation, 4, 36 
stromal cell phenotype, 17 

Transport, 22, 42 
endocytosis, 42 
intracellular, 22 
nutritional function, 42 
phagocytosis, 42 
transcellular, 22 

Trophoblastc~ll, 12, 13, 17, 18,27,50, 
60,255,392 

autocrine/paracrine, 42, 60, 255, 392 
eSF-l,255 
cytokines, 42 
growth factors, 42, 60 
IGF, IGF-BP, 60 
interferons, 42, 392 

binucleate cells, 12, 51 
fusion, 50 
migration, 50 

cytotrophoblast, 13, 27 
giant cells, 13 
invasiveness, 17, 18, 23 
polarity, 41, 44 
syncytial trophoblast, 12, 27 

Trophoblast cell surface, 23, 203, 331, 
338,353-361,395 

integrin differentiation, 23, 338, 353-
361 

collagen-Iaminin receptor, 353-361 
fibronectin receptor, 353-361 
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Trophoblast cell surface (cant.) 
invasion, 203, 207, 331, 395 

collagenases, 331 
E-cadherin, 331 
embryo transplantation, 95, 246, 

331 
ectopic pregnancy, 332 
plasminogen activator, 331 
protease activator, 331 
protease inhibitors, 331 
protease synthesis, 331 

Trophoblast-decidual cell interaction, 
218-220,253-256 

decidual cells, 218-220, 253-256 
spatial localization, 218-220 
species variation, 218-220, 329 
temporal occurrence, 218-220 

marrow derived cells, 328, 353 
regional specific secretion, 218-220, 

229 
endocrine regulation, 329 
in vitro, 253-256, 329 
in vivo, 253-256, 329 
matrix remodeling, 217-220 
proteolysis, 331 
protease inhibitors, 331 

outgrowth/decidual cells, 217, 219, 
298-300 

antimesometrium, 217, 219 
attachment, 298-330 
mesometrium, 217, 218 
outgrowth, 324, 394, 395 
RGD peptides, 298-300, 395 
three dimensional models, 229 
two dimensional models, 229, 334, 

394,395 
Trophoblast differentiation 

human cytotrophoblast, 356 
anchoring villi, 356 
extravillous, 356 
migration, 356 
proliferation, 350 
protein synthesis, 47, 54 
spiral artery change, 320 
terminal chorionic villi, 356 

Trophoblast outgrowth/substratum, 
331 

matrix molecules, 333, 394 
inhibitory, 333 
permissive, 333 
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Trophoblast outgrowth/substratum 
(cant.) 

model limitations, 333, 394 
adhesive vs migratory, 333 
regional polarity, 333 
regulatory loss, 333, 394 

two dimensional models, 394, 395 
Trophoblast-uterine epithelial cell inter-

action 
adhesion, 44, 47, 50 
apical surface, 11, 22, 298 
apposition, 44, 47, 50 
basal membrane, 50 
epitheliochorial placenta, 50 
fusion, 26 
gene expression, 197-199,283,284 

cell surface adhesion proteins, 283, 
284 

cell surface adhesion receptors, 
283,284 

c-fos downregulation, 47, 54 
c-fos expression, 47, 54 
oTP-l downregulation, 197-199 
oTP-l expression, 197-199 

Trophoblast-uterine stromal cell interaction 
interstitial implantation, 13,217-220, 

394 
stromal modification, 217-220 
trophoblast invasion, 45-47 

in vitro models, 201, 320, 394 
analytical limitations, 320, 394 
experimental limitations, 320, 

394 
in vivo models, 201, 320 

Uterine epithelial cells; see also Attach
ment; Implantation 

apical surface, 297 
blastocyst interaction, 297, 298 
in vitro systems, 298, 299 
non-adhesive surface, 298 
specific adhesion molecules, 298 

basal surface, 299, 300 
membrane protein resorting, 300 
integrin retargeting, 300 
HSPG, 300, 301 

basal lamina, 300-301 
cell-cell adhesion, 300, 306, 307, 

394 



Uterine epithelial cells (cant.) 
cell-cell adhesion (cant.) 

cell CAM 120/80, 306 
lateral surface, 307 
junctional complex, 396 
uvomorulin, 306 

uterine function 
anti steroid action, 147 
hypertrophy, 3, 4 
prostaglandin action, 147 
steroid regulation, 6, 7 
vascular responses, 14, 15 

Uterine epithelial cells (cant.) 
uterine receptivity 

biochemistry, 8 
blastocyst attachment, 297-300 
blastocyst transfer, 6, 7, 254 
synchrony, 256 

ZIFf, zygote-interfallopian tube transfer, 96 
Zona pellucida, 116-120 

assisted hatching, 116 
hatching, 107, 108, 126 
inability to hatch, 116 
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