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INTRODUCTION

#The first man knew her not perfectly, and in
like manner the last hath not traced her out”
-—=FEcclesiasticus

The placenta has long been one of the least undarstood organs,

Views about its structure and function are still uncergoing modifications,

along with the application of more diversified methods of investigation.

Many of the more recent studies of placental morpholeogy have focused on

histochemical and ultrastructural aspects. With the availability of

metheds for electron cytochemistry, it has become possible to depict

the ultrastructural localization of certain enzyme activities with much

greater precision than could be done formerly with the older methods

of light microscopy,.

The objectives of this investigation are:

1.

3

to clarify certain discrepancies among the descriptions of the
ultrastructure of the rat labyrinthine placenta and to ascertain
the subcellular localization of adenosine ronc~-, di- and tri-
phosphatase activities on the 12th, 14th, 18th and 22nd days of
gestatibn;

to characterize the ultrastructure of the rat visceral yolk sac

placenta and to ascertain the subcellular localization of adenosine

mono-, di~ and triphosphatase activities on the 12th, l4th, 18th

and 22nd days of gestation,
to determine any alterations in both the ultrastructure and the

pattern of the enzymic activities of the aforementioned nenbranes

" of the rat whose gestation has been prolonged three days beyond

the time of normal parturition.



General Considesrations

Grosser (1), observing that the degree of intimacy of contact
between maternal and fetal blcod varied greatly from species to species,
arranged the chorio-allantoic placenta of mammals in ean ascending order
from the simplest to the more qamplex on the bagis of tﬁa successive
disappearance of intervening uterine tissues. In the simplest placental
type, fetal and maternal blocd streams are separated by six cell layers:
uterine vascular endothelium, uterine connective tissue, utérine epithe-~
lium, fetai chorionic epithelium, fetal connective tissue and fetal
capillary endothelium, In the more complex placontas, qualitative dif-
ferences in the invasive_and aggressive properties of the trophoblast
caggé snccessive erosion of the three maternal constituents until maternal
blood directly bathes the fatal chorionic epithelium, By utilizing the
names of the waternal and fetal tissues with the most intimate associa-
tion at term, Grosser dis inguishes the following four types of placentae:
(1) The epitheliochorial, in which all maternal tissues are intact and
in close apposition to the fetal chorionic epithelium, (2) The syndesmo-
chorial, in which there exists only five cell layers, The uterine epi-
thelium becames eroded, leaving the chorion in contact with the uterine
connactive tissue, (3) The endotheliochorial, in which the uterins con-
nective tissue is lost and the choricnic epitheliun comes in contact with
the endothelium of the maternal capillaries, (4) The hemochorial, in
which the maternal endothelium also disappears and:maternal blood comes
into direét contactvwith the chorionic epithelium,

Subsequently, Mossman (2, 3) suggested that Grosser’s classification
be extended to include a £ifth piacental type, the hemoendothelialis, in

which even the fetal chorion, to a large extent, disappears, leaving the



fetal vascular endothelium in direct contact with maternal bloods Since
his observations of a gradual thinning of fetal tissue layers with an
ultimate loss of tropﬁoblast toward the end of gestation corrckorated
earlier studies (4, 5), he included in this group chorio—allantoié
placentas of the “rakbit, probably the guinea pig and rat, and possibly
most redents”. Mossman (2) also proposed that all placentac at the bo-
ginning of tﬂeir davelopment are of the epitheliochorial type, but, due
to qualitative differences in the invasive and aggressive properties of
their trophokblast, some come to have fewer call layers separating maternal
and fetal circulations, Furthermore, he suggesied that probably all
definitive placentae possess scme arsas of separating membrane similar
to that of the less intimate types.

Such studies regarding placsntal morphology were described at a time
when it was considered possible to explain all placental exchange oa the
basis of simple physical diffusion and filtration. Consequently, tw§
general concepts developad which have, until rocently, dominated the
subject of placental physiologyu The first of these held that all chorio-
gllantoic placentas of eutherian mémmals could ke arrangad in a phylo-
genetic ordar from the most primitive six layered epitheliochorial
placental, which is the least pormeable, to the most advanced two layered
hemoamdo{helial barrier in which transport is most rapid and conplete.
The second concept propossed that, as gestation advances in any given
épecies of marmal, the remaining tissue layers of the placental barrier
gradually diminish in width and become pro§ressivaly nore p2rimeable.

ﬁuring the 1940’s, physiological studies, such as those by Flexiner
and Géllhorn (6, 7), indicated that metabolites were actively transported

from one blood stream to the other, or at least underwent facilitated
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diffusion (8). Therefore; the placenta could no longer b2 considered as
a simple semipermeable membrane in which the efficiency of passage of
metabolites was inversely proporiional to the nuwiber of tissue layers
present in that structure., The thickness of the placental barrier then
appeared to be secondary to the vital capabilities of iis tissue con-
stituents and attention was focused upon its cytochemical gualities and
cytological structure.

Since phosphatase enzymes were known to be involved in a wide variety
of chemical reactions occurring in tissue functions such as metabolism
and transport (9, 10, 11, 12, 13, 14, 15, 16), it was believed that
histochemical studies of these enzymes would provide information re-
garding the functional capabilities of various constituents of the
maternal-fetal complex and permit further definition and differentiation
of placental types. Excellent reviewsof the enzymatic capabilities of
the placenta have been reported by Hafez (17), Hagerman (18), and Page

and Glendaning (19).

Histochemical Studies of Chorioc-allantoic Placentas

Epitheliochorial wlacenta

One of the first.histochemical studies of phosphatases in the
placenta of anybanimal was the investigation by Wislocki and Dempsey
(20) of the epitheliochorial placenta of the sow. In this animal, they
found rather intense alkaline glycerophosphatase activity in the endo-
‘thelium of the capillaries and the stroma of the luminal part of the
uterine mucosa. Acid glycerophosphatase activity was as intense as
alkaline glyceIOphosphatase, but exhibited a different distribution,
Evidence of its activity was observed in the glandular epithelium and,

to a much lesser extent, in the superficial strema and epithelial cells



lining the surface of the endometrium, In the chorionic epithelium,
alkaline glycefophosphatase was confined to the brush border and distal
third of the columnar cells lining the chorionic fossae. Acid glyceroc-
rhosphatase was found to have a similar locélization, but, unlike alkaline
glycerophosphatase, it also occurred in the epithelial cells lining the
chorionic areolae, |

In a succeeding study, Dempsey and Deane (21) found that histo-
chemically demonstrable phosphatases cculd react with several different
phosphorylated substrates other than glycerophosphate and that the
histolecgical localization of activity to one substrate did not always
correspond to that obtained with another. This Ffinding prempted Dempsey
and Wislocki (22) to re-examine the loecalization of phosphatase in the
sow placenta. When tested with adenylic acid, fructose diphosphate and
nucleic acid at pH 9.0, the distribution of phosphatases was similar to
that first described and utilizing glycerophosphate as substrate, However,
at pl 7.0, only activity to adenylic acid could be demonstrated. In the
chofioh this activity was localized not only to the columnar cells of
the chorionic fossae, but also to a greater extent in the apical portion
éf cells of the chorionic areolae, In the uterus a faint and diffuse
reaction occurred in all of the tiséues.

Syndesmochorial placenta

The distribution of phosphatases in the syndesmochorial placenta of
ruminants has been localized fto three main sites which are very similar
to those described in the pig placenta. Wimsatt (23) first localized
an alkaline phosphatase which was able to hydrolyze several monophosphoric
acid esters in the cytoplasm of trophoblastic binucleate glant cells of

both the cow and sheep., Although no differences were noted in the intra-



cytoplasmic distributién of activity when different substrates were
employed, the most intense reactions were obtained with nucleic acid,

and followed by hexose diphosphate, glycerophosphate and adenylic acid

in descending order. Wimsatt also found that the glant cells displayed
marked variations in phosphatase content in accordance with their loca-
tion in the placenta, Enzymatic activity appeared highest in giant cells
near {he tips of the chorionic villi, although not all of the cells ex~
hibited a reaction. Those on the sides and between the bases of the
villi exhibited little to no enzyme activity., Subsequently, Weeth and
Herman (24) described the presence of alkaline phosphatase in the cryptal
épithelial lining of the uterus of the sow and sheep, More recently
Foley et al. (25) and Bjorkman (26), in addition to describing phos-
phatase activity in bihucleate Qiant cells, noted that activity in the
cryptal epitheliwn was not only uneven but diffusely distributad, whereas
activit§ in the walls of maternal blood vessels was quite intensé.

The localization of acid phosphatase as shown by both Wimsatt and
Bjorkman (23, 26) was much less distinct than alkaline phosphatase in
fhat its éctivity was diffusely distributed over all cells, Reactions
waie identified, hpwever, in the stroma and cryptal epithelium of the
uterine mucosa énd found to be distributed unevenly in the trophoblast,
Acid phosphatase activity was most pronounced in the trophoblastic giant
cells,

Endotheliochorial placenta

Accounts of the distribution of rhosphatases in the endothelio-
chorial placenta of the cat (22) and shrew (27) with supplementary obser-
vations on the dog (28) have shbwn that as pregnancy advances the pre-

ponderahée of activity to various monophosphorylated substrates shifts



from the uterine tissues to the trophoblast and fetal stroma of the
" placental labyrinth,

These investigators (22, 27, 28) reported dense accumilations of
activity to alkaline phosphate and nucleic acid substrates on the surface
epithelium of the utefns, throughout the uterine glands and stroma, and
surrounding the maternal blocd vessels during early pregnancys, Hoéever,
following the erosion of the uterine epithelium, and the incorporation
of maternal capillaries into the developinrg placental lamellae, the con-
tent of phosphatases in these tissues is seen to gradually diminish until
acid and alkaline phosphatases aré limited to the uterirne glands, FEven
then activity is only obtained with glycerophosphate substrate.

The authors also reported little phosphatase activity in the tro-
phoblast until the time that the placental labyrinth is essentially
completed. Thereafter, enzyme activity increases with advancing gesta-
tional age. In the cat and decg placenta, Wislocki et al. (28) and

empsey et al. (22) reported that following the use of glycerophosphate,
nucleic acid, fructose diphosphate and adenylic acid at rH 9.0, there
was an intense concentration of phosphatases, with exception of adenylic
%cid,'which p:éduced a veaker response in the trophoblast and fetal stroma
of the placental labyrinth, On the other hand, the hypertrophied endo-
thelium surrounding the maternal blood channels contained nonz, When

the pH of thevreaction nixture was adjusted to 7.0, only the substrate
adenyiic acid elicited a positive histochemical response. Wislocki and
Wimsatt (27) described a similar distribution of glycerophosphatase acti-~
vity in the shrew labyrinth, They also found a faint reaction in the hyper~
trophied endothelium when usin@ glycerophosphate at pH 7.0 or nuelelc

acid at pl’s 9.5 and 7.0. Both groups of investigators failed to demon-
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strate acid phosphatase in the fetal portions of iho placenta,

smochorial wnlacenta

Cf all the hemochorial placentas, that of the human has haen nost
extensively investigated. In young placentoe small amounts of alkaline
ﬁhosphatase were found in the brush bordar and outer maxgin of the
syncytial trophoblast (22, 29, 30, 31, 32, 33}; Ls gestation procu&déd,
this activity increased steadily, spreading throughout the syncytial
cytoplasm until the e¢nzyme was distributed in an outer and inner lamina
separated by a middle nuclear region i; which less intense reaction
occurred (22,‘31, 32, 34, 35). All other fetal components of the placemfa
are essentially negative as is the decidua with exnception of the wall
definad junctional zone in which interstitial @aposifs of phosphatases

do occur.

The distribution of phosphatase reactions displayed with additicnal
substrates at alkaline pHs are substantially similer and differs only
in the tima of appecarance and degree of activity (22, 29, 30, IR, 35)s
The nmost inténse enzymatic reaction is obtained following tha use of
fructoas diphosphate and nucleic acid. Loss activity is demonstrated
with glycerophosphate and adasnylic acid k22).

The distribution of acid phosphatase ié reported to he limited to
trace‘amounts located in the stroma of fetal villi during the early part
of gestation, whereas later in pregnancy it is predeminantly located on
the maternal side of the syntrophoblast (22, 29, 30, 33, 36). Sualler
zmounts of activity are also reported to‘be localized in the nuclel of
the cytotrophoblast and undarlying stromal czlls {33, 33, 34, 38),

“Homoendothelial vlacenta”

The histochemical distributien of phosphatases in the various spacles

of animals which suppossdly possessed a hemcendothalial placenta have been



as those descriked in thé hemochorial placenta of man, During early
gestation in these rodents, alkaline glycerophosphatase is present in
both the cellular and syncytial trophoblast, but not in the undsrlying
fetal strama and fetal capillaries. Abundant activity is also found in
the mononuclear trophoblastic giant cells,r As the placental labyrinth
continues to differentiate, phosphatases accuﬁulate in increasing amounts
in the syncytial trophoblast, whereas it decreases in the callular tropho-
blast, At the same time the lamellae of the labyrinth becoms thinner,
Thefefore, toward the end of gestation, when every maternal blcod
éhannel is clearly dafined by.lines of intense staining, it could not

be determined clearly if this phosphatase activiiy occurred in tropho-
blast,

In the maternal rodent placenta, with exception of the rat (38),
small‘amounts of activity have been reported in the decidva basalis.

On the other hand, greater accusmlations of alkaline phosphatase are
observed in the junctional zone between the decidua and fetal placenta
where it is predominan%ly localized in the ihterstitial Spacas,

Acid glycerophosphatase also occurs in the syncytial trophohlast‘
of the mouse and rabbit placental labyrinth, but only in srall amounts
where it is confined to the nuclei (37). On the other hand, in the rat
labyrinth, which has been more exteﬁsively investigated, low (38) to
moderate (39) activity is observed in the cytoplésm of the syncytium
du;ing moét of the gestation. Toward the end of pregnancy, bhowever,

this activity becornes very intehse (37, 38, 39). At term, strong acid
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glycerophosphatase gsetivity also nccurs in the cytotrephoblast of the
spongy zcne ond in the giant trephoblastic c21ls of the junctional zone
{38, 39). Activity in the endometrium of the rodent is confined to the
decidua basalis {37, 38, 39). In addition to glycercphosphntase,
engymatic activity is demonétrable with {he substrates edeaylic acid,
nrcleic acid and fiuetoss diphosphate at pH Q,O‘ia the guinea pig
placenta (22), and with ATP at pil 9.4 in the rat placenta, Although
the distribution of activity to fh@sﬁ substrates is identical to that
of glycerophosphaté, a denser reaction occnrréd with fruetose diphos-
phate and nucleic acid, Lass activity is obtained with adenylic acid‘
and glycerophosphate which in turn is slightly greater than that with
ATP, At pH 7.0 fructose diphésphata alicits only a weak response
vhereas a moderately strong reéction occurs with adenylic acid,

Since the distribution of phosphatases in the rocdent placenta cor~
responds closely to that of the hemochorial placenta, several investi-
gators seriously questionad the validity of classifying those placantas
under hemcendothelial (37, 41, 42). On the basis that fetal vessels
were always negative and that phoéphatases, wviich in early pregnancy
had a marked predilection for the syncytium, constituted a continuous
layer throughout pregnancy, Hard (41) felt that tha trophoblast per- ,
sisted as a lining of the ma{@rnai blood channels until birth, Wislocki
et al. (37) agreed with Hard but concluded that the distribation of
phosphatases could not answer the question as to whether the rodent
placenta bacare partly or mainly hemoendothelial at term, Thrir con-
clusion was kased on the possibility that the loealization éf rhospha-
tases in the endothelial lining of the uterine capillaries in the epi-
theliochorial and syndessmochorial placentae suggosted that the enzymes

might have a marked predilection for the Ffirst cellular barrier inter-
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vening betwzen maternal and fetal circalation, rather than a fixed

[¥

relationship te the trophoblastic syncytium, If this were the caz2, the
fetal endothaliuvm which becomes the limiting QObx&m. Letuzen fh@ miternal
and fetal blood in the hemo%n&othalial placenta oight then becama the
site of phosphatase concentration précisely_as the syneytinm had in
earlier stages, Therefore, the question as to whether the ultimate
labyrinth barrier-in rodents consisted solely of endothelium or of epi-
thelinwm and endotheliu& indistinguishably fused could not be resolved
until more sophisticated techniques for cytolegical ex&mipation ware

developed,

Ultrastructural Studies of Chorio-allantoic Placentas

With the development of the electron microscope, a means to investi-
gate further the detailed structure of the variocus placental types was
made available. Even though enbedding media and microtomy fséhniques
ware not as refiﬁ@d as they are presently, early cytological sfudies
vwith this instrument quickly revealed that the placenta is often organized
in a manner not discernable by light microscopy and that Grosser’s system
of placental classifigation frequently does not represent the true struc-
- tural complexity of the placental barriers Because of these findings,
rather strenuou§ objections have been raised against the continued use
of Grosser’s classification (43, 44, 45). |

Epitheliochorial placenta

In the epitheliochorial placenta the area of fetal maternal exchange
as seén with the light microscope is represented by either closely apposed
corrugated folds of maternal and fetal epithelium {ssv) or b} cotyledons
where chorionic villi interlock with endometrial ¢iypts {rare). Ultra-

structural studies of this placental type have not only shown that there
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is a far more imtimate epposition betwsen the chorionic and uterine
epithelivm than was previously realized, but have providad struétural
evidance for specializad arcas of mstabolic exchange (46, 47, %B, 49,-50),
In a fine structural stu&y of the pig placenta, Bémpsey, Wislocki
and Amoroso (46) reported that the surface arca of fhé chorionic ridges
and fossée is greatly exiended by numerous microvilli which mutually
interdigitate with outward projections of the uterine epithelium to form
an extremﬁlybtight zone of apposition, too tight according to these
authors, to allow for absorption of‘uterine secretions th;ough the
chorionic ridges and fossac. On the basis of its structural cha;acter-
istics, it was suggested that the absorption of uterine seczétions takes
place in the chorionic areolae which form cup-like, patent spaces be-~
tween the chorionic and uterine epithelia at intervals where branched

glands open into the uterine lumen, Ia addition to possessing irreg-

as having ccmplicated infoldings of the apical plasma membrane which
conmnicate laterally with one another to form a network of channels
continuous with the lumen of the areolac. These infoldings are thought
to provide acééss»for various materials to the interior of the cell,

The epithelial plasma newbranes of the chorionic fossae were also found'
fo possess thread-like invaginations, These invaginations, howsver, do
not communicate laterally with one another.

At the ultrastructural level, the placenta of the mare differs
from the placenta of the pig in that the maternal and fetal zone of the
mmtuélly interdigitating microvilli is quite lcose and forms small inter-
villous spaces (50). As opposed to complicated suxface infoldings, the

trophoblastic cytoplasm is provided with caveolae at the bases of soma
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microvilli and contains numsrous vesicles with a conlhent similar to that
found in the intervillous spaces.

Although the chorionic epithelivm of the pig and mare never become
invasive or disappear, a close relationship develops between maternal
and fetal capillary beds. By mid-~gestation, felal capillaries penetrate
intimately between the cells of the trophoblast and form “intracpithelial
plexuses”s By full term the lamina of chorionic cytoplasm separating
fetal caﬁilléries from the endemetrium becomes extremsly thin, The
maternal capillaries in a similar manner displace the ulerine epithelial
calls by ceapression until only thinnaed-cut plates of cyloplasm separate
them from the fetal trophoblast, At mid-~gestation, electron micrograchs
of the chorionic epithelium exhibit cytoplasmic vacuéles located near
the “intraepithelial vessels”, but in no other locations. Dempsey,
&Jislx;cki and Amoroso (486) are.; of the opinion that the vacucles create
spaces into which the capillaries can burrow. Electron micercgraphs also
show that two distinet basement membranes remain interposed betwsen the
fetal capillary endothelium and chorionic epithelium during gestation
(48), Nevertheless, the distance separating the two sets of capillaries
has been deseribed asvbeing only six or eight microns {48).

Syndesmochorial placenta

The region of intimate attachment between fetal and maternal tis-
sues in the ruminant placenta generally consists of chorionic villi fit-
ting into maternal cryphts separated from each other by septa. In these
‘placentomes two epithelial layers can usually be identified, the tropho-
blastic epithelium of the fetal villus and the epithelium lining the
maternal crypts. Since the uterine endometrium has been described as

being eroded in the syndesmochorial placenta (1), the nature and origin
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of the epithelium investing the connective tissue of the maternal crypts
has proved to be exceedingly difficult and controversials Assheton {51)
considered this layer to be a fetal plasmodium formed by the fusion of
trophoblasiic giant cells following the cl§se of the attack upon the
uterine epithelium by the trophoblast. In the past, this view has been
supported by bothrWimsatt (52, 53) and Amoroso (54). Presently, however,
the opinion has gained ground that the epithelial lining of crypts in
many ruminant species is of maternal origin,

Electron microscope studies of the fetalnmaternaljungtion in
blacentomes of the cow (55, 56, 57), deer (58), and sheep and goats (59,
60, 61, 62) have revealéd the presénce of humérous microvilll projecting
from both sides of contact surfaces, thus creating an intimate apposition
of interlocking microvilli, similar to that found between tropheoblast
and endometrium in the sows and mare placenta, In the sheep and goat,
the cells of the cryptal lining ave fused with eéch other to a greater
extent than occur in the cow and deer, but occcasionally single cryptal
cells are found (59, 60, 61, 62). Sheep and goat placentcmes also differ
from that of cows and deer in that the cryptal cells do not rest on a
c@ntinuoué basgmﬂnt membrane and possess processes of varying sizes
which protrude into the connective tissue and establish contact with
fibroblasts or with capillary endothelium (59, 60, 61, 62),

Further evidence of the maternal origin of the cryptal lining has
been presented by Bjorkman (61) who has shown that an intimate fetal-
maternal apposition is established in the ovine placentome even before
chorionic villi have formed and that, at this time and later om, an
intact syncytial or partly cellular layer lines the uterine stroma. The

results of these ultrastructural studies appear to confirm the hypothésis
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that the cryptal lining is derived from maternal endometrial epithelivm,
a fact which would, according to the above mentioned authors, place the
placentas of those ruminants thus far examined among placentae of an
epitheliochorial type.

Endotheliochorial placenta

Basically, the area of fetal-maternal exchange in the placenté of
most carnivores with exception of the hyena consists of a series of
more or less parallel trophoblastic plates or lamellae which separate
the endothelial lined blcod vessels fram the endothelium of the fetal
capillaries located in the subjacent stroma, This type of placental
relaticonship has bheen classified as endothelioéhorial. Wislocki and
Dempsey (28), however, after staining the endotheliochorial placenta
éf the cét with triacid connective tissue stains, detected an additional
zone of amorphous substance intervening betwcen the maternal endo-
thelium and fetal trophoblast. Furthermore, they found decidual giént
cells lodged in this =zone and befween the maternal capillaries.
Wislocki and Dempsey considered these cells to be derived frem fibro—
blasts of the.original uterine mucosa which are transformed into giant
cells during the invasion of the endometrium by the fetal trophoblast.

This intermediate zone of ill-dsfined, amorphous substance has been
charactérized with the electron microscope in the cat by Dempsey and
Wislocki (63) and in the ferret by Lawn and Chiquoine (64). In both
animals this layer has a fibrillar texture similar to that ofvhasament
membranes. In the cat it varies a good deal in thickness and may even
be abéent, sé that in certain locations the plasma membrane of the endo-
thelial cells and that of the syncytial trophoblast are directly con-

tiguouss On the other hand, in the ferret the intermediate layer is more



uniform in thickness aand is only porforatod whers emell processes protruds
frem the maternal endothzlium to panetrate hetwzen the folds of the
ayncytivm., The rather smooth and regular maternal surface, in contrast
to its scalloped ard irregular f@tgl surface, augﬁasts that the inter-
radiate layer may be erodesd by the trorhoblast and constaﬁtly ronawed,
A3z there are no.connective tissuwe cells present during its forimation,
Lasn and Chiquoine suggest the fibrous material must be the product of
the maternal endothelial cells or of the chorionic syncytium or of both
of them, On the kasis of its fine structure, Dempsey and Wislocki {63)
and Lawn and Chiquoine (64) have suggested that the maternal endothaliunm,
wiich is characteristically thick and basophilic, is most active in this
respect.

In electron micrographs, the cytoplasm of the thickened, hyperplastic
endothelial cells has a spongy appearance, owing to the presence of
numerous, irregular shaped vacuoles céntaining a flocculent precipitate,
These vacuoles frequently communiéate directly with the lumen of the

-maternal capillar?. In addition to small canalicular spaces, the cyto-
plasm of the endothelial cells has an abundance of granular endoplasmic
reticulum end Golgi elem=nts which are characteristics curréntly kelieved
to ke associated with protein synthesis., The orientation of the @ndef
pPlasmic reticulum suggests that the protein that is synthesized passes
into the intermadiate layer (63).

The cytoplasm of the syhcytial trophoblast is considerably less
»danse than that of the maternal endothelial cells, and lacks the great
concentration of granular eadoplasimic reticonlum found in the latter, A
noderate number of granular cisterns are present, however, as woll as

Golgi elements, but these too are less abundant than those in the maternal
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endotheliyvm. Scattered throughout the cytoplasm are muwrarous smooth
vesicles and tubules. These profiles are usually closely associated with
the cell surfaces which'are extensively folded, Here, transition stages
are found which suggest that the vesicles 6r tubuies either arise from
or become contimious with the surface mewbrane,

_Since a definite layer of connective tissue and dacidual giant cells
is found intervening between the maternal endethelium and syncytial
trophoblast durirg pregnancy, Dempsey and Wislocki (63) and Lawn and
Chiquoine (64) have suggested fhat in some carnivores the definitive
rlacental 1abyrinth is syndesmochorial rather than endotheliochorial,

Hemochorial placenta

In the anthropoid hemcchorial placenta, the trophoblast, which con-
stituﬁes the principle.component of the placental membrans, consisté of
an inner cytotrophcblast layer (the Langhans cells) adjacent to the
fetal s£roma and an outer multinucleate trophoblast layer (the syncytium)
witich is bathed by circulating maternal blocd (47). In the past, there
has been considerable controversy as to the origin and mods of prolifera-
tion of the multinucleate trophoblast layer and to the fate of the cyto-
tfophoblaét (54, 55). Due to the absence of nore convincing evidence
than that which iS.pIOVidﬁd with the light microscope, many investigators
have opinioned that the trophoblast is composed initially of cytotropho-
blast which graduaily becomes transformed into a multinucleate syncytium
(66, 67).

Early studies of the human placenta with the electron microscope
have yielded varying conclusions, Bargmann and Knoop (68), who were the
first investigators to consider in ény detail the origin of the multi-

nucleate trophoblast, suggestéd that it is a plasmodium owing its origin
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not to the coalescence of originally separate cells, but to the multipli-
,cation of the nuclei ﬁithin a mass of cytoplasm which increases in amount
by growth but which itself does not undergo division, Boyd and Hamilton
(65) have pointed ocut that if the trophoblast consists of a plasmodium,
theﬁ there should be persistent evidence of intercellulér spaces result-
ing from the original separation of the cells. Bargmann and Knoop, how-
ever, foundrno such spaces in their study.

Dempsey and Wislocki (69), Boyd and Hughes (70), Wislocki and Dempsey
(71), Sawasaki et al. (72), Terzakis and Rhodin (73), and Fhodin and
Terazakis (74) were unable to find cell membranes extending betwsen the
{wo surfaces of the multinucleate trophoblast layer and, therefore, con-
cludéd that the trophoblast covering the vascular villi must be syncytial.
These authors also demonstrated that individual Lenghans’ cells persist,
although in greatly reduced numbers, until term,' The presence of ées—'
mosemas at the borders between the cytotrophoblast and the syncytium
was interpreted as evidence for a close relation between these two tro-
phoblast layers, but no evidence of the formation of the syncytium from
the ¢ytotrophoblast was found.

In a subsequent fine structural sfudy of the normal human first
trimgéter placenta, Terzakis (75) described cells with cytoplasmic
characteristics inteimediate between those of the cytotrophoblast and
the syncytial trophoblast., Carter (76, 77) recently reporitaed the oceur-
rence of remnants of sets of cell membranes with desmosomazs in the |
'syndytial-cytoplasm and of discontinuities in the limiting plasma
nembranes between the cytotrophoblast and syncytium in both cell columns
and tertiary villi. Carter also found that syncytial nuclei in these

areas have a morphological picture very similar to the cytotrophoblastic
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cell nuclei, On the other hand, Lister (78, 79, 89); who has examined
extensively secticns of chorionic villi freom the first trimoster placenta
and from both the fetal and maternal surfaces of the term placenta, has
found no break in the integrity of the cell membrancs betwsen the
syncytivm and e¢ytotrophoblast,

Enders (81) has recently demonstrated a sequence in the fqrmafion ’
of the syncytium fram the cytotrophoblast in both the early and term
placentae. More recently, Boyd and Hamilton (65) have reported similar
findings. In both ef these papers the authors have described the cyto-
trophoblast as first undergoing a cytoplasmic differentiation to becoma
gimilar to the syncytium., This differentiation was reported as being
followsd by a disintegratioh of the cell membranes and the incorporation
of the cytotrﬁphoblast into the syncytium, leaving only remnants of cell
membranss and desmosomes which persist for a short time and subseguently
disappear. A similar sequence of events has also besn reported as ocur-
ring in the monkey placenta (82).

Evidence pointing in the séme direction has bzen adduced by Midgley
(83), Wynn (84), Pierce and Midgley (85) and Wynn and Davies (86), who
éxaﬁined the uitrastructure of choriocarcinomas transplanted into the
cheek pouches of hamsters., These anthors cbtained evidence of'morpho;
legical intermediates betw@eh cytotrophoblast and syncytial trophoblast.
Since antoradiographic studies of the incorporation of tritiated thymidine
into the immature monkey (87) and human placenta (88) have shown that
deoxyrikonucleic acid synthesis does not occur in the syncytial tropho-
blast, Pierce, Midgley and Beals (82) have concluded that cytotrophoblast
is the only source for the ﬁr with of the syntrophoblast,

In addition to okservations of the methods in which Langhans cells
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contribuie to the syncytium, mony significant observation:
on the cytolegy of the trophoblast at various stages of geshation (89,
90, 81, 92, 93, 24, 95),

“Hemoendothelial placenta”

The first ullrastructural studies of the labyrinth'of rodents
quickly established that the placenta of the rat, rabbit and guinea pig
is hemochorial rather than hemoendothelial as had bszen previoas&y PYo-
posed, Dempsey and Wislocki (96), who first examined the fine structure
of the lebyrinthine barrier of the rat on the 15th, 17th and 2lst days
of gestation, found that the maternal blood spaces and fetal capillaries
of the labyrinth are separated, even in the‘thinnest parts, by a suc-
cession of three thin, widely overlapping and imbricated sheats of tro-
phoblastic cytoplasm supported by a delicate, finely fibrillar basement
membrane which is often double. The outer-most trophoblast layer,
bordering the maternal blood spacé, was described as consisting of
syncytially fused cells, whereas the trophoblast contiguous with the
basement membrane was believed to consist of separate discrete cells.
The syncytial or csllular nature of the middle trophoblastic layer was
ﬁot d@scrib@dg |

Upon re-examining the ultrastructure of the rat placenta in a more
definitive study, which also included observations of the rabbit prlacenta
on the 28th day of gestation, Wislocki and Dempsey (97) interpreted the
labyrinth as consisting of 2 or 3 overlapping sheats of eytotrophoblastic
cells rather than as an inner cellular layer and an outer syncytial
layer as previously describad, Wislocki and Dempsey also chserved two
distinct basement membranes in the labyrinth, one supporting the tropho-

blast and the other supporting the endothelial cells Jining fetal capil-
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laries. The narrcw spac? betwsasn the two menbranes was describad as come
taining wisps of cellagen. ihese observations were subsequently extended
by Schiebler and Knoop (98, 99), who exanined the fine structure of the
rat placental labyrinth on the 20th and 2lst days of gestation. These
‘authors, however, did not observe two separate bascment mermbranes and
reported the occurrence of only a single basement monbrans intervening
betwzen the trophoblast and fetal endothelium., In addition to describing
the cellular nature of the lakyrinth, Schiebler and Xnoop observed wide
spaces between the outer and middle layers of trophoblast which fre-
quently communicated with maternal blood sinuses.s On the other hand,
trophoblast cells of the inner layer were always found to be closely
apposed,

Ouwars and Mossman {(100), utilizing the newer fixatives and enbadding
medla for elecltron micréscoﬁy, have given an account of the rat placental
labyrinth on the 15th and 16th days of gestation, which differs consider—-
ably frem previous descriptions. In this study the placental barrier
was found to consist of only two 1éyers of trophoblast overlying fetal
endothelium, The outer trophoblast adjacent to maternal blood was CRS--
;ribad as a reiatively thick imbricated cellular layer, whereas the inner
trophoblast was described as being an attenuated syneytial layer with
widely scattered nuclei.

Hore recently, Jollie (101) has studied the fine structure of the
rat placental labyrinth from the day of its establishment until term,

At all stages the placental barrier was found to consist of three cyto-
plasmic layers which he individually nemed from the maternal blood space
inward to the allantoic capillary endothelium as trophoblast I, tropho-

blast II and element III. Of these labyrinthine components, jollie has



dascribad'element III as the only layer heing syncytial. Enders (45)
who has studied the fine structure of the hemocherial placenta in various
species of nammals, has given a similar description for the labyrinth
of the laboratory rat, laboratory mouse, hamster and deer mouse. In
this study, however, Enders presented evidence which suggests that
trophoblast II in the rat as well as in the other aforementioned rodants,
is also syncytial in nature, The observations of +he placental structure
of the laboratory mouse have since heen confirmed by Kirby and Bradbury
(102).
7 In their report on the fine structure of the rat rlacenta, Wislecki
and Dempsey (97) also included a brief account of ﬁhe hemochorial nature
of the rabbit placenta. In this report they sugéested that the rabbit
labyrinth consists of thiﬁ overlapping sheets of trophoblastic cells
similar to those found in the rat placenta, Larsen (103) who recently
examined the rabbit placenta on the 1lth, 14th, 21st and 20th days of
gestation, has described the trophoblast as consisting of an outer
syncytial later (bordaring maternal blecod), separated from an inner
cellular lay@r by large irregular spaces which are interrupted at inter-
vals by desmoscmal attachments, In addition to many short microvilli,
the syncytial layer was found to contain a greater abundance of pinogy-
totic vesicles, large vacuoles, granular endoplasmic reticulum, gonlgi
vesicles, mitochondria and fat inclusions than the inner eytotrophoblastic
layer.

W§nﬂ and Davies (104) have confirmed the presence of two trophoblastic
layers in the rabbit labyrinth., These authors, however, described the
outer trophoblast laver as a pseudosyncytium consisting of paculiaxr

masses of syncytial elements, connected by desmoscmes and separated by
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plasma membranes from similar syncyiial aggregates. They also described
the inner layer of trophocblast as a discontinuous cmllvlar layer inter-
rosed batwsen the outar psendosynceytial elements and fetal caplllary.

In a subsequent fine structural study of the rabbit labkyrinth, Enders
(45) was unable to demonstrate partitioning cyteplasmic morbranes and
thus considered this evidence that the trophoblast bordering the maternal
blood space is a #rue syncytium., In addition to nests of individual
cells in the inner layer of trophoblast, Enders also found flanges of
cytoplasm which extended for considsrable distances and on oceasion
batween at least two muclei. He interpreted this findirng as indicating
that the inner layer must be ih the form of multinucleate cells or have
syncytial regions,

Fine structural studies of the hemochorial placenta of the guinea
pig, éhipmunk and armadillo have also besen reported, Bavies, Dempsey
and Amoroso (105) and Enders (45) have found that the term guinea pig
labyrinth consists of a single céntinuous layer of syncytium varying in
thickness and having micorvilli both on its fres and basal surfaces,

'One of the most striking features of the guinea pig labyrinth is that

it is probably the thinnest of all of the hemochorial placentas thus

far examined, Enders has demonstrated that the trophoblast in some areas
becomes as thin as the diameter of a single microvillus,

Obs ‘ ervations on the placunLal labyrinth from the chlgmunk show that
the tropheblast in late pzegnanny also forms a single syncytial layer
‘enclosing the maternal blood spaces (45). ‘Occasionally,,however, indivi-
dual frophoblast calls ére found between the syncytium and the basemeﬁt
membrane, Also, the fetal vessels are not as closely associated with

the trophoblast in the chipmunk placenta as they are in the guinea pig
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placenta, Under the numerous microvilli of the free surface of the
sync}tial tropheoblast of the chipmunk labyrinth, there are extensive
subsurface spaces which communicate with the maternal blecod sinusss,
Evidence of pinocytosis is found at the margins of these spaces as well
as between the surface microvilli. |

The hemochorial villi of the armadillo placenta have alse Leon deg-
cribed as being covered by a singie layer of syncytial trophoblast,

From the free surface of this layer extends long, complexly branched
and anastomosing microvilli (45, 104, 106, 107). In the later stages of
pregnancy, -infoldings of the basal plasma membrane were chserved to form
branching channels of small diameter which extend into the trephoblast
over its entire fetal surface., Evidence of pinocytotic activity was
found on both surfaces of the syncytium., With exception of the tips of
growing villi, cytotrophoblastic cells were campletely absent at all
stages of gestation.

Cn the kasis of both his own comparative fine structural studies
and those individual reports of other investigators (previously reviewed),
Enders (45) has pointed out that both labyrinthine and villous hemochorial
élacentas can be grouped according to fhe nunber of layers of trophoblast
present during the last third of gestation. In this manner, placentas
of the rat, mouse, hamster, and deer mouse, which have three layers of
trophoblast between the maternal blood space and fetal vessels, would be
.designated labyrinthine hemotrichorial., The rabbit with two layers of
trophoblast wonld be labyrinthine hemodichorial, the guinea pig and
chipmunk with one layer of'trophoblast would ke labyrinthine hemomono-
chorial, and the human and armadillo, also with one layer of trophoblast,

would be villous hemomonocchorial.
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Ultrastructvral examinations of the placental barrier of rodents and
lagamorphs have thus revealed that the trephoblast persists throughout
gestation, Its‘contihued presence then would favor the supposition ad-
vanced through histochemical studies that phosphatéses in the hemochorial
placenta of these mammals are principally located in the trophoblastic
layer rather than in the fetal endothelium (37, 41). However, sin&e the
trophoblast in the rat as revealed by the electron micioscopa congists
of three discrete layers, hiétochemical studies of phosphatases with the
light microscope give no clues as to which layers the activities are
associated, Therefore, one of the cbjectives of this thesis is to des-
cribe the ultrastructural localization of several adenosine mcleoside
phosphatases in the rat placental labyrinth at closely seriated stades

of gestation,

Histochemical and Ultrastructural Studies of the
Viéceral Tolk Sac Placenta

In addition to the objections to Grosser’s classification alluded
to eailier in this review, a second objection stemmed from the fact that
Grosser’s classification is based on one region of the choric-allantoic
placenta and tends to divert atiention away from other esually important
regions of the extraewbryonic membranes which are physiolcgically active
in the exchange between mother and fetus, These structures may function
either successively or concurrently with thé chorio~allantoic placenta
during gestation, One such region is the yolk sac placenta which in
vertebiates is probably the most primitive form of placentation (3, 44,
48, 54, 108, 109),

In viviparous forms of Elasmobranchii (110), teleostei (111, 112;

113, 114), axphibians and some reptiles (115), the yolk sac placenta,



26
in addition to aksorbing endogenous yolk through its endederm, is also
inveoived in the physiological interchange of materials between maternal
and fetal blced streams and is, therefore, functiocnally quite siﬁilar to
the chorioc-vitelline placenta of mammals (115). In marsupials thus far
investigated, except for three species in which abchorio»allantoic
placenta develops, the embryo and subsequent fetus is nocurished exclu-
sively through the trilaminar yolk sac placenta (vaseular chorio-vitel-
line placenta) (48, 54, 117),

In addition to a well-developed chorio-allantoic placenta, Eutherian
nawnals also develop, at lezast temporarily, a yolk sac placenta vhich
may eceur as a primiti?a bilaminar cmphalopleure consisting of ectodsrm
and entoderm with no intervening mesoderm, or as a vascular trilaminar
cmphalopleure with vaséularized nesodarm interposed betwsen ectoderm
and entoderm (3, 44, 54, 109), Yolk sac placentation.in some ordars of
mammals involves a very different and more complex structure, In such
animals only that portion of the yolk sac endoderm at the embryonic
hémisphere becomes vascularized, With subsequent growth of the embryo,
this vascular trileminar cmphalopleure is gradualiy reflected towards
tﬁe abembtyonic hemisphere until it comes into close apposition with
the avascular (bilaminar omphalopleure) portion of the volk sac entcderm
as is seen in figure 2. This “inverted” type of yolk sac placentation
is characteristic not onl? of ﬁodentia irat, mouse, guinea pig) and
lagamorpha (rabbits), but also of many microchiroptera (bats), most
Insectivera and the Dasypodidae (armadillos).

The bilaminar or parietal pértion of the inverted yolk sac appears
to be provisional or transient in nature and degenerates early in

pregnancy, thus bringing the visceral entodexrm into intimate contact
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with the regenerated uterine epithel;um. On the other hand, the basal
surface of the trilaminar or visceral yolk sac increases in surface
area through the formation of elaborate vascularized villi and persists
throughout gestation,

‘The general morpholegy of the yolk sac and the method of its forma-
. tion in different animals is well known (3, 44, 54, 169)., There is no
unanimous agreement, howevér, as to its function{(s), nor ié their agree-
ment as to whether those that persist throughout gestation function
successively or concurrently with the chorio-allantoic placenta. There-
fore, it ié necassary, for the sake of clarity, to present a brief
chronological summéry of pertinent cytological and histochemical studies
which have led placentolegists to ascribe placental fuﬁctions to‘this
structure,.

The presence of various-sized granules in the aplecal cytoplasm of
the visceral yolk sac epithelium of the rodent, bat and rabbit has been
the subject of description, discussion and spaculation by a number of
investigators (37, 118, 119), Some have regarded them as being secretory
gfanules which are destined to be discharged into the yﬁlk sac cavity or
uterine lumen, whereas others have maintained that they represent materials
which have been absorbed from the yolk sac cavity or uterine lumen for
subsequent transmission to the fetus, Bridgeman (119) has reported that
these large supranuclear proteinaceous granules appear in endodermal
gells destined to form the visceral yolk sac in the rodent as early as
the sixth day of gestation and disappear by the ninth, possibly through
their extrusion into the yolk sac cavity. She subsequently found that
similar granules reappeared reaching a maximum size and nunber per cell

on the day preceding the rupture of Reichert’s membrane, The granules
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then remained until the 20th day of pxagaanﬁy; fgei (120), a leading
exponent of the sscretory theory, claim:d that these granules were
proteolytic enzyrmos whlch were discharged at the appropriate time for
the purpose of digesting the parietal volk sac and its uncerlyiny struc-
tures. More recently, Cwer (121}, who has lccalizasd st%cﬁg cathepsin
activity in the visceral end&dsrﬁ of the rat yolk sac, has suggestsed a
similar hypothesis. Litwer (122), also an exponent of the saceretory
theory; claired that fhe granuleé also released a lipase necessary for
the ébsorption of fat by the endodermai cells, On the basis of abzorp-~
tion studies, Branca (123) and Gerard (124) disagreed with the secretory
hypotheses and regarded the granules as albuminoid in nature arising as
the result of the absorption of proteins frem the yolkisac cavity and
uteriné lunen,

That the yolk sac is capable of absorbing exogensons materials has
been shown by Goldman (125), who first reported that fh@ visceral endo-
dermal cells of the moﬁse jolk zac are able to concentrate trypan blue,
Wislocki (126, 127) and Wislocki, Dean and Dempsey (37) extended this
observation to inciudé the rat, raﬁbit and éuinea pig.  In these
studies thoy observed that trypan blue appeared in the apiqal cytoplasm
in the form of small droplets which resembled tha normally ocourring
proteinacesous acidophilic granules described earlier,

In a subsequent study, Wislocki, Dezan and Demnsey (37) noted a
snnilérity betweeﬁ the tinctorial pxopérties of the apical'granules and
the embryotrophic material in the adjoining yolk sac and uwterine cavi-
ties, They consid~redAfurther that scome of the granmules rescmbled frag-
ments of extravasated maternal erythrocytes which ware numercus in the

embryotroph,
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In edditional ochaoorption axprriments, Evmicﬁﬁ (128) reported ihat
vital dyes having a small molecular weight rapidly passed through
Reichert’s membrane and the parietal and visceral yolk szac to gain access
to the fetal circulation, On.the other hand, he found that azo dyes
of larger molecular weight, presumably non-metsbolizzble, such as trypan
blue, waere concentrated in the visceral yolk sac epithelium inside the
preformed granules which he considered to be Colgi elements. Pridgman
confirmed part of this study and added that when injected prior to the
eighth day, frypan blue seemed to ke held by the apical granules, whereas
later the dye appeared inside preformed apical vacuoles where it is found
until the end of geétation. '

In view of these observafions, Everett and Wislocki contended that
the visceral yolk sac functioﬁed in the abscrption of uterine sccretions
and sxcogenous materials from the maternal circulation and salectively
transported them to the fetus, Wimsatt (112) agrged with this conclusion,
but did not congider the apical granulesras materials absorked by the
yolk sag entodeim, Instead, he considered the granules as non-usable
metabolic ky-products or non-metabolizable materials of which the ende-
dermal cells have no means of dispésing and hence store for the duration
of pregnancy. This belief ssems to be consistent with recent absorption
studies of the yolk sac in which the localization of vital dyes was found
to correspond to the area of lysosomes which are known to store meta-
bolically inert materialé (129). A final interpretaticn of the granules
_has recently keen advanced by Stephans (130), who believes that their
carly disappearance and reappiarance indicafes that they are a cérplicated
energy store which is built up and is later degraded and used by the

embryo via the vitelline circulation,
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Both in viiro and in vive experiments have Lisn designed to study
absorption by visceral endod?rm with the electron microscope. 'In organ
cultures of the ralt visceral yolk sac, Soreckin and Padytula (131) re-
ported that the visceral endoderm avidly engulfed cholesterol which
had been addad to the culturs medium and concentrated it as osmiophilic
&@mbrane bound droplets in the supranuclear cytoplasm,

Luse and her aﬁsbciates (132, 133) have studied absorption in third
trimester rabbit and mouse yolk sacs following intrawterine injections
of colloidal gold,isaccharated iron, lipids, éolloidal carbon, egg
albumin, bovine gamma globulin, salivary gland viras and erythrocytes,
All of these materials were found to be inggsted into the apical cyto-
plasm of the visceral yolk sac cells as pinocytotic vesicles, which were
often in close association wiéh small saccular or canalicular infoldings
of the surface membrane. In addition to entering the cytoplasm, iron,
collodial carbon, gamma globulin, salivary gland virus and lipids also
”penetrated”‘the endodermal nuclei. On the kasis of further work, Lusa,
ﬁavies and élark (;34) have suggested that these material enter the
ﬁuclei not only by way of electron microscopically d&menstiatéd nueclear
pores, but also by nuclear mecmbrane pinocyfoéis. Of these injected
materials, only colloidal gold is found withinvthe mesenchyial cells
underlyinrg the visceral epithelium, However, the pathway by which this
particulate material reached these c¢ells is not observed,

In a sequential study of the yolk sac by electron microscopy (13th,
14th and 15th days of gastation), Carpenter and Ferm (135) demonstratgd
the progressive uptake of thoro{rast particles by the visceral epithelial
co;ls of the golden hamster., They dascribed the particles as entering

apical invaginations of the surface membrane which distally becarm2 con-
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fluent with large membfane-limited vacuoles, There appzared to be no
evidence of transfer of thase partici@s to the.subjacent connzctive
tissue spaces or vitelline blood vessels.

Further information concerning ths functional activities of the
yolk sac has been cbtained through histochemical studies of its lipid
and glycogen content,

In addition to supranuclear granules, numerous fat droplets of
variable size are found in the basal portion of the viscoral yolk sac
epithelium in bolth rodents and bats. These sudanophilic droplets have
bgen descriked as Ffirst appeéring apicéllj (120, 122, 123) on the 9th
day of gestation (119), reaching a maximum by the 15th day and then re-
maining until term (27, 136). Bricgman has found a close correlation
of the appesarance of fat with the formation of the brush border of the
'visceral epithelium. Wislocki, Dean and Dzmpsey (37) have examined
frozen sections of the yolk sac epitheliuﬁ under the polarizing micro-
scope and have obgerved that birefringent fat droplets are also in-
variably presents Since these dropiets coincide with those of lipid,
the authors considered them one and the same, When examined by ultra-
%iolet light these same sections of yolk sac epithelium revealed whitish-
yellow dots of fluorescence. Although not convinced that the fluo-
rescent dots were the birefringent fat droplets of previous exanination,
Wislocki, Déane and Dempsey cautiéusly suggested that they might be at~
tributed to steroid suBstances or possibly lipochromes,

Glycogenr has been reported as appecaring in the inverted volk sac as
early as the 10th day of gestation (37, 136) and as late as the 14th day
(27, 118, 119, 130, 131)., In the visceral endcderm glycogen appeared to

ke most abundant durirng thevperiod of 15 to 18 days where it was typically
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found in the basal cytoplasm (119, 137, 138, 139). After the 18th day,
glycogen was steadily depleted until term. Padykula and Richardson (139)
have pointed out that although the visceral endodermal cells are the
primary site of storage, the underlying mesenchymal cells are also capable
of synthesizing glycogen. In fact, glycogen in the inverted yolk sac of
the bat is most abundant in these cells (118).

In an early glycogen study of the human and monkey, Dempsey and
Wislocki (140) developed the thesis that glycogen was deposited in the
placenta, fetal membranes and fetus in regions whicﬁAfor variqus reasons
were anoxic, ischaemic or poorly vascularized. On this assumption,
Wislocki, Dean and Dempsey (37) suggested that the large Quantities of
glycogen in the rodent yolk'sac, in contrast to the placental labyrinth
which in early pregnancy contained none, provided an anaerobic source of
energy for those tissues with a reduced circulatory efficiency,

McKay, Adams, Hertig and Danziger (29, 30) also observed large
amounts of glycogen in the yolk sac of the 5, 6 and 7 mmthuﬁa; embrjo
anq its absence from both the syncytial trophoblast and fetal liver
cells, These authors proposed that this indicated that the yolk sac,
in a manner similar to the rodent, supplied gluco;e to tﬂe embryo during
the first weeks of gestation. This finding challenges the assumption
that the human yolk sac, although pfesent at term as a reduced vesicle,
plays no role in metabolic exchange. |

As a result of many of these histophysiological and histochemical,
studies, a concept developed that placental transfer was adcomplished in
rodents mainly by the yolk sac in early gestation and that the slower
developing chorio-allantoic placenta assumed this function later in

pregnancy. Padykula (33}, however, has pointed out that if increased



33
enzymatic activity indicates greater functional activity, then it could
be assumed that the visceral yolk sac performs a greater role in transfé:
upen its exposure to the uterine cavity. |

In the rat, mouse, guinea pig, bat, and shrew, all of which have
an inverted yolk sac placenta, alkaline glycerophosphatase has been re- -
ported as firét appearing on the 13th day of gestation in both the brush
border and apical cytoplasm of the visceral endoderm (27, 37, 38, 41, 42,
118, 130), This activity was found to rise sharply on or immediately
after thé 15th day, reaching a peak in the rat and mouse on the 16th
through 19th days and thereafter becoming less intense and more diffuse
(37, 88, 42). 1In the guinea pig, which has a 68 day gestation period,
peak activity oécurs around 45 to 50 &ays and by the 60th day completely
disappears (41). Moderate alkaline glycerophesphatase activity is also
found in the underlying mesenchymal cells and the endothelial lining
of the vitelline capillaries (37 118, 130)., However, in the guinea
pig the activity in these cells appears to be transient as it completely
disappears by the 21st day of gestation (41).

When glycerophosphate is substituted with nuclei acid, fructose
diphosphate, and adeﬁylic écid substrates, at an alkaline pH (9.4),
activity in the bat yolk sac is limited to the last third of éestétion
where it occurs in the visceral epithelium, mesenchymal cells and vitel-
line capillaries (118). When adenosine triphosphate is used agra sub~-
strate, hydrolytic activity in the rat visceral epithelium appears more
intense than that observed with glycerophosphate, but the time of appear-
ance and distribution follows a similar pattern (38),

In the rat, mouse and bat, acid glycerophosphatase activity is

found on the 15th day of pregnancy in the supranuclear cytoplasm of the
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endodermal cells {37, 118). This activity is found to increass with
advancing gestaticn nntil the cytoplasm is completely stained {39).
Intense acid phosphatase activity is also found with nucleic and ad@nylic
acid (118)., These substrates differ fraa glycerophosphate in that they
also elicit a response in the mesenchymal cells and vitéliine vessaels,

Regardless of its functional capabilitieg, the surface arca of the
yolk sac relative to embryo size decreases with the establishment and
subseqﬁenﬁ growth of the labyrinthine placenta. PEecause of this, many
investigators have maintained that the rodent yolk sac becomes less
important with increasing gestational age. Wislocki, Dazane aﬁd Dempsey
(37), howazver, have suggested the possibility that the two typas of
placentas in rodents are complementary in natu;e. T;is suggestion was
based on their observations that iron, as revealed by the Turnbull blue
methed, is secreted by the uterine glands and absorked by the visceral
yolk sac for fetal usé, wheréas the Bédian protargol reaction indicated
that bound caleiuwm is transmitted to ithe fetus through the allantoié
- placentas Such evidence is in complete agresmsnt with éubsaqu@nt studies
of Bridgman (119).

Purther evidence that the inverted yolkvsac of rodents and lagamorphs
functions concurrently with the chorio-allantoic placenta has been pre-
sented by Brambell and his colleagues (141, 142, 143, l44,v145, 146),
They have demonstrated experimentally that antibodies find their way
from the maternal circulation into the embryo not by passage through the
thin and supposedly more permeable layers of the chorio-allantoic placenta
as previously thought, kut exclusively by way of the yolk sac placenta.

By developing a precedure in which they conld ligate the*vitelliﬁe

vessels of alternate fetuses without disturbing their visceral splanchno-



means of swzperimentally study- .
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pleure, Brambell et al. (142) developad
ing the transmission of antibodies to the fetus with internal controls,
Using such preparations in nonimmune rabbits 23-26 days pregnant and
injecting immune serum prepaxéd in other rabbits either into the ﬁterine
cavity or intravenously into the maternal circulation, they demonstrated
that‘complete arrest of the vitelline circulation stopped the transmis.
sion of antibedies whether from the uterineAcavity or maternal circula-
~tion., In subsecuent experiments, howe?er, Brambell and Halliday (145)
found that surgical intervention with the vitelline vessels of fetal
rats on the 19th day of gestation did not completely prevent immﬁne
rat serum from entering the fetal circulation. This, they proposed,
rindicated that antibodies absorked by the visceral yolk sac in addition
to being transmitted by the vitelline vessels is also routed through
the exocoelom, amniotic cavity and fetal gut. To preclude the entxy
of antibodies by these routes, the authors r&moﬁed the visceral yolk
sac and ligated the mouth and nose of each fetus. Since absorptién was
even then taking place, Brambell and Halliday concluded that the endo~
dermal sinus of Duval is capable of éntibody ebsorption and that
anastomosis of the vitelline vessels with the allantoic vessels might
maintain a partial circulation which would account for the cdntinued
transmission of antibodies to the fetus. |

Smith and Schechtman (147) have studied the transmission of anti-
genically labelled materiais té the rabbit fetus befote, during and after
the dzgeneration of the parietal yolk sac. Their results indicate that
the bileminar wall acts as a barrier to macrémﬁlecules from the 9th
through the 13th days of gestation. Therefore, during this peried only

those materials absorbed and Stored'bﬁ the visceral yolk =zac prior to
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the 9th day are transferred into the embryonic. circulation.

VHistological evidence in support of transport of antiboedies and
serum proteins by the yolk sac has been demonétrated through the use of
autoradiographic and fluorescent dye technicues, On.injecting I 131
labelled gamma glebulins into pregnant rats cn the llth; 15th and 17th
days, Anderson (148) preduced autoradiographs which showed that gamna
globulin entered thé apical portions of the visceral endodermal colls
in small amounts both before and after the rupture of the parietal
walla‘ Although the gamma glokulin gained access to the endodermal sinus
of Duval, renetration into the apical cytoplasm of the cells in that
areé was not detectable. This finding would appear to he contraryvto
the postulate of Brambell and Halliday that this is d major site of anti-
boay transfer, The autoradiographs agreed with seralogical evidénce,
indicating that the‘trophoblast of the labyrinth placenta probably acts
as a harrier to gamea globulins. |

Both Mayersbach (149) and Davies (150) have described the lgcal»
izatibn of serum protiens labelied with flﬁoresc@nt dyas in the yolk
sacs In the rat during the last third of pregnancy, Mayersbach found
through the énalysis of both tissue and fiuid samples a transfer of
proteins across the yolk sac cavity with uptake by the visceral endo-
derm and passage to the vitelline vessels, This study also ruled out
the chorio-allantoic placenta as a route of transfer. Mayersbach, how-
ever, did consider the endodermal sinus of Duval as a possible route of
transfer. In the rabbit, Davies (150) found that fluorescent labelled -
Bovine gammé globulin was iapidlyitakénjup by the visceral endoderm in
the form of dropleté by a process of pinocytosis. Davies also emphasized

the passage of these absorbed proteins into the exoccelomic and amniotic



37
cavitles,

Since most of this information congafni?g prenatal transference of
immunity was based on animals with relatively short gestation pariods,
Leissring and Anderson (151) undertook a study ccmparing the passive
imrunization of the fetal guinea pig which has a rather protracted
gestation pericd as compared to that reported for rabbits, In this
study seralogical titrations of maternal sera, fotal sera and fetal
tissues were made after surgically intervening with the different pos-
sible routes of antibody transfer. The resulfs indicated that the
rtransfar of antibodies to the guinea.pig fetus is primariiy by way of
the vitelline circulation until the 40th day, and that there is a érad—
wal shift in this function until 50 days, after which the fetal qut is
the predcninant site of transfer. In a subsequent paper, Anderson and
Leissring (152) attempted to correlate both the declire in alkaline
phosphata35 activity and senescent changes in the yolk sac with the
shift in antibedy transfer to the fetal cqut, However, lilttle attention
was given to the fact that in order to reach the gut for absorption,
antibodies mast still cross the vigceral yvolk sac,

The role of the 'yolk sac in transmission of passive immmnity to
the yéung has been extensively feviewed by Prambell and Hemmings (153)
and Davies (154),

As one can see from this brief review of the literature, the yolk
sac is actively invélved in absorp{ive,‘secretory, storage and transfer
activities, Therefore, this membrane must have an extrenaly fascinating
complex cytolegical structuré, since these epithelial cells are capable
of selectively transporting certain large molaculas, as antibodies and

serum proteins, and yet are also capable of withholding and szgregating
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other colleoidal substances such as trypan blue, The use of the electron
microscope has now made il possible to study more‘closely both the strikiné
differentiation that fhe yolk sac placenta widergoes during its brief life
history and the structures inveolved in the above mentioned activities,

Although fine struchtural studies of the yolk sac epithelium in the
guinea pig (155), rat (48, 97, 139, 156, 157), human (90), and rabbit
(108) have b@envreportéd, those other than for the rabbit have dealt
with only a limited periocd of gestation and/or have bzen reported only
as brief coamunications, Furthermore, apart from a brief deseription
by Wislocki and Dezmpsay (9&), the ultrastructure of the underlying mosen—
chymal cells, connective tissue elements, vitelline vessels, serosal bkase-
meznt membrane and mesothelial cells lininé the exoceczlonmic cavity bas not
beoen described., These structures would appear to be of ccensiderable
importance since fhey also have been implicatad in the active transport
of macrcmolecules to the fetus. Since there has not been a closely
seriated fine structural study of the rodent yelk sac including stages
bafore and aflter the loss of Reichert?s membrane, such a study seemed
ﬁarranted. It was also felt that the fine structural localigzation of
adenosine nucleoside phosphatase, which plays a role in general encrgy
release, night provide additioconal information relating to the functional

activities of the various structures of the rat visceral yolk sac at

progressive stages of gestation,
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MATERIALS AMD METHODS »

Hormally cycling primiparous fémale rats of.the Sprogue-=Davley
strain exhibiting prosstrous or early estrous lavoges were allouzd to
mate at randem for a period of two hours in an invorted light cycle
roem, From the examiration of veginal lavegss for the presencé of
spermatozoa, it was poscible to fix the time of mating to within +
one hour, The first day of gestation was designated as the twenty-four
hour period following the observation ;f sperpatozoa in the vaginaa
According to this mathod of timing,‘mothers normally deliver on the
22nd day post coitum,

Prolonged gestation to 25 days was achieved by intramscular
injections of 1 ug of estradiol (10 IU) in 0.3 cc of sesame oil, and
4 =3 (4 IU) of progesterone in 0;4 ce of gesams oll, beginning on the
morning of the 20th day and daily thereafter through tha 25th day of
gestation (158),

Handling of tissunes:

Under Hembutal anesthesia (5-6 mg/100 ¢ body weight),\pregnant
rats were autopsied on the 12th, 1l4th, 18th, 22nd and 25th days of
gestation, five animals on each day. Each concaptus was surgically
removaed individually by making a small longitudinal incision on the
antimesometrial surface of the uterus between adjacent implantation
sites, This ailowed the uterinse muscuiétura to retract, separating the
uterine épithelium {decidua parietalils) from the implant to a point along
tha perimster of the placenta. Then, Qith a concave spatula, the intact
implant was easily shelled frem {he endomztrial gland and transferred to

a drop of ice-cold fixative., In this manner it was possible to prepare



tissues from an individual implant without mechanically disturbing the
placental circulation of other feluses,

Once submerged in fixing fluid, the accessory membranes enclosing
the embryos were separated. In the 12 and 14 day fetuses, the decidua
capsularis was grasped with fine forceps and pulled free, The parietal
yolk sac and chorion lasve both adhere to its inner surface, thus leaving
the visceral yolk sac exposed (Figure 2). On the 16th day of gestation,
Reichert’s membrane ruptures and recoils to the margin of the chorionic
plate, takingiwith it the decidua capsularis, chorion laeve and parietal
yolk sac, Therefore, the 18, 22 and 25 day implants separate from the
uterus at the plane ketween the decidua parietalis and visceral yolk
sac (Figure 3).

The visceral yolk sacs were then cut free from the chorionic plate
of the labyrinthine placenta, pulled from the underlying amnion, and
subdivided into several rectangular pieces., It was not necessary to
cut the yolk sacs into small blocks since the'total tissue thickness
is less than one millimeter and is easily penetrated by fixing fluids,

Each of the chorio~alléntoic placentae was hemisected and blocks
aéproximately 1l x1zx3umm invsize were excised frem the center of the
labyrinth so that the long axis {across which ssections were later cut)
extended vertically betwsen the maternal and fetal surfacess

After excision, all of the tissues were transferred to one dram
vials contaiﬁing fresh 3% glutaraldehyde buffered to pH 7.4 with 0.1 M
scdium cacodylate and aliowed to fix for one hour at 3§4° C (159).
Following fixaition, the unbound glutaraldshyde was removéd from the

tissues in oxder to avoid interference with either the cnzymatic reac-
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‘ticns or the post fixation with osmivm tetroxide, This was accomplished
by rinsing the tissues six tives for 30 minutes each in cold 0.1 M
caCOdylate buffer pH 7.4 containing 0,22 M sucrose, The tissues wore
then left in the last change of buffer and allowed to wash for at least
24 hours at 3-4° C., Occasionally these tissues were kept in the buffer
for periods up to one week with no evident loss of structural dstail or
enéymatic activity (159). Some of the tissues were then frozeﬁ in a
nixture of isopentans Sﬁperncooled to -68° C with either asbsolute
isopropyl alcchol and dry ice or liqguid nitrogen. Thin (10 u) and
thick (50 u) frozsn sections were cut in a Pearse microtome ahd were
transferred to cold 0.1 M cacodylate buffer containingro.zz M sucrose
before being placed in the various incubation media,

Histochemical procedures:

The demonstration of ATP-, ADP,- and AMPase activities was accom—
plished by employing a standard Wechstein-Meisel (160) modium centaining
on2 of the following substrates: BAdenozine trighosphate (ATP), adsnosine
diphosphate (ADP) or adenylic acid (AMP).

1, Experimental:
‘Stock solutions were routinely prepared the day before the
eiperiment and are as follows: (a) tris hydroxymethyl aminomzthane~
maleate (tris maleate buffer)?! P 7.2, 0.2 M; (b) lead nitrate, 2%;

(c) magnesium sulphate, 0.1 M; (d) ATP (Sigma Chemical Company),

lThe us2 of tris-malealte buffer considerably reduces the extrancous
precipitate and nonspecific staining commonly encountered with other
buffer systems. The maleis ions appzar to play an important role in
determining the concentration of lead ions in solution, Therefors, the
purity of maleic acid is esgential in this buffer. Lead precipitate
iree incubation media were consistently obtained when maleic acid
supplied by Matheson, Coleman and Bzll was used in making this buffer.
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solutions respactively. The firal incubation mixture was prepared
immediately before uss in the following order, with thorough mixing
after the addition of each compcnent:

Tris maleate buffar ‘ 20 ml
0.2 M, pH 7.2

Phosphate ester subétrate 20 ml
125 my/100 ml

Lead nitrate 3 ml
2% '

Magnesium sulphate S ml
0.1 M

Distilled water ‘ 2 ml

In addition to thick (50 u) sections, small blocks of uﬂfrpzen
placental labyrinth and visceral yolk sac ware incubated along with
thin (10 u) frozen sections. In order to determine eoptimum lengths
of time for incubaticn of tissﬁas, the thin sections wore periodically
removed from the incnbation media, washed briefly in several changes
of cacodylate buffer, treated with dilute armonium sulfide %o develop
a visible precipitate of lead sulfide from the final lead phozphate
reaction product and mounted in ¢lycerine Jjelly for examination with
a light microscope., When the frozen szections first asmonstrated a
visible deposition of final reaction product, the 50 u sections and
small unfrozen blocks were removed from the incvhation madium, This
degree of reaction was usually reachad within 30 minntes, These'

tissues (destined for electron microscopy) were delikerately under—

fie

reacted, as judged by licht microscopic standards, in order o obtain
a more discrete localization of enzymatic activity with respect to

fine structural destail.

“Incubation medium containing ADP from sources other than Calbiochem

vas found to ke unstable and not applicable to this cytochemical reaction,
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2. Controls:

For control experiments tissue sections and blocks were incubated
either in media in which nucleotide phosphate esters were replaced
with equimolar concentrations of B glycerophosphate, or iﬁ substrate-
free media, Other control preparations were obtained by inactivating
enzymes through pretreatment of specimens for one hour in buffered
one percent osmium tetroxide prior to incubation in the substrate
containing media.

No appreciable changes in pH occurred as a result of incubation,
which, in all cases, was carried out at room temperature (22° C).

Post-fixation:

After incubations were completed, all thick sections and blocks of
tissue were washed three times in cold 0.1 M cacodylate buffer pH 7.4
containing 0.22 M sucrose over a peried of about 30 minutes, They were
then refixed for one hour in 1-2 percent osmium tetroxide buffered to pH
7.4 containing 0.22 M sucrose, dehydrated and embedded in plastic aé

described below,

Dehydraticn and embedding:

. The tissues were rapidly dehydrated through the following graded
series of cold ethanol solutions: 50 percent for 10 minutes, 70 percent
for 20 minutes, three changes of 95 percent for a total of 90 minutes.
Occasionally the tissues were left in 95 percent ethanol overnight or
until they could be infiltrated with plastic and embedded, Prior to
infiltration the tissues were dehydrated further in three changes of
absolute ethanol for a total of 60 minutes and then with two changes

of propylene oxide for a total of 40 minutes., Following this dehydration,

the tissues were infiltrated for at least three hours in a one-to-one
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mixture of fresh propylene oxide and complete epoxy resin mixture.

The epoxy embedding medium'was made up by using Epon 812 (a Shell
Chemical Company epoxy resin), dodecenyl succinic anhydrids and‘methyl
nadic anhydride (hardening agénts) and 2, 4, 6, tri (dimethylaminomgthyl)
phenol (accelerator). These resin components were made up into two
stock solutions, A and B és recommended by Luft (161)., Most of the
tissues were embedded in-a mixture-of the tﬁo in the proportion of six
parts of A to 4 parts qf B with 1,5 peréent accelerator {(v/v) added
immediately before use. Each of the tissue blocks were t{ansferred
from the infiltration mixture, with a minimum of liguid, to size?No. 00
gelatin capsules filled with the complete resin mixture, The rlastic
was then polymerized by heat as follows: 14 ﬁours at 35° C., 10 hours
at 45° C., and 16 hours at 60° C,

Staining and sectioning:

The polymerized blocks of tissue were sectioned on a Porter-Blum
MTI microtome (Sorvall) with fractured glass knives and on an LKB
ultrotoﬁe>with a diamond knife (DuPont). Thick 1 u sections for orien-
tation with the light microscope were treated with Richardson’s stain
(162) and mounted on glass‘slides. Thin sections about 500 to 700 ﬁ
thick were collected from a water bath on etched 200, 300 or 400-mesh
copper grids, either naked or covered with a supporfing carbonized
collodion film, and examined without additional staining. It was sub-
sequéntly found that the deposits of final reaction product (lead
phosphate) could be differentiated with the electron microscops from
the staining produced by the usual heavy metal "staining solutions”
uranyl acetate, lead hydroxide and lead citrate; Therefore, the o&er—

all contrast of cell membranes, organelles and inclusions, examined



45
with the electron microscope, was increased by double staining the
thin sections, first with 5% agueous uranyl acetate for 10-30 minutes
(161), and then with 0.1-0.2% lead citrate for 30 seconds (163). The
thin sections were examined in an‘RCA, Modél EMU 3F, electron microscope.
Photographic negatives were taken at original magnifications of about

1,400 to 6,200 and were photographically enlarged to the desired size.
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RESULTS
General Descripbion
For the purpose of general orientation cnd convenience in inbter-
preting the ultrastructurel and cytochemical wresulis to be présented
in this thesis, a shoxd descripiion of the relatioﬁships exigting be-
tween the extraembryonic membrares and the uterire structures from 12
days to term will be preseanted. |
in the 12 day embiyo the inverted yolk sac placents is well
developed, whereas the chorio_allantoic placenta hag just been
esteblished through the conbact of allenboic mesoderm with the base of
the trophoblastic ectoplacentel cones By the 14th day post coitum,
fetal blcod vessels from the allantols have invaded the ectoplacental
cone andvformed well vasculerized trophoblastic lamellae of the hemo-
chorial labyrinthine type (Figure 1l). Ab this time three genersl zones
are recognizable in the fetal portion of the chorioc-allantoic placenta
(Figure 2)s The immermost zone, the labyrinthine trophoblast, is com-
posed of mumerous branching and anastomosing tfabecular cords of tropho-
blast which border maternal blood spaces and conbtain vasculsr cores of
the peripheral allantolc circulation. Throughout gestation‘the trabecular
cords of the placenital labyrihth consist of at leaSt four.cytoplasmic
elﬁments which are interposed between maternal and fetal blcod strezmse
These cell layers are, from the maternal blood simus inwards tropho-
blagt I, trophoblast II, trophoblast III‘and fetal endotheliwa (Figure
1) The middle zone of the chorio-allantoic placenta caps the meso-
metirial and lateral sides of the labyrinth and is called the spongio-
trophoblast (Figures 2 and 3)e This zone consists of a wass of cyto-

trophoblagt cells which lack fetal blood vessels, but is extensively
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perforated by maternal blood sirusss. The outer surface of the spengio~
trophoblast is continuous with a loose meshwork of matually inber-
digitating glant trophoblast cells which constitute the remaining portion
of the ectoplacental cone and the third zbne of the choric-allantoic
placenta (Figures 2 and 3), Here, giant trophoblast cells form a con-
tinuous sheath around the margin of the fetal accessory membranes. They
alsé maintain a close association with all surfaces of the uberine
decicdua. The interstices between these glant cells contain circulating
maternal blood.

Growth of the choric-allantoic placenta is continuous through the
16th day of gestation. This is achieved bobh by cell divisicn and by
the invasion of the spongictrophoblast by allantoic capillaries to form
additional trabecular cords of labyrinthine trophoblast. Although
grovith occurs ab the expense of the sponglotrophoblast, a small but
distinét zone does persist throughout gestation. The labyrinthine
growth is more lateral than mesometrial, therefore, the placenta becomes
flattened or button shaped instead of conical,

The inverted yolk sac placenta of the rat is well developed by the
12¢h day post coltum and is divided into two distinct morphological
‘zones (Figure-Z): (1) an outer, non-vascular perietal wall, and (2)
an inner, vasculsr, viscersl wall. The parietal yolk sac consists of
a single layer of cuboidal endodermal cells 1ining the inner surface of
Reichert's membrane., This thick basement membrane snd the parietel yolk
sac are firmly attached to the fetsl surface of the chorio-allantolc
placenta along a line encircling the entrance of the gllantoic vessels
into the chorionic plate (Figure 2)s The parietzl yolk sac is con-

tinuous with the visceral yolk sac ab this point. Reichert!s membrane
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then extends‘cver the enbtire maternal surface of the parietal yolk
s&c-(Figure 2)e The outer surface of this membrane is in close cone
tact with the loose meshwork of interdigitating trophoblastic glant
cells described earliesrs Therefore, over much of‘its surface, it .
appears that Relchert's membrane is directly bathed by circulating
maternal blood. |

The visceral yolk sac, as can be seen in Figure l, is composed of
simple columnar endodermal cells resting on a highly vascularized
layer of splanchnic mesoderm. The mesenchymal elements comprising
this layer- form a loose meshwork of‘connective tissue cells and fibers
which surround and support the vitelline vessels, which have developed
from this same mesenchyme, A somewhat thickened layer of extracellular
material, the serosal basement membrane, ssparates the visceral yolk
sac from the mesothelium, a simple squamous epithelium that lines the
exocoelomle cavity. Near its attachment to the chorio-allantoic
placenta, the yolk sac accompanies branching allantoic vessels into the
placental labyrinth, Here the viscefal endodermal cells become attached
to the adventitia of the allantolc vessels While the parietal endodermal
éalls become adherent to Reichert's membrane, Such invaginations form
perivascular recesses called endodermal sinuses which are best developed
after the 16th day of gestation (Figure 3).

On the 16th day post coitum, the placenta seems to reach its greatest
diameter. Iabte on this day Relcheri's membrane, and with it the decidua
capsularis, giant trophoblast cell 1éyer and parietal yolk sac rupture
at the antimesometrial pole and contracts by intrinsic elasticity to
ths perimeter of the placenta (Figure 3). The only parts of these trans-

itory structures which persist-after the 16th day are the reflected
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portions of Reicheri's menbrans and the parietal yolik sag which are
Lirmly attached to the fetal surface of the choric-allawtoic placenta
(Figure 3). After these structural changes have taken place, the yolk
sac cavity and uterine lumen beccome confluend (Figure 3), ‘This places
the visceral splanchinopleure in apposition %o the decldua parietaliso
As gestatiﬁn procesds the mesometiial portion of the viséeral yolk sac
becomes enlarged through the formation of ridges cr villi (Figure 3),
These villi are created by the proliferating pattern of the underlying
vitelline vessels and overlying epithelium. Such a villous pattern
gives the yolk sac a ragose appearance, There is always a cépillary
in the core of each villus. The antimesometriai portion of the visceral
yolk sac is less vazcular thah its counterpart, and remains smooth
throughout gestation (Figure 3),

More detailed hiéﬁologic&i and cytologlcal descriptions of the
developlng components of the chorio-allantoic placenté and the inverted
yolk sac placenta may be found in the following publications: Duval
(4); Jenkinson (164); Huber (165); Everstt (128); Keibel (166); Mossman
(3); Bridgman (il9, 167)s In coﬁsidering previous light wicroscopic
descriptions of the devélopﬁental changes found in rat placental
structures on a given day of gestation, one must bear in mind that
methods by which a particular gestational age is determiﬁed are incon-
sistent. Many investizators have assigned the first day of pregnancy
to the worning on which sperwatozoa are fdund in the vagina, By such a
method of dating, their developmental descriptions are 24 hours in
advance of thoge presented in this thesis. The curreny method of deter-
mining gestational age of the developing concepbus iz Yo consider the

tire at which spermatozoa are found in the vagina as day zero, Such
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is the method of timing employed in this study.

Placental Labyrinth of the 12th Day

Dlirastructure

). Avascular trophoblast

On the 12th day of gestation fetal vessels fror the allantois
have just made contact with the base of the ectoplacental cone,
Therefore, most of the labyrinthine placenta appears as numerous
branching cords of nonvascular epithelioid trophoblast separated
from each other by maternal bloed sinuses. These cords appear bo
‘consist of elther two or four cellular leyers (Figure 5), which may
be inberpreted as either two cuter cell layers bordering matern§l
bleod spaces and enclosing two inner cell layers or simply as two
outer cell layers. For convenience of description, they will be
referred to as imner and outer trophoblastic cell layers.

The cells forming the outer layer which encloses the mabernal
bleod spaces are usually scmewhatb narrower than the inner cells and
have their greatest depbh across the site of their nucleus (Figures
6 and 9). Both the outer and inner surfaces of this layer have
irregular microvilli andfor pesudopod-like projections of varying
sizess They are most numercus on the surface facing the maternal
blood spaces. Some of these plecmorphic evaginations are tall and
slender while others, Sn both surfaces of the outer layer, have
terminal bulbous enlargements which contain rosettes of RNP granules
and other cytoplasmic materials (Figures 10-12)s Since the maternal
bleod spaces are pervaded with gramular and fibrillar material and
numerous free floating vesicular profiles with a content similar to

the bulbous projections, it is presumed that the terminal. bulbous
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enlargements become pinched off from the cell sucface (Figures 13-15)e
Another type of secretory evagination which resewbles microapocrine
secretions is also seen. Here, a solation of the outer plasma
membrane presumably occurs with a resulting formation of blebs or
blisters into which cybtoplasmic components may enter and subsequently
be expelled from the cell (Figure 7)s Pinocytobic activities are
rarely seen in this layer of brophoblast cells.

The limiting membranes of the inner and ouber cell layers do
not pursuwe parallel lines, but bortuously separate for considerable
distances before again swinging into close apposition (Figures 6,

3, 13, 15 and 17). This arrangement frequently results in the forma~
tion of large oval or elongated intercellular spéces which are period-
ically interrupted by desmosomes (Figures 5, 8 and 12). Occasionally
the intercellular spaces bebtween the inner and outer cell layers are
confluent with the maternal blood space (sinus) by way of large open-
ings between cells of the oubter layer. Such openings expose the lnner
cells which also have numerous surface evaginations, to circulabing
maternal plasma (Figures 13 and 17)e The intercellular spaces
exhibit'granular material and vesicular profiles just as the maternal
blood simuses do (Figure 13)e Again, evidence of pinocytobtic achtivity
is rarely seen in the inner layer of cells.,

During this early stage of developument, trophoblastic cells of
the imner layer are actively mulbiplying as indicated by the presence
of numerbus mitotic figures (Figure 18). No such achbivity is seen in
the outer lgyer of cells on this day, or in any brophoblast layer
exzamined after the 12th day. One of the striking features of the

cytoplasm encountered on the 12th day is the dominande of RNP granules



which gives the trophoblastic cells a marked granular appearance
(Figures 6, 8, 12, 16, 17 and 19). These ribosomes, which ave far
more abundant in the inner layer of cells, occur primarily as free
clusters (roscttes) (Figures 6, 8, 16 and 173

The rough endoplasmic rebiculum, although scarce, is more
prominent in the oubter cells which are most intimately assocciated
ﬁith the maternal blood (Figures 9 and 20)s Here the RER assumes
the appearance of either parallel skeins of membranes or greatly
dilated vesicular profiles. ¥hen it occurs as skeing, the clsternae
are most commonly oriented with the 1ong axis of the éells and their
lumina contain a moderately dense granular substance (Figure 9),
As irregular dilated vesicular profiles, the cisternae show no parbi-
cular orientation, bubt are frequently closely associated vith the
limiting membrane of the cell (Figure 20)s Also of particular
interest is the fact that they contain a material which is distinetly
fibrillar in nature. Some of the fibrils are quite elongated. The
cells of the inner lsyer also have rough endoplasmic reticulum with
vesicular profiles, but they are much less abundsant than iﬁ the outer
layer (Figures 8 and 16)s Here the gramular reticulum has no parﬁi—
cular orienﬁaﬂion and appears distributed at randon throughout the
cytoplasm. The cisternae, like those of the outer layer of cells,
contain a moderately dense fibrillar materiale Occasionally, in the
imer layer of trophoblast, small dilatations and larger outpocketings
in the RER, forming the outer layer of the nuclesr envelope, are seen
(Figures 7 and 8)s Although golgi membranes and vesicles are nob
abundant, they are frequently found in both the inner and outer cell

leyers of the trophoblast. Here they are located in the perinuclear
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region and are oriented parallel to the closest cell surface (Figures
8 and 20). The golgl complex, as seszn in this naberial, consists of
stacks of flattened cisternae which are associabed with numerous
vesicles and vacuoles. A few of the paired membranes have dilsba-
tions at thelr ends, while others are completely distended to form
large vacuoless Occasionally small vesicles are seen to coaleéce
(Figure 8)e Vhat little gramular material that is found in their
clsternas is only moderately electron dense,

litochondria of the trophoblast cells are usually large, round
~and have cristae which rarely are seen to reach across the mito-
chondrial mabtrixe. Very frequently the inner menbranes appear in
progressive stages of degeneration. This process is evidenced by
the disrupted nature of cristae and by the presence of vesicular
profiles within the mitochondrial matrix (Figures 10, 12, 15, 16 and
20)e The possibility exists thalb these observations are artifacts
which have been intreduced through poor fixatione

Contrary to what wight be expected from the placental tissue
which perforus such a wide number of functions, a very limited
nunber of.lipid inclusions, wvacuoles, myelin figures, lysosomeulike
and mulbivesicular bodies are found in the cyboplasm of the tropho~
blast cells., A few fine lipid droplets of a uniformly light intensity
are found throughoubt the cytoplasm of bobth cell lzyers. However,
clusters of the larger droplets occur specifically in the cells of
the inner layer (Figure 6)e Two types of vacuoles can be identified.
The first cobsists of large spherical bodies which conbtain a uni-
formly granular material of either a ligh®t or mediuvm electron density

(Figure 13)s A few of these bodies appear to have the same consis—



tency as that of the red blood cells sson in the mabternal blood

‘spaces (Figure 19). It micht be suggested that bhese vacunlss con-
P gu g ¢

tain phagocytized erythrocytes in varicus sbages of disintegratione
The second type of vacuole is much smaller and contains whorlzd
myelin~like figures and/or small elements of varying electron deznsitys
(Figures 8, 16 and 20)s These vacuoles may represent late stages in
the degeneration of mibochondria. An occasional mulbtivesicular body
is seen in the cells of the outer layer. These complex bodies conbain
small vesicles of considerable electron density and méy well represent
lysosome-like bodies (Figures 11 and 20)s Fine filaments are coemmonly

found in the cells of both the inner and outer lsyers of trophoblaste

Generally, those occurring ab the cell periphery are in association

with the intracellular surfacé of desmosomes and course at slight
angles to the surface as long slender gréups (Figures 12, 14 and 15)
The filaments found decper in the cytoplasa usually occur as bundles
which follow no one spscific course through the celi (Figure 11)e
Vascular trophoblast

Only in one imstance on the 12th day were fehal vessels from the
allantols found to have penetrated the cords of epitheliod trophoblaste
ﬁere well vascularized trophoblastic.lamellae of the heméchorial
labyrinthine type are formed (Figure 21)s Such trophoblastic lamel-
lae are composed of at least four discrete cyboplasmic elements which
are interposed between maternal and fetal blood spaces. Together
they form the labyrinthine barrier. In order to distinguish these
layers from those of the avascular cords of epithelioid trophoblast,
they will be referred to, from mabernal blood sinus inward, as

trophoblast I (T I), trophoblast IT (T II), trophoblast IIT (T ITI)
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and fetal endothelium (endo)s In addition, the limiting mombrans
each cell layer will bs divided‘into a fetal surface (that facing
fetal blood) and a maternal surface (that facing maternal blood).

Trophoblast I is a relatively thin cellular layer which extends
pleomorphic evaginations of its outer plasma membrane into ths maternal
blood sinuses. The cytoplasm of this layer is parthularlj rich in
RNP granules and membrane bound veslicles containing varicus amounts
of electron dense material, Occasiocnally these vesicles are seen
either in a close relationship with surface membranes or passing
from the cytoplasm into the bases of outer surface projections which
have terminal bulbous enlargements; Vhether these veaicles.represent
absorption or secretory vacuoles cannot be debermined. The apposing
surface membranes of T I and T II, which are relatively free of |
evaginations and infoldings, are usuwally nonparallsl except at intar«
cﬂllular atbvachnents re they become conbiguocus,

Trophoblast II is a much thicker layer and contains an abundancs
of vacuoles and veéicles. Although it is difficult to trace thelr
origin, most of them represent endoplasmic reticulum, microvesiculap
profiles and/or mioropinocytotic vesicles. The common bowder ot T EL
and T III is ma*kedly different from that gsen between T I and T IT
in that‘an extremely close apposition exlsts betwesn the two surfaces
throughout their»enﬁire lengith. This apposition is characterized Ly
small tight junctions (zonula oceludens) and intermedi&te junctions
(zonula adherens). These intercellular attachment devices are more dis—
tinguishable as gestation advances and, therefore, will be considered
again at a later stage.

Trophoblast ILI, except for the occurrence of free lipid droplets,

resembles T 1L, Othaz cyteplasmic components of thigz layer include
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rosettes of RNP gramules, golzl membranes and smooth surfaced vesiclege
As in T TII, these vesicles may represent smooth endoplasmic rebticulum,
golgi microvesicular profiles and/or evideace of micropinccytosis,
Very little rough endoplasmic reticulum is evident in the three lzyers
of trophoblaste The fetal limiting membrane of T III is frequently
infolded and frouts on an often ill-defined basement membrane ﬁhich
separates this layer from fetal endothelium, The fetal capillary
endothelium is a relatively thin layer except in regions of its
nucleis, The inner surface of this layer bordering the fetal blood
‘space also has pseudopod-like projections with terminal bulbous
enlargements which contain small vesicles and granular material.

The endothelial cytoplasm shows little evidence of micropinocytotic
activity. On the other hand, rough endoplasmic reticulum is far more
abundant than in the three layers of trophoblast.

Cytochemistry

1. Avascular trophoblast

Although the final reaction product resuliing from the hydrolysis
of ATP, ADP and AMP is all deposited at the same fine structural sites
to be described, a more intense reaction is seen with ATP, After
incubations with these substrates, small deposits of lead phosphate
are seen on the outer surface membranes of both layers of tirophoblast
cellss In all cases, the final product sppears most abundant on
nembranes bordering intercellular spaces.

In the instence where ATP is used as substrate, the precipitate
occursAas either individual granules or clusters of granules which
are irregularly spaced along the plasma mesbrare and its evaginations

(Figures 5 and 10), Such activity is sparse on the surfzaces bordering
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the maternal blood spaces. On the othor hand, the granuler materizl
and the nembranes of the "free" floabing vesicular profiles found
vwithin maternal blocd sinuses and intercellular spaces show a con— .
sidersble amount of final product (Figures 13 and 19). In insbances
vwhere the granular material of the maternal blood sinus is in close
conbact with the bordering trophoblast cells; the final product is
rarely found (Figure 15).

¥hen ADP is used as substrats, less final product is deposited.
That which doeg occur is found sparsely z2long the suriace membrane
bounding the intercellular spaces (Figures 16 and 17). A3 is the
case with ATP, final product is also found associated with the inter-
cellular contents (Figure 16)s Achivity is onlylsparingxy found
along the plasma membranes bordering the materngl blocod sinuses
(Figures 8, 16 and 17),

Vhen AMP is used as substrate, considersbly more activity occurs
than with ADP, but less than with ATP. The final hydrolysis products
of AMP occur in a beaded fashion along the surface membranes of the
inner 1ayér of trophoblast cells which border wide intercellulsr
spaces (Figure 6)s Vhen the interéellular space bebtween adjacent
inner cells is extremely narrow, activity is sparse. (This phenomena
nay be due to diffusion problems which will be considered later in
the discussion sections) Relatively little enzymatic activity occurs
on the surfaces of the outer cell layer (Figures 6, 11 and 12).

In considering all three substrates, the only final product
found within the cytoplasm is seen in an occasional caveolzs This
presents additionsl evidence for the sm2ll amount of pinocytotic

activity observed on the 12th day of gestation. An additional
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observation on the 12th day is that the limiting menbranes of materna
blocd cells are ceated with the final resction product resulting from
the hydrolysis of 2ll three subshrates (Figures 10 and 14 ).

2. Vascular trophoblast
Unfortﬁnaﬁely, tissue sections showing enzymatic activity in the

12 day placental labyrinth were not found.

Placental Labyrinth of the 14th Day

Ultrastructure

Mthough the constituents of the 14 day labyrinthine barrier are
seen to be similar to their counterparts at 12 days, an increase in come~
plexity of the three trophoblash layers is evident. Generally, the
cytoplasm of trophoblast I appears more attenuated than in the pre;ious
stage, and shows for the‘first btime distinct pores or fenestrations which
are closed by a thin diaphragm of smorphous material (Figures 22 and 23).
The cuter plasma membrane of this layer is relatively smooth and has few
cytoplasmic projections except in regions where cells bordering the
maternal blood sinuses are brought into close apposition (Figures 22 and
24 )s Here, the apposing surfaces exbend numerocus irregular microvilli
which appear to interdigitate and thus break up maternai blood spaces
into smaller channels (Figure 24). In addition o cytoplasmic extensions,
the inner plasma membrane of trophoblast I has infoldings. These surlace
projections and infoldings loosely interdigitate with those of the outer
surface of adjacent trophoblast II cells (Figure 25).

The cytoplasm of trophoblast II, which shows the greatest variation
in thickness, is pervaded with mumerous rosettes of RNP granules, mito~
chondriz and smooth membrane bound vesicular profiles (Figure 22)e Since

most of these vesicles have a characteristically dense rim with an
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electron transparent center, they are interpreted as caveolae, (Figure
25); pinccytotic vesicles and sections cut through tubular infoldings
rather then golgi vesicular profiles. The common border between T IT
and T ITT exhibits little change over the preceding stage except that
now the junction between the two loyers forms an irregﬁlar series of
undulations with secondary interdigitations superisposed (Figures 22 and
23)e Attachments between these two lsyers still appear as small local-
ized thickenings that lack the intercellular contact leyer of typical
desmoscuies (Figure 22),

Trophoblast IIT clesely resembles T IT in thickness, but has fewer
vesicular profiles in its cyboplasm (Figure 23)e The contour of its
inner border which fronts on a basement membrane is less smooth and
eihibits greater numbers of surface projections and infoldings (Figures

22 and 23)s Occasionally this basement membrane extends into the in-

with fetal endotheliums In fact, whersver fetal endothelium is identi—
fied, a suppofting bagement membrane separates it from the overlying
trophoblast (Figures 22, 23 and 25)e For the most part, the endothelium
‘remains relatively thick as inbthe preceding stage (Figures 23 and 25),
However, a few cells do appear reduced in width (Figure 22). Such cells
exhibit a paucity of cytoplasmic organelles and minimal pinocytotic
activity (Figures 22 and 23).

Cybochemistry

Cyvochemical observations of the 14th day placental labyrinth
reveal that the hydrolysis products of the three nucleotide phosphates
used as substrates oceur at similar fine structural sites, but at

slightly different intensities (Figures 22-25)s Then ATP is used a3
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substrate, discrete gramules of lead phosphate are primarily found on
the maternal surface membrane of brophoblast II (Figure 25). To a
mnch lesser exbent, final product is also noted on the fetai and maternal
surface membranes of trophoblast I (Figure 25). Here there appears 1o
be no direc£ relationship between the sites of localization and surface
wodifications such as evaginations and invaginations. However, in
trophoblast IT more activity is found where its plasma membrane forms
numerous evaginations and tubuler infoldings (Figure 25), Within the
cyvoplasm of T IT moderate sized vesicles are éeen which conbain de-
posits of final resction product (Figure 25). Although meny of these
vesicles may be conbtimuous with the cuter surface of T IT, those occur-
ring near the inner border have probably separated from surface infold-
ings as caveolae. In no other instance is final reaction product de-
posited within the cytoplasm of this layere The inner surface of T IT
as well as T III and the fetal endothelivm are free of enzynabic achti-
vity (Figure 25).

Vhen ADP is used as substrate, less activity occurs than with ATP,
but the distribution of final product is seen at the same fine gstruc-
tural sites (Figures 22 and 23). On the other hand, vhen MP is used
as Substrate, final reaction product is limited to the oubter surface
membrane of trophoblast I (Figure 24)s In areas where trophoblast I
cells from opposite sides of a mabternal blood Space are closely apposed,
final reactlon product is particularly abundant on the outer surface
membranes and thelr mumerous microvilli (Figure 24)s 1In addition,
smeller precipitates of lead phosphate are seen where accumulations of
amorphous maﬁerial of moderate electron density occur in the intercel-

lular spaces between T I and T II (Figure 24)s Here activity is local-
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ized throughout the amorphous material and not with bordering plasma
nmembranes, VWhether this localization represents non-specific staining
by laad ions (metalophilia) or %rue enzymatic activily is uncertain.
However, no such staining is found in control preparations., Such
staining'of amorphous material is more frequently seen at 22 days of
gestation and 31l be considered then in greater detail.

' As on the 12th day, the plasma membranes of maternal blood cells
display a dense coab of final reaction product resulting from the hydro-
lysis of all three nucleotide phosphate substrates (Figures 22, 23 and

25)e On the other hand, fetal blocd elemenbs exhibit no activity.

Plzcental Labyrinth of the 18%th Day

Ultrastructure

By the 18th day of gestation all remaining cords of undifferentiasted
| epitheliod trophoblast have been vascularized. Thus the placental,
labyrinth has reached its greatest developmente. For the most part, the
layers of trophoblast appear as at 14 days (Figures 28, 29, 30, 32 end
34)s Trophoblast I is highly attenuated with 1ts greatest depth across
the region occupied by nuclel. (Figures 26 and 27). Here the perinuclear
cytoplasm is rich in golgi elements, RNP granules and vesicular profiles
of RER which are filled with a granular material of medium electron
density (Figures 26 and 27)s Occasionally the contents of such RER
profiles appear to be released into the maternal blood space as Mricro-
apocrine secretions® (Figure 27).

A slight increase in the numabers of microvillus-like projections
are seen on the outer surface of T I (Figures 28 and 29), In the
thicker regions of this layer, trophoblast cells from the opposite sides

of the matermal blocd space are frequently closely apposed. Vhen they
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neet, typical desmosomal attachwents are seen (Figure 26), However, in
the thinner regions of T I, adjacent cells are éttached by tight junctions
(zonula oceludens) (Figﬁrés 30 and 32). Occasionally tha intercéllular
space between T I and T II is confluent with the maternal blood space
through openings which ocecur between adjacents T I celis,' These opénings
also allow terminal bulbous enlargements of T IT to extend into the
maternal bloed space (Figure 33). Although thevextent of interdigitation
between the processes of T I an& T 11 has not appreciably increazed by
the 18th day, the outer Limiting membrane of T II has becowe highly
irregular with extensive evaginations and infoldings (Figures 28-32)
It is commonly possible to trace these infoldings two-thirds or more of
the way through the cell, It appears that many of these tubular infold-
ings become pinched off to form caveolae and vacuoles, but it is dif-
ficult to differentiate these from cross sections of tubules (Figures
32, 34 and 35)s The thicker regions of T IX are rich in cytoplasmic
contents as they are in the preceding stage (Figure 31)e Distined
desmogemes, although infrequent, are found bétﬁeen TIand T IT
(Figure 35).

By the 18th day of gestation, the conmon Junction between T II and
T III forms a more distinct series of undulations with secondaﬁy irregu-
lafifies superimposed (Figure 32), The_cellular attachments babwaen
these two layers, as méntioned earlier, consist of small tight and
intermediate junctions. The former Junction is characterized by
the absence of an intercellular space and the investment of its

Intracellular aspect by a condensation of slightly dense parallel
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fibfils (Figures 30 and 32)s The latter Juncition i3 characertized
by the pfesence'of an extremely narrow intercellular-space and
conspicuous bands of dense fibrillar material in the adjacent
cytoplasm (Figure 35). By the 18th day the imner 1i&ﬁﬁing membrane
of trophobiast IIT has also becoms more irreguler with greater numbers
of cytoplasmic processes and infoldings (Figures 29-32). Folds fronm
this imner surface frequently extend near %o infoldings on the outer
undulating surface which gives T III a beaded appearance (Figure 32),
The Trophoblast I;I appears thinner than T 1T, but also has numerous
vesicular profiles and other cytoplasmic organellss. In addition
to these structures, T III has numerous lipid inclusions which are
iﬁfrequently seen in the other cell layers (Figures 28, 29 and 36),
Ona of the salient features which is first obsérved on this
day is the appearance of extroembryonic connsctive tissue eiements
between the basement membrane fronting T III and the fetal endotholium
(Figure 36)s These elements consist mainLy’of stellate mesenchymal
¢ells which are rich in cytoplaémic organelles and exhibit extensive
‘outpocketings (blebbing) of thelr cuter nuclear envelope (Figure 36).
Such comnective tissue elements are better described in 1ater stages,
Probably the most striking chanzes seen over the preceding stage
oceur in the lining of the fetal allantoic vesscls. Here the endou}
thelial cells which rest on a contimuous basement membrane becoms more
atﬁenuated with some areas reduced to a thin flange (Figures 28, 31 and
36)e In these thimner regions pores or fenesirations are frequently

seen (Figures 36 and 37)s The interendothelial junctions are characterized
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by liplike cytoplasmic flaps which extend into the capillary lumen
(Figures 28, 33, 34 and 38). These flaps are attached by small tight
junctions (Figures 3l and 38)9‘ ‘hen compared with the other three layers
of trophoblast, the endothelial célls contéin the largest amount of rough
endoplasmic reticulum, but the least number of pinocytotic profiles
(Figures 29, 30 aﬁd 39). However, evidence for pinocytobic activity is
mﬁch greater than in the preceding two stages. Lvidence for this acti-

vity occurs predominantly on the outer plasma meubrane (Figures 34 and

38).

Cytochemistry

On the 18%th day of gestatlon activity to adenosine nucleotide phos-
phates appears to be distribubed identically with that seen in the pre-
vicus stage, with the exception of activity to AMP which is now local-
ized at' the sams sites as that of ATP and ADP (Figures 26--37 and 39).
With ATP as substrate, activity is still predomdnantly deposited in
relation to the plasma membrane lining the outer surface of T II and its
tubular infoldings (Figures 30, 32 and 34i). In many areas where the
imner and outer surface membranes of T I and IT are more closely apposed,
dense clusters of lead phosphate £ill the intercellular spaces (Figure
30), However, when the two membranes are divergent, activity appears
agsociated with membranes as dense precipitates (Figures 30, 32 and 3l).
The activity on ths limiting membranes of trophoblast I, as in the pre-
vious stage, is less than that seen on T II (Figures 32 and 34). Again,
no final reaction product is found on the innef surface of T IT or on
the surface membranes of T III and fetal andofhelium (Figures 30, 33

and 34).



Vhen ADP is used as substrate,vconsiderably more ackivity is seesn
than at the preceding stage. Its fine struchural localization, however,
appears the same. This localizabion is also consisbtent with thab Just
described for the activiby to ATP (Figures 26, 28, 29, 31 and 33).

The most striking cytechemical change observed on the 18th day is
the distribution and inbensity of the activity to AMP in various afeas.
of the labyrinthine tropheblast. VWhile activity to AP is limdited to
the outer plasma membrane of T I on the 14th day, 1% now appears, in
addition, on the surface membranes bordering the intercellulsr spaces
between T I and IX and in the ﬁubulér infoldings of T II (Figures 35,
36, 37 and 39)e In some arecas of the labyrinth, final reaction produch
oceurs predominantly on the surface membranes of trophoblast I and-is
especially abundant on the outer plasma membrane bordering the maﬁernal
blocd space (Figure 36)s In other areas of trophoblast I, however,
very lititle final reaction product is found in relation to its membranes
(Figures 37 and 39). Ultrasiructurally no appavent differcnces exist
between these two areas.

Infrequently small amounts of activity to ADP and AMP ave seen in
the intercellﬁlar space between trophoblast II and IIT (Figures 29, 35
and 39)y but never on the inner surface membranes of T III or on the
limiting membranes of the fetal endobhelium,

On the 18th day, as on all days of gestation, the plasma membranes
of maternal blood cells display adenosine nucleobide phosphatase acti~

vity, whereas fetal blood cells are always negative (Figure 32),

Placental Labyrinth of the 22nd Day

Ultrasygpcture

Ab 22 days of gestation (term), trophoblast I is characterized by
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being extremely sttenuated except in regions where muelsel are locabed
(Figures 40 and 41)e As in the preceding stage, its cytoplasm is wich
in free RNP granules, golgi microvesicular profiles and rough endo-
plasmic reticulum (Figures 40 and 41)e Trophoblasht IT, which appears
as the thickest layer of the labyrinthine barrier, exhibiﬁs 1ittle
changes The extensive evaginations and infoldings describzd in the
previous svage now occupy most of its width, thus reducing the thickness
of the placenta barrier (Figures 42-45). These evaginabions appear as
long slender processes which frequently interdigitate with other similar
processes, butb less frequenbtly with evaginations of T I (Figure 46)e
The tubular infoldings or pocksis resulting from these evaginations are
greatly dilated and are actively involved in pinccybosis as is evidenced
b& muerous vesicular caveolas which occur ab ﬁhei: nmargins (Figuve 40),
Frequently a homogenous or fibrin-like materisl of moderate electron
density is found lying within the interstices between T I and I
(Figures 40 and 41)s Although the presence of this material is unac-
campanied by obvious evidence of cell deterioration, it is inberpreted
as the earliest stage of trophoblastic decenerations

The thicker cytoplasmic régions of T IT and T IIT exhibit nuanerous
caveolae, vesicular profiles and brganelles as in the preceding two
stages (Figures 40 and 41)e large lipid droplets, however, ars still
limited to T III (Figure 42). Except in its perinuclear region, the
effective width of T IIT is narkedly reduced (Figures 47 and 48)s This
appears to be brought about both by an attenuation of its cytboplasm and
by basal infoldings which now more closely approach its ouber liniting
surface (Figures 40 and 41)e In 211 three trophoblast layers, mito-
chondria are seen in wvhich the matrix and inner membranes.are of such a

similar density that the cristae are only discerned with difficulty
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(Figures 40, 41, 47 and 48). Therefore, the mitochondria are easily
confused with other opague bodies,

By the 22nd doy of gestation the extraembryonic comnective tissue
elements, first described on the 18th day, are commonly found inter-
vening between the basement membrane fronting T ITI and the febal
endotheliume These elements occur in spaces of varying widths and
consist primarily of mesenchymal cells and collagen and reticular
fibrils (Figures 43-48). In arveas between sdjecent allantoic capil~
laries, these spaces are particularly wide and contain greatér rmbhers
of connective tissue cells and fibrils (Figures 43-46)e. ‘However, in
regions directly between T IIi and the febal endothelium, uvsually nob
more than a single connective tissue cell with associated fibrils is
found (Figures 47 and 48). As menbioned on the 18th dsy, the nesen-
chiymal cells are of a flabbtened stellate nature and conbain numerous
strands of rough endoplasmic reticulum, free RNP gramules, micro-
vesicular profiles and other cytoplasmic organelless. Evidence of
active pinocyltosis is also seen. AThe nuelel of these cells frequently
exhibib large outfoldings of their outer envelope which.oontain a
floceulant materdal of medium electron density (Figures 43, 44 and 46).
The endothelium on the 22nd day, as on the previous, is greatly atten-
vated and exhibits a few irvegular microvilli which extend from its
inner surface into the capillary lumen (Figures 42-45). In addibion to
liplike cytoplasmic flaps and pore areés, numerous plnocytohic vesicles
are seeh.

Cytochemistry

At 22 days of gesbabion, the three nucleotide phosphate subsbrates
(ATP, ADP and AMP) appear to be equally well hydrolyzed with thelr final

reaction preduct being deposited at the same fine structural sites as on
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the 18th day (Figures 40-43). Generally oa this dsy, a more intense
and equal distribubtion of activity to all substrabtes is seen relsted to
the limiting mgmbranés of trophoblast I and IT. Howsver, in the thicker
regions of trophoblast I, only occasional deposits of final product are
seen (Figures 40 and 41)e In the intercellular space belween trophoblast
I and IT and in the infoldings of T.I where frequent accumlabions of
fibrin-like material are found, precipitates of final reaction product
of varying diamebters appear distributed throughoub the fibrin-like
material and less related to the bordering plasma mewbranes (Figures

l,,Oand 41)0

Placental Lebyrinth of the 25th Day
Ultrastructure
1. Nermal ti‘ophoblasi‘b
Between the 12th and 22nd days of gestation, the rat placental
lzbyrinth only océasionally extibits alterations which might be
interpreted as dégenerative changes. However, when pregnancy in the
rat 1s extended three days beyond the time of normal parturition,
certain areas of the trophoblast show a complete spectrum of internal
degenerative changes. On the other hand, adjacent regions show fewer
degenerative processes and occasionally exhibit only slight changes
over that of 22 days. Therefors, as a matter of convenlence of aesérip~
tion, an account of these areas showing the least smownt of change
will be given first, followed by a description of regions showing
greater degenerative changes.
In the more normal appearing areas of the labyrinta, trophoblast
I has regular thick and thin regions as in previcus stages (Figures

49 and 50)s The cytoplasm extending across the thin regions is quite
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attenuated and often exhibits pores (Figure 50), short irregular pro~
Jections and caveolae which are frequently seen to coalesce to form
larger vesicles and vacuoles (Figures 51 and 52)s The caveolae
occur predominantly on the outer surface of trophoblast I where they
are most often located near the bases of cytoplasmic projections
(Figures 50-52)s In the thicker regions of T I, cyboplasmic pro-
Jjections and caveolae are less frequent., However, numerous mito-
chondria, granular endoplasmic reticulum, free ribosomes and golgi
elemehts with assoclazbed microvesicular profiles are sbundant as
described in preceding stages (Figure 49)s The cisternae of the
granular endoplasmic reticulum in these thicker sreas frequently
appear distended and conbtain a granular to fibriliar maberial of
moderate electron density (Figure 53)e

On the 25th day, the accumulation of moderately dense fib-
rinous-like material first described on the 22nd day of gestabion
not only occurs in the intercellular spaces betwszen T I and T 1T,
but on their cytoplasmic borders and infoldings (Figures 51 aﬁd L3

Trophoblasts IT and III appear much thinner at this stagey
which in many areas effectively reduces the overall thickness of
the placental barrier to not more than two or thres microns (Figure
50)s However, in other areas, dus %o an increased number of con-
nective tissue cells found intervening between T III and the febal
endothelium, the placental barrier appears much thicker than at 22
days (Figure 51). Scattered throughout thé cytoplasm of T II and
T IIT are mumerous vesicles and tubular profiles, many of which con-
tain a granular material of mediim elechron density (Figures 49 and

54)s The larger profiles have electron transparent centers, but are
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coated with a granular material which resembles that found within
the intercellular spaces and, therefore, probably represent
caveclae or tubuler infoldings of plasma membranes., In addition
to these vesicles and tubular profiles, larger oval structures
resembling degenerating mitochondria are seen (Figures 52 and 54).
The irregular and deeply penetrabting folds of the inner plasma
mepbrane of T IIT noted earlier, now form the perimeter of large
distended spaces and extend close to the basement membrane of the
fetal endothelivm as pedicle-like processes (Figure 49)s The dig-
ternded spaces within these folds contain finger-like projections from
edjacent surfaces of T III and various amounts of a granmular to
fibrillar material which resembles the material surrounding fetal
nesenchymal elementse

At this stage, relative to the preceding, greater numbers ofb
conﬁective tissue cells are found directly between T IIT and the
fetal endothelium (Figure 51)» These cells are surrounded by collagen,
reticular and elastic fibrils which are embedded in a matrix of gran-
ular material of moderaste electron density. Scme of the mesenchymal
cells are quiﬁe lerge and exhibit a well differentiated cyboplasm
which includes numerous mitochondria, tubular shaped, rough endo-
plesmic reticulum, rosettes of ribosomes, golgi microvesicular pro-
files and pinocytotic vesicles. The fetal‘endothelium exhibits a
tremendous increase in pinoccytotic activity which occurs predominantly
on its outer surface (Figures 49-51), Pores, irregular projsctions
and lip-like cytoplesmic flaps at inter-endothelial junctions are
evident (Figure 50),

2 Degenerating trophoblast
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In areas of the labyrinth where advanced degress of degeneration

[¢:]

are most apparenty usnally not nore than ens of the three tropho
layers cxhibit extensive cyteplasmic deterioration (Figures 55-58)e
The cytoplasm of the remaining layers, howsver, doss appesr sbnormally
grenuler or Libriller in texbure ard combains organelles in veriocus
stages of dege‘erationg Yery frgquently, the areas of moze-a vanced
degeneration correspond to the thicker reglons of the particular

layer involved (Figures 55-58), Althéugh no direct correlation can
be made between ﬁhe eﬁtenﬁ of degeneration and the amount of fibrin
deposited, there appears to be more cyboplasmic detefiorgﬁion in

areas where intercellular spaces and tubular infbldings of plasma
meubranes are occluded with fibrin (Figurss 55 and 56)e VWith thig
brief introduction, a more detailed description of the individual
layers of the labyrinth followse -

In the thicker regions of trophoblast I, where degeneratblve
changes arve most apparent (Figure 55), the cytoplasn loses its
homogenous texture snd becomes abnommally clumped and vacuolateds
Host individual organclles are indistinguisheble except for skeins
of rough endoplzsmic reticulum, which appear irregular ond with their
membranes occasionally whorled in the form of myelin figuress. The
overall appearance of such cells is cne éharacterizing foary degenera--
tions TIn the thinner areas of trophoblast I, where less extensive
degenerative changes are seén, the cyﬁoﬁlasm has a granular to fibril-
lar appeerance and conﬁains degenerating mitochondria (Figure 59)e
In sddition to fragmented cristee, these mitochondria have either a

!

centrally rarified matrix, or a matrix which iz of such density

that at first glance they eppear as dernse bodies (Figures 57 and 59)e
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In many cases there are fever RUP gramiles associlated with menbranes
of the endoplasmic reticulum (Figure 57). Although rough‘bundleé
and fres strands of fine filaments are nob epparent zt this staga,

56)e
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they are particularly evident in areas of dogeneration (Figur
¥here fibrin is particularly abundant in the tubnlar infoldings éf
the outer plasma membranes of trophoblast II, the irmediately sur-
rounding cybtoplasm eppears scanty and highly disorganized (Figure
56)s The mitochondria appesr balloored and contain é’moderaﬁely
dense gramilar matrix; Cther small and intermediate sized oval
profiles dontaining a dense granular material are seen, %ut do not
differ morphologically from cross sechbions of tubular infoldings
which conbein fibrin, The fibrous materdal observed in this in-
folding of T II frequently exhibits a perlodicity characteristic
of fibrin (Figure 56). As in trophoblast I, the cytoplasm in the
~thinner regions of trophoblast IT has a granular to fibrillar tex-
ture KFigures 57, 60 and 61) and conbains distorted mitochondriae
On the other hand, vaceolas are still apparent, vhich is interpreted
as evidence of pinocytobtlc activity.

In many areas trophoblast IIT appears highly discrganized and
vacuolated (Figures 57 and 58)s Vhat little cyboplasm does exist
_ has a fibrillar texture and is primarily located near the inner
and éuter surface membranes (Figure 57), Mitochondria are characher-
istically fragmented as are other organelles, The mesenchymal cells
intervening between tropheblast III and the febal endothelium also
exhibit degenerative changes (Figure 59). The mitochondria sppear
swollen and fragmented with vacuolated matrices (Figure 59)s In
thege cells the cisternae of the rough endoplasmic reticulvm which

4

contain gramlar material of moderate electron denmsity arve slightly
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dilated and often appear conbinuous with the fibrillar cyboplasm
at the periphery of the cell. Occasionally the outer limiting
membrane of these cells is contimous with short fibrils which
extend into the exbracellular space (Figure 59). The connective
tissue space surrounding the mesenchymal cells is filled with
either mumerous parallel arrays of collagen and reticular fibriis
or a dense fibrous met (Figure 61), The basement membranssunder—
lying trophoblast III and supporting the fetal endothelium appear
within normal limits of widbth and are indistinguishable from those
of 22 days (Figure 59 and 61). The fetal endothelium appears
intact, bub its cytoplasm also has a definite granmular to fibrillap
texture and exhiblts degensrabing mitochﬁndria and a few pinccybotic
vesicles (Figures 57, 53, 60 and 61)e

Cytochemistry

Althovugh enzymatic activities to the three nucleobide phosphate
substrates can be determined at the same fine structural sites as

seen in the previous stage, day 22, (Figure 59, 61 and 62), the final
reaction product obtalned on the 25th day of gestation exhibits less
'association with surface membrenes and is more often deposited in
intercellular accunulations of fibrin. Also, in regions of trophoblast
I which show extensive degeneration; the hydrolysis product of all thres
substrates used is diffusely scattered throughout the cytoplasm (Figure
55), whereas similar areas of trophoblast II show little to no activity
(Figure 56). Vhen ATP>is used as a substrate, intense activity occurs
in the intercellular space bebtween T I and T II where it is distributed
within cluaps of fibrin either as dense clusters or as fine granular

deposits of lead phosphate (Figure 59). The ouher surface meubrene of
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T I displays less activity than the surface membrenes bordering the
accumulabions of fibrin vhich in either case is less than that seen on
day 22, Frecuently fine granular deposits of lead phosphate are seen
within the cytoplasm of T I (Figﬁre 59)s Here no specific localization
to organelles or degenerating profiles occurs, Similer fine granular
depogits are also frequently observed in the basement membrane undep-
lyiﬁg trophoblast III,.

VWith ADP as substrate, the final reaction preduct most often dis-
plays a pattern of iocalization similar to that with ATP (Figures 57,
60 and 6l). However, random areas of trophoblast I occasionally exhibit
more activity on their outer plesma membrane (Figure 53).

The least amount of enzyme activity on the 25th day occurs when
AP is used as substrate (Figure 62). Here, dense accumulations of
final reaction product are seen related to fibrin, bubt only patchy
deposiﬁs occcur on the plasma’membrgnes of T T and IT (FPigure 62)s In
control sections no mebalophilia is seen in either fibrin depesits or

in areas of focal degeveration (Figures 495 50, 51, 52 and 54 ).

Visceral Yolk Sac of the 12th Day

Ultrastructure

The 12 day rat visceral yolk sac appears, when exsuined with the
electron microscope, as a three layered structure. The surface epi~
theliwa is composed of a single layer of columnar cells, frequently
of a pyremidal shape, which lie upon a narvow visceral basement membrane
(Figures 4, 63 and 64), Tmediately below this membrane is a connective
tissue space in which endothelium-lined vitelline cepillaries and mesen-
chymal cells are surrounded by a nebwork of collagen and reticular

fibrils (Figures 65-68)s The inner surface of the visceral yolk sac
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is forred by anothor combimious basement moubrans (serozal) which is
covered by a single layer of squaunous resothelial calls lining the

seocelen (Figures 69 and 70). The apical or fres bordsr of the colunnar

o

epithelial cells is evaginaied %o forn nugerous tall and slender miecrow
villd wvhich are frequently branched and nay end in terminél bulbous
enlargenents (Figures 71-73). The plasna membrane surrounding the miero-
villl as well as the cell surface has an eﬁtraheaus ccat with a furry
or spikemlike appearance (Figure 73), Between the bases of many microe
villi, the plasma membrané‘is invagiﬂa;ed to form crypis or tubules
which may branch and extend for various distances into the apical»cyto—
plasm'(Figures 71 ard 7h). Tubules parallel or diagonsl to the cell
surfacé suggest that theée ihvagiﬁations may*a}so fofm<a natwork of
laterally intercommunicating canaliculi. Tha cytoplasa directly be-
neath the microvilli sometimes has a fibrillar texture similar %o that
referred to as the terminal web in the inbestinal epitheliun (Figures
e and\73)o This meshwork of fine filaments is also continuous with
the microvillbus projections and probably functions as a cytoskeleton,

The apleal cytoplasm of the endodermal cells is filled vdth numerous
suall membrane bound vesicles which show considerzble heterogeneity in siza
(0.1~ 0.5 u), content and_alectfon density (Figures 71 and 77), Many of
these vesicles represent either cross sections of the tubular invagina-
tlons or portions of variablg size which have become pinched from their
contact with the surface membrane to form pinocytotic vesicles, In the
former case, the limiting membrane of the ﬁesicles has a dark inner vim of
spike=like material typlcal of that which coats tho cell surface, The cen=

ter of the vesicle is usually electron transparent (Figures 71, 73 and 7h).
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In the latter case, the matrix of the plnocyltotic vesicle
varﬁing emounts of fine granular material which makes them difficuld

to distinguish from other gmall electron dense vesicles (Figures 71-77)e
Because of the nabure of large "absowrpbion vacuoles® %o be described in
the supranuclear cytoplasm, it is likely thatvmany of these pinocytotic
vesicles are involved in ths transport of small. absorbed fzh parﬁicles
to the larger vacuoles. Some of the other smoobh surfaced vesicles
(micrebodies) may be interpreted as either golgi microvesicular profiles,
which are found in abundance in the perinuclear region {(Figure 63), or
lysoscme-like bod;es, Ocecasionally aggregates of tubular or vesicular
profiles merge to form larger vesicles surrounded by an often irregular
and ‘somewhat indistinct membrane (Figures 75 and 76). Their mabrix
aﬁpears a3 a finely granular material with varying amounts of elechron
densitye. Other small vesicles in the gpical cytoPiasm also coalesce}
however, the membrane which comes to surround them is not completely
closed so that the material in the vacuoles swems to merge with the sur-
rounding cytoplasm (Figﬁres 76 and 78)e Uere the impressiocn is gained
that ribosome rich cyboplasm is being engulfed,

The supraanuclear cytoplasm also conhbalng numerous spheﬁicél bodies
wnich show great heterogeneity in content and range firem 0.5 to 5 u in
dismeter (Pigures 71-79). These bodies appear to be formed by several
meang, bub are probably besth distingﬁished from one another by thelre
morphologys The first population to be described is represented by
spherical. bodies which contain either a finely granular maberial of con-
siderable electron densibty orva uniformly flocsular material with less
electron density (Figures 71, 745 76 and 77)s Areas of dense particulate

matarials or degenerative profiles, however, are frequently found in both.
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Tn oither case the vacuoles ars bound by a single but distinet membrane.
The second population of wvacuoles characteristically conbaing clusters
of small lipid droplets which are in a complex associabion with both
granular clumps of electbron dense mabterial and the irregular limiting

membranes (Figures 71, 72 and 75-79). These "absorption vacuoles®™ vary

n size and appear to gain in wmass through the coalescence of similar
vacﬁoles and small vesicular profiles from the apical cyboplasm. In
addition to lipid clusters and coarse granular materdal, the larger
vacuoles conbtzin whorls of membranes in the form of myelin figures,
circular profiles reminiscent of those described in the apical cyto-
plasm (pinccybotic vesicles) and open areas which are electron trans-
pareant (Fignre 78)e The exact relationships between the vesicles in
the apical cytoplasm and the different vacuoles in the supranucleér
cytoplasm are uncerbain, but suggestive of progressive stages in either
Jha bréakdown of gbsorbed materials or the disposal of degenerabting
cytoplasmic organelles,

In addition to vacuoles and wvesicles, the supranuclear cytoplasn
ﬁas an sbundance of ribosomes which occur singly or in rogeties and give
the cytoplasm a granular appearaace (Figures 76-79). The mitochondria
aré usually o%al-to elongated with their long axis fregquently oriented
parallel to the long axis of the cells. Scme of the mitochondria are
swollen and wveslculated, conditions which are usually interpreted as
signs of progressive degeneration. Additionai indications of degensra-
tion are the fragmenting of cristae, focal rarifaction of the mito-
chondral mabtrix and subsequent whorling of inner membranes which produce
a myelin figure appearance (Figures 72, 75 and 78). Sheets of rough

surfaced endoplasmic reticulum are found scattered throughout the supra-
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nuclear cytoplasm and appear o be orilented in the loeng axis of the cell,
as ore the mitochondria (Figure 63). They are woderately dilated and
contain a granular material of mediuvm elsctron densitys

The nueclei of the visceral yolk sac endoderm are eccentrically
located Loward the base of the cells (Figures 63, 64, 65 and 68)s Be-
cause of the irregular shape of the ruclei, many sections show boﬁh
perpendicular and tangential cubs through its limiting envelope. The
perpendicular sectionskshow small dilitations between the imner and
outer nuclear membranes, which are frequently interrupted by polnts of
fusion (Figﬁres 755 77, 78 and 79)@7 These points of fusion appear as
maclear pores in sections thab are tangential to the nuclear envelope
(Figures 71, 72 and 78)e Occasionally small lipid inclusions are °
seen in the nucleoplasn (Figures 65, 77 and £0),

The perimuclear and basal cytoplasm conbain numerous polyscmes,
ribosomes, granular endoplasmic reticulum, golgi-like microvesicular
profiles and mitochondria (Figures 63; 64, 65 and 8l)s ILarge lipid
droplets, which frequently indenbh the surface of the mucleus, are pre-
dominantly seen in the basal cytoplasm (Figures 64, 65, 69, 80 and 81),
.There, large lipid deposits appear to galn in size through the coalescence
of smaller droplets (Figure 65)s The outer surface of the lipid material
appears to be in close asseciation with periodically spaced roseties
of polyribosomes (Figure 81), +the significance of which is not known,

The lateral surfaces of the visceral endodermal cells, which are
closely apposed to those of similar adjoining cells, show several types
of atbachment. WNear the apical surface, adjoining cells are attached
by terminal bars, which seal off the yolk sac lumen from the intercel~

lular spaces (Figores 72 and 75). The intracelluvlar aspect of the plasma
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perbrane at these zones of adhesion are invested with a fibrillayx
material which is continucus with the terminal web. The mid-lateral
cell surfaces have small fingefmlike projections which form simple to
complex interdigitations (Figures 63, 6l, 77 and 78). Such interdigi-
tations are highly developed at ths base of adjoining célls (Figures
6L, 65 and 68). Desmozomes are infrequently found;

The basal‘cell surface has éany complex infoldings and is acbively
involved in pinocytosis., This activity is indicated bty ﬁhe‘presence of .
small invaginatioﬁs and microvesicular profiles within the basal cyto-
plasm (Figure 81).

The basement membrans of the visceral yolk sad epithe1ium is a
th@n‘homogeneous reticular structure which follovis tﬁe'contour of the
basal cell surface and maintains a close and direct apposition to ib.
This wembrane separates the visceral cells from the underlying con-
nective tissue space (Figures 69 and 81). The connective tissue of

9,

thig space is of the areolar type and the formed elements observed in
it are mesenchymal cells, and collagen and reticular fibrils. The
nesenchymal cells, which are elongated with finely branched cell. pro-

cesses, are most abundant in villous areas where they are in close

ssociation with the vitelline capillaries (Figures 67 and T70).

W

The cytoplasm of thess cells is rich in rough surfaced endoplasmic
reticulun and rosettes of free riboscmes (Figures 67 and 70). Idipid
droplets and mitochondria are also common componenths. The greatly
‘dilated cisternae of the rough endoplasmic reticulum are probabls sites
of the synthesis of the precursors to the collagen fibrils which run
in various directions through the connective tissue spacea, \

The endothelium of the vitelline capillaries is usvally quite

thin, except in areas where nuclei and other cytoplasmic organelles



are found (Figure 66). In the thinner parts of the cytoplasm, fenes-
trations occur which are individually bridged by a thin diaphragnm
(Figure 67)s Other areas ef the cybteplasm become co atbtenuated that
only parallel plasma membranes are disbinguishable (Figure 67).

The mesothelium of the exocoelomic cavity is sgparated ffom the
connechive tissue space by a thin, honogeneous and often discontinuvous
seroéal basement membrane (Figures 67, 69 and 70), This éerous memnbrane
is composed of a single layer of flattened mesothelial cells with cen-
trally placed round to oval nuclei which frequently show lipid inclu~
sions (Figwres 66 and 70), Its cytoplasm, like that of the mesencﬁymal
elenents of the connective tissue space, is rich in crganglles, Tha
rough endoplasmic reticulum congists of intercommnicating stacks of
paired membranes which are oriented parallsl to the long axis of the
cells (Figures 66, 69 and 70), Free roseties of ribosomes, mitochondria,
1ysogomémlike bodies and lipid droplets are dispersed between the layers
of endoplasmic reticulum whose cisternas are dilatated with a granular
materiai‘of medium elzetron dgnsity (Figures 66, 69 and 70). The sur-
face membranes of the mesothelial cells are relatively smooth except
fbf occasional pinocytotic invagin&tioné and pseudopodmliké evaginations,
These evaginatibns occur predominantly near intercellular junctions and
extend into the excccelemic cavity (Figures 67, 69 and 70). The meso-
thelial cells are held together by either tight Junctions, desmoscmes or
interdigitating finger-like projections (Figures 67, 69 and 70).
Cytochemistry

The lead phosphate resulting from the enzymatic hydrolysis of the

substfate ATP 1s clearly demonstrated in the 12 day visceral yolk sac

as intensely electron dense gramular deposits. No enzyme activity is
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seen with either zdenosine mono~ or diphosphates (Figures 67, 69, 71,
7% end 81)e The most reactive site that survives fixabion in gluber-
aldehyde is at the luminal surface of the visceral endodermal cells.
lHere, a2 dense deposibion of final preduct, several hundred angstroms
thick, cccurs in a besded fashien aleong the surface maﬁbranas of the
microvilli (Figures 63; 6Ly 72, 75 and 76)s The invaginated crypts
or tubules whosevplasma membranes are continuous with that of the luninal
surface, are either completely filled or coated with a granular layer |
of final reaction product (Figures 72 and 75). MNany of the menbrane
bound vesicles in the apical cyboplesm (pinocytotic vesicles) show
aut;v1sy related to the inner surface of their limiting membrane and/or
to their contents. The f£inal reaction product of these vesicles found
deeper in the apical cybtoplasm appears spottyes Cceasionzlly such vesi-
cles are seen to be in close relsticn with the large 1lipld contzining
"ghgorption vacuoles" (Figure 72). The cytoplasmic contents of the
nuclear vegions show no activity (Figures 68 and 75-79).

The lateral surfaces of the visceral endodermalvéells glso exhibitb
deposits of the final product (Figures 63, 72,V75m78). The specialized
'zones of adhésion such as the terminal bar, hov “‘ver, conbain no enzymatic
activity (Figure 77). On the other hand, relatively large, round or oval
accumulations of final producht £ill the intercellular spaces betvieen the
specialized interdigitating folds of adjacent cell surfaces (Figures 63
and 68). Such achtivity also occurs in the complex infoldings of the
basal cell surface (Figure 65)s In all cases, final reaction product
is localized in the visceral basement membrane (Figures 63, 65, 66 and
68)e Because this activity consists of finer granular deposits of lead

phosphate than that which is usually seen assceiated with cell surfaces,
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it is not clear whether this type of localizabtion represents true enzymea
activity within the basement membrane itself or a diffusion of reachion
preduct formed on basal surface memhranes of the endodermal cells with
which it is in clcse conbacth,

Final reachion produvcht is spérsely distributed in the connective
tlssue space (Figure 65)s Scme of this finely diffuse activity appears
to ﬁave been absorbed non-specifically to the surface membranes of a fer
mesenchymal elements (Figure 66)s A more discrete reaction, however,
is prominent where these cells are in contact with other eslls (Figure
66)» The fenestrated endothelivm of the vitelline capillaries is
enzymatically unreacbive as is its basement membrane except for certain
areas where they are in close apposition to the visceral basement
membrane (Figures 65 and 66). Here agein, this localization probably
represents diffusion of final reaction producte No activity is seen
in the serosal basement membrane (Figure 70)s In control studies
vhere visceral yolk sacs are incubated in equimoler concentrabions of
B glycerophosphate or substrate free media, no reaction is seens
Visceral yolk sacs prefixed for 10 minutes in 2% csrium textroxide and
éubsequently incubated in a substrate complete medivm also show no

reachion product,.

Visceral Yolk Sac of the 1l4th Day

Ultrastructure

On the 14th day of gestation, the visceral yolk sac appears much
as it does on the 12th (Figure 82), In the apical cyboplasm only subtle
changes are apparent. Included among these are a more evident berminal
web, located beneath the microvilli, snd a slight increase in the nurbers

of surface invaginations (Figures 83 and 85)s Many of these imvraginations
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are seen in lengitudinal section which more readily demonstrates their
nebwork of interccmmunicabing canaliculi, ABSlOW’ﬁhiS, membrane bound
pin@cy%otiobvesicles'and lysoscme-1ike bodies of verying size and
electron density sre seen (Figure 84), Seme of the smaller vesicles
have an extremely dense content which is surrounded by a less electron
dense zone. Such vesicles are typlcal of those seen transpcrting.small
absorbed fat particles through the cytoplasm of intestinal epithelial
cells (Figure 84).

The suprenuclear cytoplzsm conbains numerocus spherical bodies or
vesicles which are similar to ﬁhoserdescribed as the first population
in the supremuclear cyboplasm of the 12 day endedermal cells (Figures
86 and €7)s The second population of "abscrption vacuoles" which con-
- tained clusters of lipid droplets are no longer present. Medium sized
vacuoles conbaining clumped granular maberial, myelin figures and
electron optically empty areas are present, however (Figure 85)s, Ab
this stage, relative to that of 12 days, the perinuclesr cytoplasm
appears hto contain more rough endoplasmic reticulum and mitochondria
(Figures 82 and 86)s Also, fewer golgi microvesicular profiles and
.nuclear lipid‘inclusions are seen. On the othesr hand, nuclei are still
frequently indented by lipid droplebs which predominantly occupy the
infra~nuclear cytoplasm (Figure 88)e The lateral cell surfaces remain
closely apposed except for an ocecasional dilatation.

By this day, the connective tissue space has increased in width
through an increase in both collagen fibrils and mesenchymal cellse
The endothelial lining of the vitelline capillaries shows evidence of
pinocytotic activity (Figures 89 and 90)s This activity is predomi-

nantly seen on the luminal side of the endothelial cells, It is dif-
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Finslly, the serossl basement mambrane is indistin

Cytochemistry

At 14 days of geshation, the visceral yolk sac possesses enzymes
cgpable of hydrolyzing both adencsine di- and triphosphates. Hovever,
under identicel conditions, the visceral cells demonstrate much grester
hydrolytic capacity vith ATP than with ADP (Figures 84 and 91). No
activity is demonstrated with AMP or B glycerophosphate (Figure 92).

¥hen ATP is used as substrate, the final reaction product occurs
ab the same fine structural localizations as it did on the 12th day
(Figures 82-88)s The deposits on the epical surface membrans, howevers
appear as a denss conbimuous layer of lead phosphate rather then as
dbnse beads (Figures 83 and 84), Similarly, a more continucus daposi-
tion of final product £ills the intercellular spaces where adjoining
cells are closely epposed or interdigitated (Figures 85-87)s It should
be noted that many of the pinoéytotic vesicles and invaginations of the
apical cytoplasm show enzmymatic reactions which make them difficult to
distinguish from vesicles containing ele ctron dense maberials othex
then final reaction product (Figure 84). As on the 12th day, the supra-,
peri-, and infranuclear cytoplasm contain ne reactive sites for these
substrates. The activity located on the basal surface membrane and its
infoldings appears as large oval precipitates (Figure 88), Howéver,
those deposits in the visceral basemenb membrane are much smaller and
- diffusely localized (Figure 88), Some lead deposits are found in that
portion of the connective tissue space underlying the visceral basement
membrane (Figure 88). Finally, no reaction occurs either in the serosal

basement membrane or where cells of the mesothelium are 1n contact with
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each other (Figure 89).

Vhen ADP is used as substrata, a reaction of moderate intensity
cccurs which is limited in distribution to microvilli, tubular invsagina-
tions and pinocytotic vesicles of the apical cytoplasm (Figure 91)e
Here, the finzl product occurs in a beaded fashicn, interrupted by
unrezctive sites, along the outer surface of the placma newbrane; some-

what less or no staining occurs in the intercellular spaces.

Visceral Yolk Sac of the 18th Day

Ultrestyucture

By the 18th day of geshation, the epithelial cells of the viscerzl
yolk sac no longer appear columnar, bub are tall cuboidal cells with
dome shaped apical surfaces (Figure 93). The microvillous projections
of this surface also undergo a decrease in hzight and appz2ar more blunt
and often plecmorphic (Figure 94)s In the zpical cyboplesa directly
below the clear zone of the terminal web, numerous small. vesicular
profiles of varying electron density and tubular invaginsbions of the
surface membrane are seen as in the previous stages (Figures 93? 94 and
95)e

The supranuclear as well. as the perimuclear cytoplasm also exhibit
little change in the number and distributlon of mitcchondria, rough endo-
plasmic reticulum and golgi microvesicular profiles. Greabter numbers of
dense vesicles of varisble size are found (Figure 96)s These vesicles
appear progressively larger from the apical to the perinuclear region.
Other vesicles in the supranuclear cytoplasm, which frequently have an
i1ll-defined and discontinuous limiting membrane, resemble those of the

first population described in the 12 and 14 day visceral endoderm cells

(Figures 93, 94, 95 and 97)e
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Although lipid inclusions are occcasionally found within‘the basally
situated nuclei, the surrounding basal cytoplasm appsars to be free of
lipid dreplets (Figurés 93, 95 and 98).

The lateral intercellular spaces betwsen adjoinino’endodermal cells,
which on the lhth day consist of only occasional dilatations between the
closely apposed surface membranes, on the 18th day more frequently appear
as large dilatations which are interrupted by finger-like projections
(Figures 93 and 98). These cytoplasmic projections extend from apposing
cell surfaces into the intercellularVSPaces where they tend to overlap
ona . ancther forming irregular or cup shaped spaces. Such spaces are
less well developed toward the apical surface of the cells (Figure 95).
Here, the adjoining plasma membranes are attached by junctional complexes
which seal off the yolk sac cavity from the intercellnlar space of
the viscersl epltheliuwm. Additional desmoscmes are often seen between
overlapping cytoplasmic extensions along the mid-lateral cell surface.
Occasionally accunmlations of granular material and vesicular profiles
of moderate electron density are seen in the intercellular spaces
(Figure 93), It cannot be determined, however, if these profiles are
free of ceilulér attachments or are cross sections of adjacent cyte-
rlasmic projections,.

In many neighboring endodermal cells, the lateral cell surfaces
are still as closely apposed as those observed on the lhth day (Figures
97 and 99). The basal cell surface and the underlying visceral basement
membrane exhibit no change over the preceding stage, but an increase in
the amcunt of intercellular fibrils is apparent in the connective tissue
space,

The eytoplasm of the megothelial cells on the 18th day appear to
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be deminated by roseites of riboscmes and granmular erdoplasmic reticulum
whoée dilated cisteinse conbtain granular maberial of moderate electron
density (Figure 100)s Other cytoplasmic organclles and lipld droplets
are dispersed between the layers of endoplasmic reticulunm, The basal
surface membranes of the mesothelial cells are freque 1J associated
rith a fine felbwork of wmoderabely dense material which in turn is
closely interwoven with fibrils of the connective tissue spacee. In
areas where this fibrous material is particularly sbundant, cell
boundaries as well as the serosal basement membrane are ill-defined
and soasbimes barely discernsble (Figure 100)e The smniobic surface
nmembranes of the mesotheliwm exhibit lititle change over that of 14
days except for a slight incresse in the number of cytoplasmic evagina-
tions vwhich project into the exocoelomic cavity,

Cybochend stry

Although enzymatic activity in the 18 day viscersl volk sac hydrcn
lyzes both adenosine di- and triphosphates as on the 14th day of gesta-
tion, the fine structural localizabion and intensity of the reactions
differs At this stage, the final reaction product resulting from
‘enzymatic hydrolysis of ATP isAfound on the apical and lateral plasma
membrangs of the endodermal cells as in the previous stage, bubt not on
the basal surface membranes (Figures 93, 95 and 98)s In scme of the
endodermal cells; the lead phosphate deposits on the apical surface
and its microvillous projections are less intense than obthers (Figures
93 and 95). However, in both cases the apicsl cyboplasm exhibits the
same moderate anount of activilty relabted to the inner membranes and/or
contents of tubular surface invaginations and pinocybobtic vesiclese

Occasionally a few of the larger and moderately electron dense



vesicles also display deposits of lead phosphate (Figure 93).

ATPase activity on the lateral surface membranes, which at this
shage are either closely apposed or separated by large intercellular
spaces, is less intense than on the apical surface (Figure 98)s Fre-

quenbly the lateral surfaces of adjoiring endodermal cells exhibit no

enzymatic activity for this substrate (Figures 93 and 95). Thera
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appears, however, to be no corrslation betwaen the degree of associabion

of adjacent lateral surfaces and the presence or absence of enzymatic
activity.

The basal surface of thé endodermal cells, as menbioned earlier,
is unreacﬁive'(Figures 93 and 98). Although fine deposits of lead

phosphate do occur in the visceral basement membrane, no activity is

found associated with the connsctive tissue elements or the endobhelium

of the vitelline capillaries (Figures 93 and 98).

Tﬁe serosal basement membrane and the oubter and latersl plasma
membranes of the mesobtheliuwm are unreactive as in the previous stagee
At this stage, however, clusﬁers of lead phosphate granules are found
along the inner plasma membranes (Figure 100). Theée deposits appear
to be equally distributed on smooth surface and those surfaces with
nunerous cyto?laémic projections,

When ADP is used as substrate, fewer deposits of lead phosphate
are found on the apical surface and its tubular invaginations than on
the l4th day (Figures 97 and 99). At this stage, slight activity is
still apparent in the intercellular spaces where adjoining lateral

plasma membranes are closely apposed (Figures 97 and 99).
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Visceral Yolk Sac of the 22nd Day

Ultrasbructure

At 22 days of g-station, the endedermal cells of the visceral
yolk sac epithelium appear much lower than on the 18th day (Figures
101 and 102). The microvilli on the apical surface of these cells
appear uaniformly short and less branched, The apiecal system of
tubular invaginations, which are surrounded by mmerous small dense
vesicles, are particularly evident at this sbage and are identified
by a characteristic dense outer rim surrounding a less dense central
core (Figuves 103, 104 and 105)s Frequently cross sechbions of micio-
villi are seen within these centzral cores which indicate that many

tubular invaginations encircle the bases of microvilli (Figure 103)e

In other instances, longitudinal secbtions of the tubular syshem
2 i, J

which are oriented at right angles to the cell surface, are seen to
elther terminate in bulbous enlargements and/or to be continuous with
other vesicular lnvaginations (Figure 105)s A3 mentioned earlier,

this pattern is highly suggestive of a canalicular system in the apical
cyboplasm which is continuous with the outer cell surface.

' Tha expahse of cytoplasm between the basally situated nuelei and
the apical surface in most cells is pervadéd with great numbers of
vesicles and vacuoles ranging from oL u to 4 or 5 u in diameter
(Figures 106, 107 and 108), The smaller of these structures, which
conbaln granvlar material of varying electron densily, appear as those
described in earlier stages (golgl microvesicular profiles or vesicles
pinched off from surface invaginations) (Figures 103, 104, 107 and 1.09)e
However, the larger vesicles and vacuoles, in addition to having ill-

definzd and often discontinuous limiting membranes, exhibit a varying
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translucent areas. These vacucles lave a definite residual body
appearance (Figures 108, 110 and 111). It is in the elschron trans-
lucent areas where the limiting membrane is particularly disrupted.

A progressive serles of stages showing the breakdowm of large vacuoles
can be traced to the sbtage where the entire vacuolar content is freely
exposed Lo the cytoﬁlasm (Figures 107-111). Similar sppearing aveas,
waich are also free of iimiting membranes, are foﬁnd in the basal
cytoplasm (Figures 112-114)s. Since this region is relatively free of
large vacuoles, these areas may represent accumulations of glycogen
rather than disintegrated vacuoles. In scine of the endoderm calls,
even the small wesicular profiles exhibit electron ﬁranslucemt areasy
but vsually not dense profiles and myelin-like figures (Figures 101(and
105)e Scme of the intermediate sized wvacuoles, which have a faivly
homogenous matrix of moderately electron dense material, have an
irregular limiting membrane characteristic of a structure which is
gaining in mass through the coalescence of numercus smali vesicles
(Figures 105, 107 and 109).

In those cells which exhiibit a graater mmber of large and inber-
mediabe sized vesicles and vacuoles, the cyboplasmic organelles, al—.
though scattered between the vacuoles, predominantly occur in the basal,
lateral end perinuclear regions (Figures 105, 106, 108, 114 and 1153,
On the other hand, in cells where fewer vacuoles occur, the organelles
are abundant in all regions of the cytoplasm (Figures 101, 102 and 116),
This pattern of distribubion closely parallels that seen on the 18th
day excepl that at this stage greater numbers of golgl microvesicular

profiles are found in the peri- and supranuclezr cytoplasm. In the
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more apicel region, the golgl profiles are still indistinguishable from
small tubules and vesicles of the canalicular system (Figures 102, 108,
114 and 115).

The mibochondria on the 22nd day of gestation are either spherical
or elongated and have long internal membranes which for the most part
are intact and clearly discernable (Figures 102, 116 and 117)s T™e
graﬁular endoplasmic reticulum appears as either paired membranes
enclosing narrow elongated cisternae or as vesicular profiles (Figures
102, 112 and 116). In both instances, the cisternae contain granular
materlal of moderate electron density.

No obviqus signs of degenerabion or aging are apparent in the
cytoplasmic organelles in the 22 day placental labyrinth other than
the general observation that mitochondria appear somewhat smaller than
those seen in earlier stages of the visceral endoderm,

B:;r the 22nd day of gestation, ‘the large intercellular dilatations,
vhich were first described on the 18th day, are more highly developed
and extend frcﬁ tight junctigns abt the apical surface down to the
visceral basement membrane of all adjoining endodermal cells (Figures
106, 107, 114 and 115)., In addition, greater amounts of a flocculant
naterial are fbund within these intercellular spaces (Figures 113, 137
and 118).

The basal surface of the endodermal cells? like that of the lateral
surface, has extensive infoldings and cytoplasmic evaginations which
extend to the visceral basement membrane as pedicle~like foobt processes
(Figures 102, 115 and 118). Frequently wedges of cytoplasm, which also
have surface evaginations and infoldings, intervene bebtween the basebof

an adjoining cell and its underlying visceral basement membrane. Here
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the two apposing cell surfaces loosely interdigitate (Figures 115 and 117),

Along the base of the endedermal cells, the visceral basemend membrane
approximates tﬁe_conﬁours of the plasma membrans and frequently extends
into the basal infoldings (Figure 117). Vhereas this membrane in pre-
vious stages appeared relatively thin, it is now thickened with frequenb
spaces which give it a lace-like appearance (Figures 112 and 117);
Toward the underlying connective tissue space, the reticular fibrils
of the basement membrane often merge with a feltwork of éonnective
tissue fibrils which surround the mesenchymal cells (Figures 117 and
118)e 211 of the fibrils appear to be infiltrated and coabed by an
amorphouns mabrix.

The mesenchymal cells within the connective tissue space are stel-
late and exhibit cytoplasmlc organelles of which free ribosomes,
granular endoplasmic reticulwa and microvesicular profiles are most
abundan® (Figure 115)e Vhoerever vitelline capillaries occur, these
mesenchymal cells are found in close associction with the vessels!
supporting basement membrane (Figures 102, 112, 117 and 118). The
endothelial cells lining the vitelline capillaries are highly abtenuated
'and exhibit cjtoplasmic fenestrations as well as cytoplasmic flaps which
occur at interendothelial junctions (Figures 117 and 118).

The mesothelium and its serosal basement membrane exhibit lititle
change over that of 18 days except for a slight increase in the number
of microvilll on the imner surface of the mescothelium (Figure 101)e

Cytochemistry

On the 22nd dsy of gestation, enzyme activity in the visceral yolk

sac hydrolyzes not only adenosine di- and triphosphates, but 2lso

adenosine monophosphate, OFf these substrates, the most intense reachion
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is obtained with ATP, the finzl product of which is almost entirely
limited to the luminal surfece of the visceral epithelium (Figures
106, 107 and 111). FHere the lead phosphate depesits appesr more
uniform than on the 18th day and occur as either a continuous coat or
as closely spaced beads.

then ADP is used as substrate, a more intense rzaction occurs than
L)

431

on the 18th day. The final product of this actbivity is confined to the
seme fine structural 1oca1izatioﬁs as with ATP, bubt with much less
intensity (Figures 103, 109 and 116). Additional deposits of lead
phosphate are dispersed throughout accumulations of granular material
vhich are occasionally found within the yolk sac cavity and/or uterine
lunen. In areas where this material ig particularlytclose to the visceral
ebithelium, activity on the microvillous projections appears scanty
(Figures 104 and 107). However, no change cccura in the smount of
activity present vwithin pinocytetic vesicles and tubulap invaginations
(Figure 104 ).

The moat striking enzymatic feature on the 22nd day is the appear—
ance of achivity toward AP, Although this activity is dispersed in a
scmewhat spotty fashion, it has the same fine structural leocalizations
in the endodermal éells as activity with the other two a2denosine phos-—
phate substrates (Figures 101, 102 and 105),

The cyloplasmic contents of the endodermal cells show no activity
with the three substrates except for some reaction product confined to
-apically situated pinocytotic vesicles and tubular surface inﬁaginations
(Figures 103, 1C4, 105 and 107). Here the activity is related to the

imner surface of their 1iwiting membrane and/or to their contents as in

earlier stages. The content of these vesicles and invaginations, vhich
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is particularly well demonstrated in sechicns incubsted with LDP, 1is
identical with the granular material in the yolk szc cavity (Figure
104)e This appearance is highly suggestive of movement of materizls
intc the visceral endoderm.

The laberal surfaces of the endodermal cells, which ab this stage
all loosely interdigitate, show no deposits of final product proximal
to fhe apical tight jJunction (Figures 102, 106, 107 and 114). Also,
no enzyme activity occurs at the basal surface of these cells, or where
intervening basal surfaces interdigitate (Figures 112, 115 znd 118),

On the other hand, the underlying visceral basement membrane, as in the
earlier stages, contain some reaction product or metalophilia when
incubated with adenosine di- and triphosphates (Figures 113, 115 and
117)s At this stage, the lead phosphate deposits occur primarily on
the reticular-like fibrils which often appear to be conbinuous with

the fiﬁrous elements of the connective tissue space. Obther clements

of this space, such as mesenchymal cells and vitelline vessels, display
ro activity (Figures 112, 115, 117 and 118).

Cytochemical observabions of enzyme activity in the mesothelium
and it supporting basement membrane are limited to reactions in which
AP is used asrsﬁbstrate. In such instances, final reaction product
occurs only in the mesothelium where it is sparsely deposited betveen
bightly apposed lateral cell surfaces and on microvillous projecticns

of the imner cell surface (Figure 101).

Visceral Yolk Sac of the 25th Day

Ultrastructure

By the 25th day of gestation, the visceral volk ssc epithelium has

undergene further reduction in width and now appears to consist of
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squamous to low cuboidal endodermal cells which often overlap onz another
at their lateral margins (Figures 119 and 126). The microvilli on the
aplcal surface of these cells are similar to those of the preceding stage
except for occasional terminal bulbous enlargements which appear to
coalesce while still attached to the microvilli (Figures 122 and 123).
The uterine lumen and/or yolX sac cavity in regions of these enlargements
is filled with a granular material of moderate electron density which is
not unlike the content of the bulbous enlargements,

The cytoplesmic content of adjacent endodermal cells differs cen-
slderably at this stage. Cenerally fewer numbers of surface invagina~
ticng, vesicles and vscuoles are found (Figures 128~131). In scme cells,
however, large vesicles of varying electron density and content are so
mumerons thet the cytoplasm and its organelles are erowded to the cell
periphery (Figures 120 and 126)s On the other hand, most cells exhibit
a more even distribution of cyboplasmic organelles among vhich smallesr
veslcular profiles are scattered. Of course, intermediate stages are
frequently seen.

The larger vesicular profiles in the endodermal cells appesr to be
-in various stéges of disintegration and contzin dense myelin figures
and electron translucent areas as described in the 22nd day visceral
epithelium (Figures 122 and 127), A greater number of the smaller
veslcular profiles are electron translucent at this stage (Figures 123
and 126). Of these, many are opened at one end in the shape of a
horse shoe (Figure 123).

The cytoplasmic organelles of the 25th day endodermal cells exhibit
1ittle change over the preceding stages The mitochondria are discern-

able, bubt thelr inner membranes are often disrupted, Granular endoplasmic



)
reticulum and ribosomss are present and impart an overall granularﬂ&ppearu
ancé to the cytoplasmdc backgrounds, Golgl profiles appear to be
abundant, bub again are indistinguishable from other nmicrovesicular pro-
files which are now found in all regions of the cell. Some pinocytotic
activity is evident at the basal and aplcal cell surfaces. Vhen such
veslcles looge thelr continuliy with the cell surface, they becowms
indistinguishable frem other small profiles,

At this stage, small and intermediate sized lipid droplets reappear
within the cytoplasm of the endodermal cells, but show no particular
pattern of. distribution such as that seen in early stages (Figures 119,
121, 122 and 131),

"On the 25th day of gestation, fewer adjoining endodermal cells
exhibit large intercellular dilatations with interrupting cytoplasﬁic
projections as on the 22nd day. In some instances,’this pattern is
changed to a complex system of foids formed by latersal interdigitations
of adjoining cell processes (Figures 125 and 132). In other instances,
the plasma membranes are closely apposed with only a nerrow intercel-
lular space and exhibit few irregularities in their course to the basal
‘cell surface (Figures 123 and 131). In the latter, the inmtercellular
space is frequently reduced as at the lecation of tight junctions (Figure
123)s The intracellular aspect of such areas also exhibit the charac-
teristic band of fine filaments (tonofibrils).

The basal surface of the endadermal cells appear relatively smooth
"and have few infoldings and pesdicle-like foot prdcesses (Figures 119,
123, 126, 127 ard 131). The thickened visceral basement membrane in most
areas iz tightly compressed agéinst the basal surface by mesenchymal

elements of the connective tissue space and no longer displays a lace-like
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appearance (Figures 119; 122 and 123). As compared with the previous
stage, collagen and reticular fibrils are more dense and completely fill
the relatively uncccupied areas of the connective tissue space (Figures
119, 124, 126, 131 and 132).

The dense sercosal besement mewbrane on which the mesobhalium rests
is well defined and frequently merges with fibrils of the connsctive
tissue space, as does the visceral basement membrane (Figures 119, 124,
126, 132 and 133 ).

The mesotheliwn of the 25th day visceral yolk sac consists of spindle
shaped serous cells of varying widbths as seen in earlier stages (Figures
121, 123 and 124). In =2ddition to riboscmes and grenular endeplasmic
reticulun, the cyteplasm at this stage is also richly provided with
branching bundles of fine filoments (Figures 133 and 134). ther common
caipenents of the cell include bulbous mitochondria with disruptbed
cristaé and focally rarified matricies,; wvacuoles with a varyin& content
of granular maberial and myelin figures, pinocytotic vesicles and small
lipid droplets (Figures 1195_123, 124 and 133)s Microvilli ave quite
numerous on the amniotic surface of the mesothelium at this sﬁage.

They are mest abundant in the more widely separated regions (Figures
124, 125, 126,7133 and 134).

An sdditionel observation on the 25th day of gestation is that the
ratio of mesenchyme to viscersl epithelium is greatly increased and best
-appreciated in areas where the combined thickness of the connective
tissue elements and mesothelium is greater than that of the endodermal.
cells (Figures 122, 124 and 132). This change is brought about by the
gradual decrease in height of the sndodermal cells and the increase in

mesenchymal elements,
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Cytochemisbey

Cn the 25th day of gestation, enzyme activity in the visceral yolk
sac conbinuss to hydfolyze monc-, di- and twiphosphates at»the sane fine
structural sites and, with the excepbion of ADP, atfthe.same intensities
as described on the 22nd day (Pigures 139-134).

At this stage, the apleal surface ﬁembrames of the endodermal cells
display approximately equal activity to adenosine di- and triphosphates
substrates (Figures 119, 120, 124, 125 and 131), except in areas where
accumvlations of granular material overlie the visceral cpithelium.

Here sctivity to #DP is not only sparse, as in similar areas of the pre-
vious shbage, bub is frequently absent (Figures 121-123), On the other
hand, slight to moderate activity to ATP is always present in such *
areas (Figures 126, 127 and 134). The deposits of lead phosphate, which
are related to the granular maberial within the yolk sac cavity, are also
staller and less numerous with ADP than with ATP (Figures 120 and 121).

Although enzyme activity with all three substrates cccurs in re-
latlion to the plasma membrane of surface invaginations, very few btubular
and veslcular profiles situated below the terminal web display deposits
éf lead phosphate at this stage,

With the excephion of widely dispersed deposits of lead phosphate,
which are occasionally seen ia relation to connective tissue elements
(Figure 121), all remaining enzymabic activity in the visceral yolk sac
is confined to the mesotheliwm. Their activity with ATP yields a moderate
depesition of final reaction produch on thé lateral and inner surface
nmenbranes of the serous cells (Figuves 125, 126 and 134). With AMP as
substrate, sparse activity occurs which is limited to the inner cell
surface (Figure 133). No deposition of fipal product occurs when ADP is

used as substrate (Figures 119 and 123)e
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The distribublon of adencsine uono-, di- and triphosphabase ach

1,

ities in the rat plagcnﬁal lebyrinth and visceral yolk sac on the 12th,
14th, 18th, 22nd and 25th days of gestation are swmorized in Tables .

I and IT. Also presented is an evaluation of the relabive intensities
of the individual enzymatic activities as determined by visusl exemina-
tiones A discussion of the distribultion of these enzymatic activities
along the surface pembranes of fetal and maternal blood cells ab various

stages of gestabtion has been reported elsevheree3

3Connell, Re S and Bacony; Re L. Nucleoside phosphatases of fetal and
maternal blocd cells; an electron microscoplc study. Sclence, 1965,
150, 503.
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Table I

NUCLEOSIDE PHOSPHATASE ACTIVITY [N
GLUTARALDEHYDE-FIXED RAT VISCERAL YOLK SAC
USING SEVERAL PHOSPHATE SUBSTRATES

ATP - ADP AMP
days| 12 |14 |18 |22 |25 | [12 |14 [I8 |22 (25| [I2 |14 |18 |22 |25

AS |+++ |+ttt bttt | — || k| - - = R |+
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Table II

NUCLEOSIDE PHOSPHATASE ACTIVITY IN
GLUTARALDEHYDE-FIXED RAT PLACENTAL LABRINTH
USING SEVERAL PHOSPHATE SUBSTRATES
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DISCUSSION
Labyrinthine Placenta

When observed with the light microscope at increasing gestatioﬁal
ages, the labyrinthine barrier ofrthe rat éhorio-allantoic placenta is
seen to consist of exceedingly thin laminée of cytoplasm separating
maternal and fetal blood streams. Therefore, the difficulty of
estaglishing the nature of the epithelial cytoplasm forming the con—.
fining walls of the maternal blood channels is at once apparent.

Duval (4), who was among the first investigators to undertake a
comprehensive study of the development and growth of the ;odent placenta,
described the trophoblast of the rat labyrinth as disappearing a few days
before parturition, leaving only fetal endothelium ketween the maternal
and fetal blood streams. Jenkinson (164), a contemporary of Duval, dis-
agreed with this interpretétion and produced evidence in the form of
placentél casts which showed that the trophoblast persisted throughout
gestation. This study, however, was reported in an ocbscure Dutch journal
and was consequently lost to the literature during the period that the
chorio-allantoic placentas of eutherian mammals were being classified.
Sﬁbsequently, Duvgl (4) extended his morphological observafions of a
disappearing trophoblast to include the lagamorph placenta. This obser-
vation was later confirmed by Chipman (5). As a result of thése studies,
Duval’s description of an extreme reduction in ﬁhe number of layers com-
prising the rodent placental barrier became widely accepted.

In 1926, H. W. Mossman (2), in studying the rabbit placenta and
placental tranémission, corrokborated the early observations of Duval
and Chipman and introducgd the term hemoendothelialis to describe the

separafing membrane in the late rabbit placenta. Unfortunately, due to
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the lack of evidence contrary to Duval’s description (excluding th; work
of Jénkinson), the chorio-allantoic placentas of rats and most rodents
were classified as being hemoendothelial by subsequent investigators.
Although Hard (41), Wislocki et al. (37), Bridgman {167) and Amorosc (54)
pointed out that evidence for so classifying the rodent-placenta was
inconclusive, methods to prove othefwise were limited by the resolving
power of the light microscope and by the existing histological methods.

With the great resolving powers of the electron microscope, Dempsey
and Wislocki (96) and Wislockiiand Dempsey (97) were able to show in the
Vrat and rabbit placentas that trophoblast intervenes between maternal
blocd and fetal endothelium throughout pregnancy. Subsequent ultra-
structural examinations have confirmed the presence of trophoblast in
thé term rat placental labyrinth. There has been no unanimous agreement,
however, among these few reports as to the number of layers or to the
cytolegical nature of the trophoblastic layers.

Dempsey and Wislocki (96) initially reported that on the 15th,
17th and 21st days of gestation, the rat placental labyrinth consisted
of endothelial lined fetal capillaries, a delicate and fine fibrillar
éupporting bésement membrane which often appeared double, and séveral
attenuated sheets of overlapping trophcblast, of which the middle and
inner layers consisted of separate discrete cells and the outer 1ayer
bordering the maternal blood space of syncytially fused cells.,

In a later and more definitive study, Wislocki and Dempsey (97)
re-examined the rat placenta on the 15th, 17th and 21st days of gesta-
tion and interpreted the labyrinth as consisting of two or three thin,
overlapping sheets of individual cytotrophoblasts, Schiebler and Knoop

(98), on the other hand, reported that the inner layer of trophoblast
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appears syncytial on the 20th and 21st days of gestation and that only
a single basement membrane occurs betwesen the syncytial tropheblastic layer
and the fetal eﬁdotheiium. Owers and Mossman (100), utilizing perfusion
fixation and a newer embedding medium, confirmed the syncytial nature of
the inner layer of trophoblast, but found the labyrinthine barrier to
consist of only two layers of trophoblast. More recently, Jollie (101)
has studied the fine structure of the rat placental labyrinth from the
day of its establishment through term. At all stages the labyrinth was
reported as possessing an outer and middle layer of cytotrophoblast
(trophé%lasts I and II), an inner sygcytial layer {element III) and a
trabecular capillary with an underlying basement membrane. In a com-
parative study of the hemochorial placenta, Enders (45) has given a*
similar description for the term rat placental labyrinth, but has sug-
gested that the middle layer of trophoblast (T 11) is also syncytial.

The discrepancies between these descriptions may be accounted for
by the limitations of available facilities in the past years, Further-
more, the components of the placental labyrinth may be subject to con-
siderable variation as has been proposed by Owers and Howerter (121).
éince the area covered by electron micrographs at even low powers ofA
magnificdtibn is only a fraction of the entire placental labyrinth, it
would seem unlikely that any group of investigators, utilizing a tech-
nique as time consuﬁing as electron microscopy, would quickly ceme upon
all the different structural appearances that have been reported.

The present investigation of the rat placental labyrinth at in-
creasing gestational ages confirms the observations of the more recent
of these studies in which three attenuated 1ayeré of trophoblast are

described., The present study also confirms the presence of distinct
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basement membranes underlying trophoblast III and the fetal endothelium,
In addition, the cccurrence of allantoic mesenchymal cells in the potential
connective tissue space which intervene between the two basement membranes
is demonstrated for the first time in this study.

In order to resolve the discrepancies as to the cellular or syncytial
nature of the thrée trophoblast layers, electron micrographs of extensive
area; of the placental labyrinth were taken on the 14th, 18th and 22nd
days of gestation and appropriate montages made, Distinct cell bounderies
between trophcoblast I cells were easily demonstrated at all stages. On
the other hand, owing to the presence of deeply penetratigg and ccmplex
folds of their surface membranes, it cannot be stated with certainty
vthat trophoblasts II and III are syncytial. Cell membranes, however,
were never observed‘exfendihq between the inner and outer surfaces of
these layers even after tracing their cytoplasm arcund several consecutive
allantoic capillaries. On occasions, nuclei could be found which were
clearly not separated by cellvmambranes. It is, therefore, concluded
that trophoblasts II and IIX are syncytial.throughout gestation and that
-trophoblast I and the fetél endothelium are cellular, Even if occasional
ldteral‘cell membranes were to persist in trophoblasts II and III, tiéht
junctions, whiéh have been reported as acting as a barrier to transport
(168), would most likely prevent lateral diffusion into the intercel-
lular space between adjacent cells of the same'layer.

The origin(s) of the three layers overlying the fetal endothelium
of the labyrinth is not yet known. ‘Dr. Mossman, however, in a perscnal
communication with Enders (45), has éuggested that in the rodent placenta
the three layers may contain three sources of'trophoblast, the giant

cells,.the trager epithelium and the true chorionic epithelium., Jollie
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(101), having conzidered the pessibility that allantoic nogenchyna may
accompany the allantoic vesssls as they pinotrate the parenchymnl
trophoblasté, has inferred thet the innermost layoer might be allantoic
rmesenchyme rather than trephoblast. DBecause ofbthis uncaertainty, he
.aas designated this la?er as “elenant II1¥, Elthough tho present work
includgs observations on the iz day pl&ééﬂtal lsbyrinth, interwnadiate
- stages in the formation qf the vascular trophoblastic lamellae which
would help resolve this question were not found,

The occurrence of aliternating tight and intermedia{e junctions
(168) between the plasma mermbranzs of‘trophoblast II and iII, however,
would suggest that these two layers are of similar oiigin, A search
of the literature reveals no instances where elecments of such diverse
origins as allantoic mesenchyme and chorionic trophoblast are joinéd
by c¢ell junctions. Furthermore, by the 18th day of gestation, occasiocnal
mesenchymal cells can be found in the placental labyrinth anrd are
readily identified by their well developed granular endoplasmic
reticulum, These cells, which are coated by an external lamina, are
separated from “elemaent III¥ and the fetal endothelium by distinct base-
ment membranes (basal laﬁih%@). As gestation advances there is an in-
crease in the numbers of thesé cells and a slight increase in the thick-
ness of the two basement membranes, Therefore, if “element III” were
of allantoic mesenchyme, one would exﬁect to find, ét leagt in éhé later
stages of gestation, a bésal lamina separating”this layer frem tropho-‘
blast II, Sin¢e only cell junctions are cbserved along the common

border of these two syncytial layers, it is suggested that “elowment ITI¥

aDi. D. Lo Cunberg (1966) has made preliminary observations which wonld sug-
gest that at least some of the felal vessels in the placental labyrinth
have their origin from blood islands found within the ectoplacental cone.
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is trophoblastic in origin and, therefore, might well be designated as
trophoblast III., This interpretation is in agreement with that of
Mossman (169). |

If one agrees that the parenchymal cords of undifferentiated cel-

- lular trophoblast give rise to the definitive vascular labyrinth, the
means by which trophoblast II and III become syncytial remains to 5&
answered. The results preséﬁted iﬁlfhis study do not resolve this
question. It is unlikely, however, that these layers become syncytial
through a series of nuclear divisions without cell division since auto-
radiographic observations indicate tﬁat H3 labelled thymidine incorpora-
tion does not occur in the vascular labyrinth from the time of its
formation until the day before term (170). It is more likely that *
trophoblésts II and I1I beccme syncyfial through progressive coalescence
and break down of their plasma membranes. Such a method for the forma-
tion of the syncytium from cytotrophoblast has been alluded to and
described in the human placenta (65, 75, 76, 77, 78, 79, 80 and 8l).

Since mitotic figures are observed exclusively in the parenchymal
cords of epitheliod trophoblast, it would appear that this tiSsue
functions as a&reservoir for subsequent labyrinthine growth,

On the 12th day of gestation, fetal vessels from the allantois
have just made contact with the base of the ectoplacental cone. There-
fore, most of the labyrinthine plécenta appears as numerous branching
cords of avascular trophoblast separated from each other by maternal
blood sinuses. Many of these parenchymal trophoblast cells exhibit an
ultrastructural organization similar to that which has been interpreted
as being typical for undifferentiated cells in general (171); there is
very little granular endoplasmic reticulum and a great abundance of

free ribosomes, Jollie (101) has alsoc described the plasma membranes
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of the parench?mal cells as being parallel, closely apposed, relatively
smooth and free of desmosomes. This ultrastructural organizati&n is
comparable to that described for the inner cell mass of the rat blasto-
cyst at six days of gestation (172). :Althqugh areas with similaf
morphological features are observed in the present study, the parenchymal
trophoblast cells are also seen to assume three other distinct morpho-
logical appearances. The fine structural appearance of these cells is
strikingly similar to that of the three trophoblastic elements which
comprise the junctional zone of the rat placenta (173). The first type
of parenchymal trophoblast cells are loosely arranged and’have pleo-~
morphic microvillous projections which either extend into the maternal
blood sinus or into the interstices which are in open continuity with the
maternal‘circulation. The cells are attached by desmosomes and possess
a paucity of endoplasmic reticulum, but have numercus vacuoles with vary-
ing con&ents, liposdmes, free ribosomes, bundles of fibrils and swollen
mitochondria. This description is similar to that which characterizes
the trophoblastic giant cells on the 12th day of gestation (173),

Unlike the giant trophoblast-like cells, the plasmalemma of the
second t&pe of parenchymal trophoblast cells is not modifiéd into micro-
villous projections even when directl& exposed to the maternal blood
space. The cells are attached to each other by desmosomes and contain
granular endoplasmic reticulum disposed in tubular arrays which roughly
parallel each other. This description describes very well the tropho-
spongial (spongiotrophoblast) cells which constitute the innermost
layer of the junctional zonev(l73). The third morphological type of
parenchymal trophoblast appears much iighter than the other cell types

due to the presence of relatively large areas of the cytoplasm which

are relatively void of cytoplasmic organelles. Although the tissue
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sections were not counterstained with lead hydroxide which has been
accepted as a method for demonstrating glycogen at the electron
microscopic level (174), these areas of less dense cytoplasm could
represent the accumulation and/or storage of glycogen for subsequent
fetal utilizatioﬁ. This type of cell is characteristiciof glycogen
cells which are typically found in the junctional zone (173). Since
evidence from autoradiographic studies (170) suggest that the three
trophbblastic elements of the junctionai zoﬁe are derived from undif-
ferentiated trophocblastic parenchyma of the ectoplacental cone, it is
tempting to infer_that the three morphological types of trophoblast are
intermediate stages in the formation of giant trophoblast cells, tropho-
spongium and glycogen cells, respectively. Furthermore, since a great
abundance of free ribonucleoprotein granules and a poorly developed
endoplasmic reticulum are characteristic of rapidly.proliferating cells
synthesizing protein for growth (175), it is suggested that the paren-
chymal trophoblast cells which pésseés these features (and were the only
cells in the present study to undergo cell division) differentiate into
labyrinthine trophoblast and trophoblastic elements of the junctional
zone. |

Iﬁ the earlier part of this century, placental exchange was largely
basedAon the number of layers interposed between the fetal and maternal
circulations. A comparison of physiological studies involving sodium
transfer across Grosser’s four placental types would seem to bear out
the validity of this correlation. In these studies, it was cobserved
that the rate of sodium passage is ﬁore rapid and complete in the three
layered hemochorial placenta (176, 177, 178 and 179) than in the six

layered epitheliochorial placenta (180). However, the physiologic
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advantage alluded to in the hemochorial placenta weuld appear to ke
offset in the rat by the'functianal disadvantage of the lamin&ﬁed
arrangement of the trephoblastic cells as revealed by electron microscony.
Thus, with respect to cell surfaces and layers, the rat placental labyrinth
wquld appear to be as complex as syndssmochorial and epithelischorial
placéntas. Undouwbtedly, the nunbser of layers and their thickness play
 roles in the rate of passage of highly diffusable substances such as
_oxygen and carbon dioxide., It is now élear from results obtained by a

number of investigators that rany substances are activeiy transported
racross the placental barrier or at least undergo the proc;ss of
fécilitated diffusion (146, 181, i82, 183, 184, 185), - It would, there-
fore, appear that the total thickness of the placental bkarrier is'of
nminor importance in the overall task of transfer.

Although the labyrinthine barrier consists of four cytoplesmic
layers throughout gestation, the surface moxbranes of each display
specialized structures which in cther tissues are commonly intarpteted
as devices which not only facilitate transport but also.amplify fhe area
of mermbrane across which absorption takes place. Included in tkese
specialized structures are endothelial and trophoblastic fenestrations,
microvillusnlikg cytoplasmic evaginations which are capable of im-
pounding sizable droplefs of fluid, at least Lwo distinct foims of
micropinocytosis and deep infeldings of the su;face newbranes, some of
thich form long channels that bud off small vacuoles-or caveolae at
their end,

Labyrinthine fenestrations which are first identified in tropho-
blast I on the 14th day of gestation and in the. fotal endothelivm on the
18th déy are extremely interesting in that they assume two different

structural appearances. Both types of fenostras are pores rcughly 400
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to 700 ﬁ in diameters The first type is bridged by a thin menbrane or
central diephragm and appear compérable to endothalial fenestrations
wiich are présumed to facilitate transendothelial transport to varicus
tissues, e.g., kidnoy (186{ 187), thyroid (188, 189, 190), adrsnal cortex
(191, 182), anterior pituitary (193), ciliagy process and choroid plexus
(194, 195) and exocrine pancreas (196). The second type of fenrestration
appears to be open as is evidenced by the continuity of the plasma
merbrane around the margins of the pore and the absence of a central
diaphragm. An amoiphous material; however, is present. Similar fenes-
trations without diaphragms, but with hazy'material within their oOpen-
ings, have been described in the glomerulus (197) and in capillaries
of {he thyroid gland (198). Qissig {198) has interpreted the hazy
material as a segmeant of the fim of the pore that is included in the
section. This explanation would most likely explain the prasence of
the amorphous material seen within the pores in trophoblast, and the
fetal endothelium, especially.since the thickness of the tissue is at
least as thick if not thicker than the dismoter of fenestrations.
Elfvin (199), who has studied capillary fenestrations in the adrenal
medulla of the rat, disagrees with both assumptions that the hazy
material represents the front and back wall of the halved fenestrations
and that fenestrae are true openings. Nevertheless, two morphologically
different fenestrae can be identified in the present study. Tillack
(200) has also observed open pores in trophoblast I but was uhable to
demonstrate them in the fetal endothelium,

As yet, fine structural studies have not revealed the structural
significance of open fenesirations, but it can ke assumed that in the

placental labyrinth they further facilitate the passege of large
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molecules, The fact thaf ferritin is seen within trophoblast II and the
basement membrane underlying the fetal endothelium after only two minutes
of circulation in the pregnant rat would support this assumption {200).
Diffusion through intercellular spaces between trophoblast I and endo-
thelial cells would seem to be denied by the tight junciions. Further-
more, evidence of transport vesicles with ferritin inclusions are not
observed