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Abstract

The use of the mouse as a model organism is common in translational research. This mouse—human similarity holds true for
placental development as well. Proper formation of the placenta is vital for development and survival of the maturing embryo.
Placentation involves sequential steps with both embryonic and maternal cell lineages playing important roles. The first step
in placental development is formation of the blastocyst wall (approximate embryonic days [E] 3.0-3.5). After implantation (~ E4.5),
extraembryonic endoderm progressively lines the inner surface of the blastocyst wall (~E4.5-5.0), forming the yolk sac that
provides histiotrophic support to the embryo; subsequently, formation of the umbilical vessels (~ E8.5) supports transition to the
chorioallantoic placenta and hemotrophic nutrition. The fully mature (“definitive”) placenta is established by ~E12.5. Abnormal
placental development often leads to embryonic mortality, with the timing of death depending on when placental insufficiency takes
place and which cells are involved. This comprehensive macroscopic and microscopic atlas highlights the key features of normal and
abnormal mouse placental development from E4.5 to EI8.5. This in-depth overview of a transient (and thus seldom-analyzed)
developmental tissue should serve as a useful reference to aid researchers in identifying and describing mouse placental changes in
engineered, induced, and spontaneous disease models.
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color images at multiple magnifications as well as the coverage
of sufficient time points. Moreover, very few of these resources
offer more than a cursory set of macroscopic images outlining
the stepwise placental development.

Comparative pathologists should have a fundamental under-
standing of normal placental anatomy and physiology as well
as a reasonable comprehension regarding common findings and
mechanisms by which placental insufficiency may develop at
various stages of gestation. The purpose of this atlas is to
provide easily accessible (online), multi-magnification, high-
resolution figures from scanned whole-slide color images of
hematoxylin and eosin (H&E)-stained tissue sections with
detailed histologic descriptions and image annotations. This
new resource is designed to aid pathologists and other

Introduction

Mouse models of human disease have become commonplace in
the field of translational research and are used increasingly to
explore the basis of human biological responses, including
birth defects. A key component in understanding the workings
of mouse models of human developmental biology revolves
around having a strong understanding of the normal anatomic
evolution of mouse organs and organ systems throughout each
stage of development. The key events needed for appropriate
formation of specific organs and organ systems occur at vary-
ing time points over the entire developmental period. Many
resources on mouse development are available, but almost all
focus on normal and irregular development of the embryo
rather than its support systems (placenta and dam). Further-
more, many of these embryo-centered resources focus on

genetic control of development rather than recognition of nor-
mal and abnormal embryonic structures per se.'” Information
concentrating exclusively on the placenta, whether normal or
abnormal, is relatively sparse."® Importantly, resources on
mouse placentation, while excellent in many respects, have
limitations with regard to the availability of high-resolution
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biomedical researchers who use mouse models of developmen-
tal disease in identifying and characterizing common structural
changes that may be encountered when evaluating placenta. In
particular, the atlas is formatted to show principal anatomic and
cellular features of the placenta and their evolution over time in
the conventional H&E-stained sections that are used by bench
pathologists who evaluate developmental phenotypes in engi-
neered, induced, and spontaneous mouse models of disease.
The schematics and images in this atlas illustrate major gesta-
tional events during placental evolution from embryonic day
(E) 4.5 to E18.5, where the time of conception was set as the
morning of the day after mating (ie, E0.5) and birth occurs at
about E19.0 (Figures 1 and 2). Key anatomic structures and cell
types in the placenta are highlighted in multiple well-annotated
images of placenta through the mid-axial plane. Examples of
immunohistochemically stained sections are also presented to
demonstrate several useful cell type-specific biomarkers. For
ease of use, normal developmental events in the placenta are
arranged in chronological order, after which commonly
encountered abnormal placental phenotypes are illustrated.

All scanned and supplemental images can be viewed online
as high-resolution color files (whole slide scans) at https://ntpi
mages.proscia.com/imageSets/90. Choose the “Placenta Atlas”
case folder to access the bright-field whole-slide images seg-
regated by figure number. To view the figure legend once the
figure is opened, select the clipboard icon in the lower right-
hand corner. A list of abbreviations (Supplemental Table 1)
used in image annotation are provided.

Materials and Methods

Animals

Young adult, male and nulliparous female, CD-1 1GS/Crl:
CDI1(ICR) mice (Charles River Laboratories) were obtained
and quarantined for one week, after which they were mated
overnight commencing at the start of the 12-hour dark cycle.
This stock was used based on availability, large litter size, and
the common use of this outbred genetic background for devel-
opmental toxicity testing in mice. Differences in placental
developmental events do occur among various inbred mouse
strains,’ but this outbred stock was considered to be appropriate
for this project as it follows the normal (ie, “average”) course of
mouse placental development.

Dams were group-housed (2-3/cage) in Green Line IVC
Sealsafe PLUS Mouse cages (Tecniplast) on autoclaved Sani-
Chip hardwood bedding (PJ Murphy Forest Products Corp) and
given reverse osmosis/deionized water and pelleted rodent
chow (NIH-31; Envigo Corp) ad libitum. Environmental con-
ditions were maintained at 22 + 2 °C and 45% + 10% relative
humidity. A constant light cycle (12-hour light, 12-hour dark)
was maintained before and after breeding. Mice were provided
Enviro-dri (Eco-bedding, Shepherd Specialty Papers) and nest-
lets for nesting purposes.

All animal procedures used in this study were approved in
advance by the US National Institute of Environmental Health

Sciences (NIEHS) Institutional Animal Care and Use Commit-
tee. Mice were maintained in an Association for Assessment
and Accreditation of Laboratory Animal Care International-
approved animal facility, where colony health surveillance
reports and in-house quality assurance data confirmed mice
were free of known pathogens.

Time Points Evaluated

The tissue origin of the placenta is the trophoblast that comprises
the blastocyst wall, which first forms at approximately E3.0 to
E3.5. However, without implantation in the uterus, and without
contact with the maternal component, this embryonic precursor
tissue cannot be properly designated as placenta. For this reason,
ES5.5 was selected as the earliest time point for systematic eva-
luation and illustration in this atlas because mouse embryos typi-
cally have undergone implantation by this time and the egg
cylinder wall that is the primordium of the placenta is well-
formed near this stage. Near term (E18.5) was chosen as the latest
time point for placental evaluation because birth in mice typically
takes place at E19.0 to E19.5, and placental morphology is fully
mature. All time points indicated in this atlas are approximations
as there are normal strain as well as animal-to-animal variations.

Embryonic Staging

The morning on which the vaginal copulatory plug was found
was designated as E0.5 (often described in the literature as
0.5 days postconception [dpc]). Since considerable variation
occurs in the timing of ovulation and conception and in the
developmental status of individual embryos, even within the
same litter (ie, calculated “developmental age” # observed
“developmental stage”), special care was taken early in gestation
(E13.5 and earlier) to match both the external and internal fea-
tures of each embryo to known developmental landmarks.® Cor-
responding Theiler stages, another morphology-based system
widely used for staging mouse embryos,” can also be utilized
to ensure that control and experimental (engineered or mutant
or treated) animals share the same developmental stage.

Tissue Collection, Handling, and Processing

Embryo collection was carried out on the mornings of the des-
ignated days between E5.0 and E18.5. Pregnant mice were eutha-
nized by carbon dioxide inhalation according to the NIEHS
standard operating procedure for euthanasia of rodents. Using a
dissecting stereomicroscope (Leica MZ16), the uterus and (where
warranted) individual conceptuses (where the “conceptus” is an
embryo and its placenta collected as a single unit) were isolated
and immersed in ice-cold 0.1 M phosphate-buffered saline (1x
PBS, pH 7.4). Gross images were taken of specimens while
viewed under a dissecting stereomicroscope (Leica IC90 E cam-
era, Leica Application Suite software version 4.12.0). The con-
ceptus or isolated placentas were then fixed by immersion at
room temperature (RT) in a commercially procured solution of
methanol-free 4% formaldehyde, pH 7.4 (colloquially termed 4%
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paraformaldehyde [PFA]; Affymetrix). Fixation time was 48
hours for placentas alone, and 72 hours for both individual con-
ceptuses and conceptuses fixed in situ. Following fixation, pla-
centas were processed routinely into paraffin. For early time
points (E9.5 and earlier), conceptuses or isolated placentas were
embedded while intact to avoid traumatizing the fragile placental
(and embryonic) tissues. For later time points (>E10.5) isolated,
fixed placentas were placed on a hard surface and trimmed with a
sharp razor blade on the axial plane to produce two asymmetric
halves; the larger piece—comprising approximately two-thirds of
the placental mass—was embedded with the cut surface oriented
“down” in the cassette to permit acquisition of full-thickness
cross sections. Serial 5-um-thick sections were acquired and
placed on AutoFrost IHC (hydrophilic) clipped corner,
Ventana-compatible glass microscope slides (Cancer Diagnos-
tics, Inc). Every fifth slide was stained routinely with H&E to
permit histopathologic evaluation and whole-slide scanning.
Selected serial sections were processed by indirect immunohisto-
chemistry (IHC) to detect placental cell type-specific biomarkers.
Briefly, sections were deparaffinized in xylene and rehydrated
through a graded series of ethanol to 1x PBS. Endogenous per-
oxidase activity was blocked for 15 minutes at RT with 3% H,0..
Following a rinse in 1 x PBS, epitope retrieval was conducted by
high heat and pressure in a Decloaker (Biocare Medical) for
5 minutes. Slides then were depressurized for 10 minutes, cooled
for 10 minutes, and rinsed twice in distilled water. After blocking
(Biocare Mouse Detective, Biocare Medical) for 30 minutes at
RT, an appropriate primary antibody (Supplemental Table 2) or a
universal negative control (Biocare Medical) was applied for
1 hour at RT. The primary antibody was linked and labeled with
a prediluted horseradish peroxidase polymer for mouse (Biocare
Medical). Sections were incubated with the Betazoid Diamino-
benzidine Chromogen (Biocare Medical) for 6 minutes at RT to
visualize the polymer antibody complex. Sections were counter-
stained with Harris hematoxylin (Harelco) for 45 seconds at RT,
placed in 1x PBS to blue, dehydrated through a series of graded
alcohols, and coverslipped with Permount medium (Surgipath).

Scanning

Bright-field whole-slide scanning was completed on all stained
slides with a ScanScope XT instrument (Leica). Regions of
interest were digitally captured as screen shots using Image-
Scope software (v12.3.3.5048, Leica). If an image required
rotation, the selected region of interest was captured using the
extraction feature in ImageScope. White balance correction
and image resizing were completed using Adobe Photoshop
(v2014.0.0 or later; Adobe). Image resolution was set at
300 dpi to fit the publisher’s requirements for image resolution.

Morphologic Evaluation

Placental anatomy and background pathology were evaluated
macroscopically at necropsy and/or in images acquired using a
dissecting stereomicroscope. Subsequently, normal placental
structures as well as selected abnormalities were assessed in

tissue sections using a bright-field microscope and/or whole-
slide scanned images. The atlas was assembled from represen-
tative macroscopic and microscopic images and annotated with
Adobe Photoshop CC 2018 to identify the salient features of the
evolving organization of placental structures.

Basic Principles of Placental Evaluation

Approaches to Phenotypic Analysis of the Developing
Mouse Placenta

The analysis of placental phenotypes in developing mice is
typically guided by the initial identification of a gross structural
defect in the placenta or by in utero lethality for which a struc-
tural cause cannot be defined within the embryo. The histo-
pathological appearance of anatomic lesions in the developing
placenta may provide clues regarding their cause, timing, and
the most appropriate techniques that might be used to further
characterize their attributes and impact. Major placental
defects commonly arise during organogenesis, the period of
development that encompasses the initial development of the
yolk sac, the initial linkage of the embryonic vitelline (umbi-
lical) vessels to the chorionic plate, and the ultimate forma-
tion of the definitive placenta. Evaluations of ecarly
placentation events, such as yolk sac formation and progres-
sive branching of the yolk sac vasculature, are typically done
in situ (ie, by evaluating implantation sites in the uterus) from
ES5.5 to E9.5, while examination of events such as expansion
of the embryonic labyrinth and progressive differentiation of
various cell lineages throughout the organ are generally per-
formed later in gestation (E10.5-term). The embryo-derived
placental precursor can be distinguished in free-floating blas-
tocysts within the oviducts starting at about E3.5. However,
mouse developmental pathology analysis at this early stage
usually emphasizes evaluation of the inner cell mass (ICM; ie,
the primordial embryo) and not the trophectoderm (ie, the
nascent embryo-derived placenta) that forms the outer blas-
tocyst wall.

Terminology and Embryonic Staging

The “embryo” classification scheme allows for a standar-
dized staging system for human embryos and distinguishing
between these stages may occasionally be of critical impor-
tance. By this system, an “embryo” is the in utero entity in
which all organ primordia are initially forming (in humans,
weeks 1-8 following fertilization), while a “fetus” is the in
utero organism in which all primordia have formed and now
are undergoing extensive expansion and remodeling (in
humans, weeks 9-37 following fertilization). Since the
mouse has a much shorter gestation period (19-20 days), the
designation of “embryo” versus “fetus” is less important in
this species, whereas the developmental age postconception
is critically important. For this reason, the term “embryo”
often is used to define all prenatal stages of murine develop-
ment between fertilization and birth, with the stage of
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development indicated by the gestational age (with concep-
tion, designated as EQ, occurring at approximately 0.5 days
after mating).'® For comparison, using the human staging
convention, the first two trimesters of development
(“embryo”) extend from EO to E14.5 in mice, while the last
trimester (“fetus”) encompasses E15.0 to approximately
postnatal day 7 in mice. This comparison illustrates that a
substantial portion of the “third trimester” in mice actually
occurs after birth."'

Selection of appropriate control specimens (especially for
times before E15.0) is defined in one of two fashions. The
preferred means is to identify “developmental stage-matched”
control mice using key macroscopic features of the develop-
ing embryo rather than to choose “age-matched” controls
based on the gestational day at which the animal is collected.
This strategy is essential because the difference in develop-
mental stage between the oldest and youngest embryos in
a mouse litter of a given embryonic age varies from 10 to
24 hours® 7’1213 exposure to a toxicant may amplify the
apparent difference between developmental stage and
embryonic age by causing delays in the rate in which treated
embryos reach particular developmental milestones.'' This
factor is especially critical if the pathology assessment will
include acquisition of quantitative data (eg, morphometric or
stereological measurements). Although an obvious best prac-
tice, control mice should also share the same genetic back-
ground as the experimental animals because the average
developmental stage for one mouse strain may vary by as
much 0.5 days from that of other mouse strains of the same
embryologic age."® For transgenic experiments, the genotypes
of the embryos are typically determined via limb snips
(E11.5-E13.5) or tail snips (E14.0-E18.5) and the wild-type
littermates are used as controls; yolk sac or amniotic sac (up
to E11.5) may also be used as a specimen for genotyping, but
these sites should not be sampled if the placenta is the main
tissue of interest. Normal developmental variation of embryos
and their placentas within a litter should still be considered
during histopathological evaluation.

Placental Tissue Collection

The procedure used to collect samples of the placenta depends on
the developmental stage during which the assessment is to be
conducted. When placenta needs to be isolated early in gestation
(<E10.5), the conceptuses (the combined embryo/placenta unit)
are best collected in situ (left undisturbed within the intact uterine
horn). This approach is especially effective due to the small size
of the conceptus, which is easily traumatized during removal.
With this approach, the definitive placenta will be anchored at
the mesometrial side of the uterine wall (ie, closest to the loca-
tions where maternal blood vessels enter the uterine wall), pro-
viding orientation during microscopic examination. Later in
gestation (E10.5-term), the placenta can be separated from the
embryo using a stereomicroscope. A pair of jeweler’s forceps are
useful to separate the tough uterine wall from the more friable
placental tissue. Two pairs of forceps can then be used to grasp

the yolk sac, separate, and remove it, or microscissors can be used
to cut the yolk sac to expose the amniotic sac, both of which can
then be removed to expose the conceptus. The use of small
microscissors rather than forceps permits more rapid specimen
collection during mid to late gestation. The scissors may be used
to open the uterus, detach the conceptus, and separate the pla-
cental membranes from the embryo. Collection and preservation
of the uterine wall at the attachment site (mesometrial side) of the
placenta are recommended in order to collect the entire placental
disc without cut or tear artifact.

Placental Fixation Protocols

The choice of fixation protocol will need to strike a balance
between the degree of architectural preservation desired and
several practical considerations, such as the technical skill
required for a rapid and reliable dissection. In general, soft pla-
cental tissue is well preserved by immersion fixation. Common
fixatives are aldehydes, such as neutral buffered 10% formalin
(NBF, which in commercial solutions typically contains metha-
nol as a stabilizer to inhibit the oxidation of formaldehyde to
formic acid); 4% PFA; and, if electron microscopy is of interest,
modified Karnovsky’s fixative (2.5% glutaraldehyde [Glut] with
2% PFA) or similar mixtures of fast-penetrating (NBF, PFA) and
slow-penetrating (Glut) aldehydes that provide better stabiliza-
tion of lipid-rich membranes and fine cell structures. Bouin’s
solution or modified Davidson’s solution, which include com-
ponents (acids and alcohols) that penetrate deeply and rapidly
through dense skin of older (approximately E13.5-term)
embryos,' may be used to fix placentas where the embryo and
placenta are to be fixed in a single vessel. An added advantage of
Bouin’s and modified Davidson’s solutions, when used for
embryos of any age, is that these agents substantially harden soft
tissues and decalcify bone, which permits manipulation and tis-
sue trimming of delicate embryos with less chance of producing
handling-related artifacts in the final tissue sections. However, a
disadvantage of Bouin’s solution as a placental fixative is that
hematopoietic cells inside blood vessels often rupture, which can
prevent an effective evaluation of blood cell numbers and struc-
ture within placental vessels.

Phenotypic Evaluation of the Placenta and Metrial Gland

A complete assessment of the placenta should include both
macroscopic and microscopic examinations.'>"!” The placenta
consists of readily discernible embryonic and maternal areas.
Key embryonic derivatives include a layered placental disc
(comprised from deep to superficial, the chorionic plate, labyr-
inth, and junctional zone) and membranes that envelop the
embryo (amnion and yolk sac). The maternal region is the cap
of decidua (including the metrial gland) that rests on top of the
embryo-derived placental disc. The metrial gland is a transient
maternal-derived placental support structure comprised of spe-
cific cell types clustered around a dense bed of winding blood
vessels (maternal spiral arteries). This area is known variously
as the metrial gland (the term used hereafter in the atlas),
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mesometrial triangle, or mesometrial lymphoid aggregate of
pregnancy.'®?! Although used interchangeably in some
instances, the mesometrial triangle more accurately refers to
a broader area of the uterine implantation site that also houses
the metrial gland once it has formed.?*** The metrial gland is a
pregnancy-specific modification of the mesometrial uterus that
is intimately connected to the developing chorioallantoic pla-
centa of the rodent. It is formed during the process of decid-
ualization after the umbilical cord is established during
chorioallantoic attachment. From that point, trophoblast cell
invasion into the uterine wall results in uterine tissue remodel-
ing to form the metrial gland prior to the formation of the
definitive placenta. The mature metrial gland consists of decid-
ualized cells, numerous loops of spiral arteries, macrophages,
and immune cells. This area is considered an expansion of the
uterine decidua or a deeper part of the maternal-origin placental
bed. Functionally, the metrial gland aids in modification of the
mouse uterine tissue at the time of pregnancy and in prepara-
tion for placental development throughout gestation. The
metrial gland is important as it is located in the region of the
uterus through which most maternal blood flow will pass upon
entry into the placenta and can play a key role in some placental
and gestational disorders.'” Placental findings may be identi-
fied in one or several of these discrete structures by macro-
scopic and microscopic evaluation.

Upon removal from the uterus, the surface should be exam-
ined for any abnormalities in shape, size, and/or color. In order
to ensure the metrial gland is harvested with the placenta, it is
good practice to leave the mesometrial uterine wall attached to
the placenta. Key macroscopic findings may be photographed.
If necessary, placentas may be weighed, but in our experience,
this end point is not a standard component of placental pheno-
typic screens. For histopathologic evaluation, the usual orien-
tation for metrial gland and placental trimming is to prepare
mid-axial cross sections. Initial histopathologic assessment of
metrial gland and placental phenotypes often is limited to a
qualitative or semiquantitative (ie, graded) evaluation of the
contours and sizes of major zones and identification of obvious
cellular and tissue alterations using conventional H&E-stained
sections. On occasion, the distributions and numbers of one or
more placental cell lineages may be probed in serial sections
using THC to detect cell type-specific biomarkers. Quantitative
methods to examine the sizes and/or numbers of cells (via
morphometry and/or stereology) generally are done only to
evaluate specific hypotheses,** and as such these special meth-
ods are not addressed in the current atlas.

24-Hour Incremental Gross Placental
Development

Understanding the underlying growth and development of specific
tissues and the mechanisms that disrupt them is a key aspect in
many areas of scientific research. In this regard, scientists often
rely on histological evaluation and IHC staining techniques to
identify and mark areas of importance. However, there is value
in analyzing the gross specimens from which the later histological

and THC images are derived (Figures 3—17). The gross image is
what the naked eye sees before fixation and processing, and altera-
tions in color, shape, and/or size can often be the cue to dive
deeper into a research endeavor. Although many pathological
abnormalities are not visible to the naked eye, some disruptions
(eg, early resorptions, mid- or late-gestation embryonic death)
present with telltale macroscopic lesions that can save time and
money when deciding how to proceed with experimentation or
what direction the research should take. Gross images can also
provide a timeline of development that may be easily overlooked
at the microscopic level. In the case of mouse pregnancy and
placental development, conceptuses in the same uterine horn may
have developmentally different ages of up to 24 hours.?> This is
due to the differential rates at which implantation may occur,
which causes subtle physiological and chronological age varia-
tions. Observations of physically smaller embryos or placentas
would be a straightforward indication for the presence of physio-
logical and chronological age variations. However, during the
later stages of definitive placental development (E12.5-E18.5),
estimating these age differences can be more challenging through
gross images alone.

Beginning at ES.5, mouse implantation sites begin showing
elongation of the ectoplacental cone and the initial formation of
the choriovitelline placenta. The choriovitelline placenta con-
sists of the chorion fused to the yolk sac, which facilitates blood
exchange interactions supporting the embryo until approxi-
mately E8.5. Going forward from ES.5, gross images are of
increasing importance for assessing normal versus abnormal
morphology due to the accelerated development that occurs
until birth, around E19.5. During this 14-day period, drastic
changes in development are occurring rather quickly, almost
on a 24-hour basis in mice, with the bulk of these major
changes occurring between ES5.5 and E12.5. To underscore the
importance of gross images and their use as a tool for patho-
logical assessment, we have created a timeline highlighting
gross placental development in 24-hour increments beginning
at ES.5 and continuing through E18.5 (Figures 3—17). Experts
and nonexperts alike can benefit from examining gross images
such as these to help with orientation, direction, and position-
ing before moving to a microscopic level of pathological
examination.

Stages of Normal Placental Anatomy
and Development

EO to E4.0—Early Events in Embryogenesis Needed
for Effective Placentation

For mouse development, the time of conception for overnight
matings is often regarded as EO and given the timestamp of
midnight (Table 1).° The following morning (regarded as
EO0.5), the copulation plug can be detected in the dam’s vagina,
and the zygote (one-celled embryo) has formed after fertiliza-
tion.?®*” The embryo remains in the oviduct lumen where it
will continue to divide, transitioning over several days from a
single-celled zygote to multicellular embryo while continuing
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Table I. Key Developmental Events in Placental Formation.?

Gestational
Time Important Processes and Key Structures Figure
EO Processes: Conception during overnight mating
Key structures: None at this time
e Conception is given the timestamp of midnight and embryonic age is regarded as EO,
causing the following noon (12 pM) to be regarded as E0.5
E3.5-5.0 Processes: Implantation and initial placenta formation 1,2
Key structures: Blastocoel, inner cell mass (ICM; ie, the embryo proper), mural trophoblast,
polar trophoblast
e Blastocoel cavity forms by E3.0—distinction of the ICM from the trophoblast
e Polar trophoblast cells have migrated to surround (cover) the ICM
e Mural trophoblast cells have migrated to bound the blastocoel, giving rise to the
trophoblast giant (TG) cells
e Decidualization of the antimesometrial endometrial tissue commences
e Egg cylinder becomes positioned next to the antimesometrial side of the uterus
E5.0-6.0 Processes: Endometrial decidualization and formation of the ectoplacental cone 2,3,18
Key structures: Egg cylinder, ectoplacental cone, metrial gland
e Egg cylinder forms by E5.0 via increased cellular replication by the mural trophoblast
O Polar trophoblast cells differentiate to form the embryonic ectoderm
0 ICM orients toward the mesometrial uterine wall (entry point for maternal blood
vessels)
e Ectoplacental cone forms by E5.5 as a result of proliferation in the egg cylinder
O Primary trophoblast giant cells differentiate from the ectoplacental cone
O Parietal trophoblast giant cells further differentiate from the primary giant cells
e Metrial gland forms by E6.0
o Uterine natural killer (uNK) cells collect in the uterus to aid in decidualization,
placental angiogenesis, and regulation of maternal immune responses against
paternal antigens expressed by the embryonic and placental tissues
E6.0-7.5 Processes: Formation of the yolk sac, delineation of the amnion from the exocoelomic cavity, 4,519, 20
and initiation of histiotrophic nutrition
Key structures: Yolk sac cavity, amniotic cavity, and the exocoelomic cavity
e Parietal endoderm and visceral endoderm (outer and inner walls of the yolk sac) have
moved to line the blastocoel cavity by E6.0; the space between them is the yolk sac
cavity
e Reichart’s membrane covers the outer surface of the parietal endoderm by E6.0,
separating it from the adjacent mural trophoblast
Proamniotic cavity forms near E6.0
Amniochorionic fold occurs by E7.0 and delineates the proamniotic cavity from the
exocoelomic cavity while also establishing the chorion
Proamniotic cavity is sealed, and the amnion is formed by E7.5
Choriovitelline (yolk sac-based) placentation supplies embryo by histiotrophic means
(phagocytosis and digestion of nutrient-laden maternal cells and secretions)
E7.0-8.5 Processes: Initiation of the allantoic bud, yolk sac hematopoiesis, and chorioallantoic fusion 6, 21
Key structures: Allantoic bud, allantois, chorionic plate, yolk sac
The allantoic bud is initiated and begins to elongate by E7.5
Clusters of hematopoietic stem cells (“blood islands”) form de novo in the yolk sac
The extending allantois becomes completely surrounded by flattened mesothelium near
E8.5
e Endothelial tissue differentiates internally in the allantois at multiple sites (prior to
formation of continuous vascular channels) by E8.5
e Allantois contacts the flattened chorionic plate by E8.5
e Chorioallantoic attachment and fusion, which establishes the umbilical cord, occurs by
E8.5
E8.5-9.5 Processes: Labyrinth induction and junctional zone formation 7, 22, 23, 32

Key structures: Labyrinth, junctional zone, decidua
e Labyrinth is induced to form following chorioallantoic fusion at E8.5
O The differentiation of cytotrophoblasts and syncytiotrophoblast types | and Il is
initiated by E8.5
O Primary labyrinth tissues are formed by E9.0
O Maternal blood enters the labyrinth by E9.5
e Junctional zone is formed by E9.5
o Differentiation of spongiotrophoblast cells and glycogen cells in the junctional zone
occurs by E9.5

(continued)
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Table I. (continued)

Gestational

Time Important Processes and Key Structures

Figure

E10.0-E12.0 Processes: Definitive placenta launches, transition to hemotrophic nutrition

8,9, 25, 26, 36, 43

Key structures: Labyrinth, junctional zone, decidua, chorionic plate
e Transition from choriovitelline (yolk sac-based) placenta to chorioallantoic (labyrinth-

based) placenta begins to take affect at E10.0

e Conversion from histiotrophic (yolk sac-based, phagocytosis-enabled) to hemotrophic
(labyrinth-based, vascular-enabled) nutrition, where nutrient transfer occurs by
countercurrent exchange from maternal sinusoids to embryonic blood vessels

e Embryonic red blood cells (RBCs) in the labyrinth begin to include both nucleated

(“primitive”) and non-nucleated (“definitive”) forms

e Spiral arteries in the uterine wall become lined by trophoblast giant cells

E12.5-E13.5 Processes: Definitive placenta becomes fully functioning

10, 11, 24, 27, 28, 32, 36

Key structures: Labyrinth, junctional zone, decidua, chorionic plate

e uNK cell numbers plateau in the decidua by E12.5

e Spongiotrophoblast cells of the junctional zone move from a mass to a more sheet-like

configuration by E12.5
El4.5

Processes: Definitive placenta maximizes maternal/embryonic blood exchange

12, 29, 36

Key structures: Labyrinth, junctional zone, decidua, chorionic plate
e Labyrinth contains solely non-nucleated RBCs of maternal and embryonic origin by

El4.5

e Labyrinth has peaked in size and comprises approximately half the total placental weight

EI5.5-E17.5 Processes: Degradation of decidual tissue

Key structures: Labyrinth, junctional zone, decidua, chorionic plate

13, 14, 15, 17, 30, 31, 32, 33,
34, 36, 42, 44, 45

e Numbers of uNK cells begin to decline in the decidua
e Decidual tissue begins to deteriorate in preparation for birth

E18.5 Processes: Preparation for birth

16,33, 35, 37, 38, 39, 40, 41, 46

Key structures: Labyrinth, junctional zone, decidua, chorionic plate
e Quantity of glycogen cells in the junctional zone has increased 250-fold by EI8.5 from

the time of their differentiation around E9.5

?If not listed in table, structure not yet formed at this time point.

its progress down the oviduct.?” By E2.5, the embryo exists as a
morula, a solid mass of up to 32 totipotent embryonic stem cells
that have equal potential to differentiate into any and all future
embryonic or placental (ie, extraembryonic) tissues.?”-*®
Approaching E3.0, the morula, now comprised of approxi-
mately 64 cells, has reached the entrance to the uterus.”’®
Upon entering the uterine lumen, the morula begins to cavitate,
transitioning from a solid mass of cells into a hollow ball
termed a blastocyst.>” The formation of the blastocoel (ie, the
central cavity) results in the formation of two distinct cell
lineages, the ICM and the trophectoderm, that define the initial
polarity of the embryonic body axis.”” The ICM continues to
accumulate cells via replication, building a crescent-shaped
plate inside the blastocoel cavity at one margin (termed the
“animal pole”); this thickened cell plate eventually will
become the embryo proper.>’ The thin trophectoderm away
from the ICM (termed the “vegetal pole”) forms the remaining
blastocyst wall and thus becomes the first extraembryonic
membrane. This accumulation of cells coupled with increasing
fluid within the blastocoel leads to increasing pressure within the
expanding cavity that results in hatching of the blastocyst from
the zona pellucida (a thick glycoprotein membrane covering the
outer surface of the embryo).>”2° This “zona hatching” process
occurs at approximately E4.0 in conjunction with the release of

proteolytic enzymes by the maternal endometrium, which serves
as a necessary precondition for embryonic implantation.”* In
addition, by E4.0, the uterine lining has been prepared for
implantation via cyclic fluctuations of blood-borne (ie, maternal)
progesterone and estrogen concentrations.*’~°

E4.5 to E5.0—Implantation and Initial Placenta
Formation

During the peri-implantation period (around E4.5), the ICM has
developed into distinct cell layers, separating into trophectoderm
(outer), epiblast (middle), and primitive endoderm (inner)
strata.”” The trophectoderm associated with the ICM is contin-
uous with the trophectoderm that forms the wall of the blasto-
coel. 23132 At this stage, the epiblast (which will contribute to
the ectodermal and mesodermal components of the embryo
proper) becomes distinct from the hypoblast, which will develop
into the future extraembryonic endoderm that will be necessary
for development of the yolk sac.?”** Simultaneously, the tro-
phectoderm further differentiates such that the trophectoderm
surrounding the ICM becomes the polar trophoblast while that
which surrounds the blastocoel becomes the mural tropho-
blast.”*** The mural trophoblast gives rise to trophoblast giant
cells at various times during placental development, beginning at
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E5.0 to E5.5.%° The trophoblast giant cells serve as a nonproli-
ferating layer that separates the embryo-derived extraembryonic
membranes from the maternal-derived decidua—which together
form the elements that will differentiate into the placenta.?’
These trophoblast giant cells form through a process of endo-
reduplication (also termed endoreplication), duplicating their
DNA without undergoing cell division.>>” As a result, mouse
trophoblast giant cells exhibit polyploidy, containing many cop-
ies of embryonic DNA.*>> As the hatched blastocyst becomes
embedded in the antimesometrial uterine wall and the mural
trophoblast abuts the maternal endometrium, the initial implan-
tation site still remains visually indistinguishable from the sur-
rounding endometrial lining of the uterus.?®*® The
antimesometrial side of the uterus is the site responsible for
implantation and is opposite the mesometrial side, which con-
sists of the broad ligament of the uterus (a connective tissue
attachment that holds the uterine blood supply) and is the portion
of the uterine wall where placental formation occurs.

Once in contact with the uterine endometrium, the tropho-
blast giant cells of the mural trophectoderm will further differ-
entiate into primary giant cells that are responsible for regulating
decidualization, the process by which maternal endometrium is
progressively remodeled into the specialized tissue (termed
decidua) that is needed to support the conceptus.*** As implan-
tation proceeds, uterine remodeling begins via the active inva-
sion and phagocytic activity of the primary giant cells as they
invade the uterine wall.***® The stromal cells comprising the
endometrium differentiate under the influence of elevated circu-
lating progesterone levels to become large, polygonal decidual
cells.>>° Only stromal cells at implantation sites undergo decid-
ualization®; intervening areas of the uterine wall between
implantation sites retain their usual prepregnancy structure.*”
Once decidualization is underway, trophoblast giant cells that
contain many microvilli become interlocked with the maternal
decidual cells of the antimesometrial wall, helping to initiate the
encirclement of the embryo by uterine tissue.’~° This interlock-
ing connection is later lost as the trophoblast giant cell microvilli
recede, thus allowing the trophoblast giant cells and decidual
cells to become separated by channels (termed maternal blood
spaces [MBS]) in which maternal blood will circulate.*®

As the ICM continues to differentiate, the primitive endo-
derm of the ICM migrates to line the inner surface of the mural
trophoblast.?’ Immediately after making contact with the endo-
metrium, the ICM has no distinct orientation.?’” Cell—cell com-
munication between the endometrium and polar trophoblast
results in the ICM positioning itself such that it is as close as
possible to the mesometrial wall of the uterus (ie, the entry
point for nutrient- and oxygen-rich maternal blood).?” Once
situated near the mesometrial wall, the polar trophoblast begins
to proliferate, forming cell aggregates that will become the
extraembryonic ectoderm (EE) and the ectoplacental cone.?”**!
At this point in the immediate postimplantation process, the
trophectoderm and its differentiated cell lineages make up the
majority of the conceptus, comprising nearly 70% to 80% of
the cells.”’

E5.0 to E6.0—Egg Cylinder, Ectoplacental Cone, and the
Metrial Gland

By E5.0, the cells of the mural trophoblast are continuing to
divide, resulting in elongation of the blastocyst.?”** This uni-
directional expansion away from the mesometrial side of the
implantation site leads to formation of the elongated egg cylin-
der (Figure 18).%” The polar trophoblast cells surrounding the
ICM, now positioned near the mesometrial wall of the uterus,
have continued to differentiate and form the EE, which impinges
on the epiblast and the primitive endoderm of the ICM.*® This
proliferation and subsequent pressure causes formation of the
ectoplacental cone and contributes to formation of the egg cylin-
der.*®*" At this time, the primitive endoderm of the ICM has
begun to separate into visceral and parietal endoderm that will
come to line the interior of the egg cylinder wall %%’

The ectoplacental cone appears as a triangular cap of cells
that extends into the mesometrial decidua.?’*® The ectoplacen-
tal cone will later give rise to other important layers of the
definitive placenta, such as the labyrinth and several other
differentiated trophoblast giant cell types.?’® The primary
giant cells proliferating from the mural trophoblast to form the
ectoplacental cone maintain a high level of cellular replication
and retain the cytoarchitectural features typical of undifferen-
tiated stem cells.>**>** These characteristics include sizable
nuclei as well as the accumulation of free ribosomes on the
Golgi apparatus and endoplasmic reticulum.*® Secondary tro-
phoblast cells that arise from further differentiation of the pri-
mary giant cells after implantation has occurred continue to
retain these same cell characteristics as well.**** Extending
from the outer region of the ectoplacental cone, secondary
trophoblast cells termed parietal giant cells come to surround
the entire ectoplacental cone and eventually the entire embryo.
These secondary trophoblast cells serve to take up nutrients
from maternal tissue, including by phagocytosis of detached
decidual cells (a process known as histiotrophic nutrition).>**°
The parietal giant cells maintain close connections with the
decidua and are responsible for much of the uterine remodeling
done in preparation for the formation of the junctional zone,
which involves reconfiguring the maternal vascularization.****
Around E6.0, some decidual cells on the mesometrial side of
the uterus undergo apoptosis to increase the channel volume of
the MBS.?"3% At this time, the MBS in the vicinity of the
ectoplacental cone begins to accumulate maternal anucleated
red blood cells (aRBCs).?’

Moving outward, these secondary trophoblast cells become
larger and further spaced from one another, with more rando-
mized shapes due to their multiple cytoplasmic connections
with neighboring cells.*® They form the basis of the separating
layer that will ultimately become the junctional zone and con-
tribute to the development of the villous blood spaces.*
Because these trophoblast giant cells exhibit some phagocytic
characteristics, after the proliferation and migration of second-
ary trophoblast cells, both leukocytes and erythrocytes may be
seen among their intracellular spaces.>*
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Beginning at ES5.5, the uterine wall is undergoing the sub-
stantial modifications necessary to facilitate initial placenta
formation.”** These modifications include the collection of
specialized innate immune cells, variously designated uterine
natural killer (uNK) cells or granulated metrial gland cells,*
along the triangular area of ectoplacental cone invasion.***
These specialized maternal-origin lymphocytes of the NK cell
lineage** serve to aid decidualization, mediate the process of
implantation (especially angiogenesis*’) and downregulate
maternal immune reactions to the foreign (paternal) antigens
inherent in the conceptus.”******7 The uNK cells of rodents
express NK lymphocyte markers (eg, granzyme, perforin®>*%)
and some macrophage markers (eg, F4/80*%%). Collectively,
the uNK cells as well as trophoblast giant cells and blood
vessels cluster near the mesometrial uterine wall in the metrial
gland.

Early during decidualization, the uNK cells increase in num-
ber across the entire decidua. Subsequently, all uNK cells out-
side the triangular invasion area of the ectoplacental cone
undergo degradation, thus focusing metrial gland formation
in the center of the maternal tissue.** Although uNK cells begin
to differentiate around the time of implantation, they continue
to develop throughout gestation and go through several
changes in appearance until their degradation.*> They are com-
monly observed to produce many cytoplasmic projections,
which is suggestive of substantial migratory capabilities.** The
ulNK cells contain many circular, dark pink cytoplasmic gran-
ules in H&E-stained sections.*> Up until E14.5, these granules
continue to increase in both quantity and size.*?

E6.0 to E7.5—Yolk Sac Cavity, Reichart’s Membrane,
and Amniotic Cavity

At E6.0, the primitive choriovitelline placenta is the main
source of embryonic nutrition and regulator of maternal blood
flow for the embryo.*° At this time, prestreak gastrulation
begins to establish the initial body plan for the embryo; the
choriovitelline placenta, which forms via invasion of the mater-
nal decidua by trophoblast cells, supports this embryonic trans-
formation through generation of the first functional placental
membrane—the yolk sac—as well as a constellation of tropho-
blast giant cells, vitelline vessels (which connect the yolk sac to
the embryonic circulation), and maternal blood vessels
(Figure 19).*° All of these parts work in conjunction with one
another to support the embryo while awaiting completion of the
structures of the definitive placenta.*®

Once trophoblast invasion has commenced along the ecto-
placental cone, the cells of the epiblast become distinguishable
from the EE.*® Gastrulation (ie, the process by which the three
main germ cell layers in the embryo proper are formed) occurs
near E6.5, thereby giving rise to the mesoderm (middle) germ
cell layer as well as the exocoelomic cavity from which the
yolk sac cavity forms. At the same time, the amnion, allantois,
and chorion elements of the placenta originate.”***° The same
morphogenetic rearrangements of the polar trophoblast that
form the ectoplacental cone also form the interior lining of the

EE and epiblast by the differentiated cuboidal-shaped cells of
the visceral and parietal endodermal cells of the hypoblast.*’
The parietal endoderm has moved to line the internal layer of
the former blastocoel wall, while the visceral endoderm con-
tinues to envelop the embryo; the fluid-filled space arising
between these two yolk sac-derived epithelial sheets is the yolk
sac cavity.””*” During formation of the egg cylinder, a con-
formational change of the mouse embryo allows for inversion
(twisting of the embryo within the placenta) around ES5.5,
which results in the parietal and visceral portions of the yolk
sac being positioned close to one another (while embryonic
endoderm faces the exterior of the egg cylinder and embryonic
ectoderm faces the inner surface of the trophoblast layer).?’
Near E6.0, the parietal endoderm cells secrete a variety of
proteins and extracellular matrix components that come
together to from Reichart’s membrane, a structure unique to
the rodent placenta.”’*° Reichart’s membrane is a homoge-
neous, acellular, tough membrane that forms on the outer sur-
face of the parietal endoderm, thus separating this portion of
the yolk sac from the adjacent trophoblast cell layer.?”-*’
Reichart’s membrane serves as an additional protective layer
for the embryo by remaining on the exterior of the yolk sac.?’
The yolk sac remains positioned such that its visceral (inner)
wall approaches the amnion’s attachment to the embryo, while
its parietal (outer) wall is adjacent to Reichart’s membrane.?’

Shortly after the yolk sac and Reichart’s membrane begin to
be established (near E6.0), the proamniotic cavity begins to
form as a precursor to the amniotic cavity.?’*® The cells of the
primitive ectoderm that remain in the ICM cavitate to form the
hollow lumen of the proamniotic cavity.>*>! The formation of
the proamniotic cavity is dependent on initiation of the primi-
tive streak in the embryo proper, which occurs at E6.0.%® The
primitive streak promotes initiation of gastrulation, from which
the mesodermal germ layer will arise as ectodermal epithelial
cells lose their adhesiveness, transition to become mesenchy-
mal cells, and then migrate between the embryonic ectodermal
and endodermal germ layers.”®>* The extraembryonic meso-
derm and EE are derived from different areas along the epi-
blast, with amniotic mesoderm originating in the caudal region
and amniotic ectoderm originating in the cranial region.>” After
formation of the proamniotic cavity, extraembryonic meso-
derm accumulates near the caudal end of the epiblast forming
what is known as the amniochorionic fold, also referred to as
the caudal amniotic fold.®** Formation of the amniochorionic
fold is soon followed by additional folds along the lateral sides
of the egg cylinder.>? The amniochorionic fold pushes into the
lumen of the proamniotic cavity and begins to delineate the
amnion from the exocoelomic cavity, oriented such that amnio-
tic mesoderm faces the exocoelomic cavity and amniotic ecto-
derm faces the proamniotic cavity.?®>% In separating the
exocoelomic cavity from the proamniotic cavity, the amnio-
chorionic fold also forms the chorion, which was established
by the EE and the trophoblast giant cells of the ectoplacental
cone and will soon develop multiple cell layers and partici-
pate in trophoblast cell differentiation.”->* The portion of the
chorion at which the allantois will attach is known as the
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chorionic plate and is key to initiating labyrinth formation and
developing the vascular network.’® Once the amniochorionic
fold has divided the proamniotic cavity from the chorion, the
EE is now referred to as chorionic ectoderm, and it remains
separate from the amniotic ectoderm.>? In addition to the
amniotic cavity and exocoelomic cavity, the amniochorionic
fold also delineates the ectoplacental cone at this time.” At
E7.5, the proamniotic cavity is completely sealed, forming the
amniotic cavity which serves as a space that divides the ecto-
placental cone from the embryo (Figure 20).%” Later in devel-
opment, the amnion will surround the entire embryo, which
develops inside the amniotic cavity once it has undergone the
process of turning.?’

After the yolk sac has been fully formed (around E7.5),
aggregates of embryonic red blood cell progenitors (known as
“blood islands™) begin to collect in the yolk sac.”® The blood
islands represent some of the first primitive hematopoietic cells
in the embryo, while the aorta-gonad mesonephros (AGM) also
plays a role in hematopoietic cell activity until definitive hema-
topoiesis begins in the liver at approximately E10.0.>+°

E7.0 to E8.5—lnitiation of the Allantoic Bud
and Chorioallantoic Fusion

The late-streak stage of gastrulation occurs near E7.0.%® At this
time, the allantoic bud begins to form at the caudal end of the
embryo, through a process known as vasculogenesis. This
allantoic bud will eventually serve as the umbilical cord (ie,
the bridge between the embryo and the chorionic plate located
at the base of the placenta that consists of two arteries and one
vein).?”?%5257 The allantoic bud is comprised of mesoderm
generated by the caudal end of the primitive streak shortly after
the initiation of the amniochorionic fold." During allantoic bud
initiation, the amnion and chorion have not become distinct
from one another.”® The amniochorionic fold delineates the
chorion, but by E8.0, the chorion is beginning to bulge outward
from the center, which places it in contact with the basal layer
of the ectoplacental cone.>® Once in contact, the ectoplacental
cone then spreads along the entire chorion, thereby effectively
removing the ectoplacental cavity and resulting in the chorion
becoming several cell layers thick prior to chorioallantoic
fusion.>® The amniochorionic fold has not yet separated the
proamniotic cavity from the exocoelomic cavity at the time
the allantoic bud is initiated. However, the enlargement of the
allantois coincides with this separation event, which leads to
the formation of the amniotic cavity.'"2%->2

Elongation of the allantoic bud occurs by three distinct
means. These include cavitation, proliferation of cells already
within the bud, and the migration of mesenchymal cells from
the primitive streak to join the cells of the allantoic bud.'~° The
initiation of elongation is characterized by the differentiation of
the bud cells into a flattened form of mesothelium at the point
farthest from the embryonic attachment."*° The differentiation
of flattened mesothelial cells continues throughout the elonga-
tion process as the allantois spans across the exocoelomic cav-
ity toward the chorionic plate.’*®® Around E8.5, this results in

the entire allantois being surrounded externally by a layer of
flattened mesothelium.?®® In addition to mesothelial tissue,
the allantois also differentiates into endothelial tissue that will
line the inner surfaces of embryonic blood vessels once fusion of
the allantoic tip to the chorionic plate takes place.*® Differentia-
tion of cells into endothelium occurs soon after mesothelial dif-
ferentiation and leads to widespread blood vessel formation,
while the allantois is still elongating across the exocoelomic
cavity.'**®" Vascularization in the allantois is a de novo multi-
focal process that initiates independently in areas most distal
from the yolk sac and also in the developing embryo itself.'°

Once the allantois has reached the chorionic plate by E8.5,
another important event occurs without which the embryo can-
not survive.>” This event is known as chorioallantoic attach-
ment or fusion (Figure 21). This fusion is vital for the
establishment of the chorioallantoic placenta that will serve
as the definitive placenta from which all nutrient and gas
exchanges will occur and supply the embryo throughout the
latter half of gestation.'?”**! The exact mechanism that
drives chorioallantoic fusion is still unknown."°"-*> The diffi-
culty in understanding this phenomenon is in part due to the
early death of embryos in which fusion fails to occur.®* How-
ever, it is known that chorioallantoic fusion is directed by the
differential expression of proteins in the external mesothelium
that covers the allantois.'*®"**> These mesothelial cells express
proteins that facilitate a selective adhesiveness for chorionic
tissue in a time-dependent manner and that helps facilitate the
attraction and anchoring of the distal allantois to the chorionic
plate.'>%61:63:54 The basal chorionic tissue also expresses proteins
necessary for proper fusion; however, they are expressed over a
wider time period in relation to allantoic protein expression.** This
fusion enables merging of the tissues that culminate ultimately in
the induction of the labyrinth, which functions to enhance counter-
current exchange of gases and nutrients between the maternal and
embryonic circulations of the placenta.>®

Simultaneously around E8.5, the embryo undergoes the pro-
cess of turning, in which the torso rotates back to the typical
position (ie, tail curling toward the ventral body wall) seen in the
later stages of normal development.>”**% Embryonic rotation is
necessary in mice to reverse the earlier inversion process that
occurred around E5.5.3% After the process of turning is complete,
the embryo is wholly surrounded by the amnion and yolk sac.>>

E8.5 to E9.5—Labyrinth Induction and Junctional Zone
Formation

Once induced to form by chorioallantoic fusion at E8.5, the
labyrinth begins to expand and differentiate, acquiring many
branching channels by E9.0.° The highly branched labyrinth
serves to increase the surface area for maternal/embryonic gas,
nutrient, and waste exchange, in a fashion equivalent to the
primary villi in the human placenta.** The labyrinth forms
from embryo-derived and extra-embryonic tissue through a
combination of chorionic folding in conjunction with further
invasion of the allantoic mesoderm into the chorionic plate
(Figure 22).% As the chorion folds, the allantoic mesoderm and
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its blood vessels penetrate into the gaps, wearing away chor-
ionic tissue and promoting vascularization of the labyrinth
while also bringing the allantoic branches of embryonic blood
vessels into contact with the chorionic ectoderm.'~**%¢ Once
in contact with the chorionic ectoderm, the allantoic vascula-
ture induces the formation of other differentiated trophoblast
cell types including cytotrophoblasts (also known as sinusoidal
trophoblast giant cells) as well as syncytiotrophoblast types I
and IL.'3%6%%¢ The differentiation of these three trophoblast
cell lineages is limited to the tips of the branching allantoic
tissue as it invades the chorionic plate to form the labyrinth.?
The syncytiotrophoblast I and syncytiotrophoblast II cells
form two stacked, continuous cell layers, while the cytotro-
phoblasts form a discontinuous layer; these three embryonic
strata are the only tissues separating the MBS (termed
“sinusoids™) and embryonic blood vessels of the labyrinth.*”
This multilayered barrier is known as the interhemal barrier.’®
The direct apposition of the trilaminar embryonic elements
(ie, three trophoblast layers) with the blood-filled maternal
sinusoids without any intervening maternal tissue layers
defines the “hemotrichorial” nature of definitive placenta
in mice (Figure 23).>**7 By comparison, the human and
nonhuman primate placentas have a hemomonochorial
arrangement that involves only a single layer of trophoblast
separating the embryonic and maternal circulations in villus
formation.®’

The cytotrophoblasts are mononuclear cells that play an
important role as secretory components for producing and
transmitting hormones through the maternal/embryonic inter-
face.>> The cytotrophoblasts constitute the outer, discontin-
uous layer of labyrinth trophoblast cells that directly contact
the maternal blood within the maternal sinusoids.** Syncy-
tiotrophoblast I and syncytiotrophoblast II cells that make up
the inner two continuous layers of the labyrinth are multi-
nucleated due to cell—cell fusion (rather than endoreduplica-
tion).>* This multinucleation is associated with improved
nutrient and gas exchange.®” The trilaminar structure of the
mouse labyrinth is retained due to tight connections that syn-
cytiotrophoblast I and syncytiotrophoblast II layers maintain
with each other as well as the connection the syncytiotropho-
blast II layer maintains with the endothelial cell layer that
lines the embryonic blood spaces.>* Conversely, the cytotro-
phoblasts maintain loose connections to the underlying syn-
cytiotrophoblast layers, sometimes exhibiting protrusions
toward the embryonic blood spaces. This allows for easier
access to the MBS and maximizes exchange across the pla-
cental barrier.>* Prior to E9.5, the labyrinth layer is composed
chiefly of embryonic endothelial cells that line the embryonic
capillaries; these spaces are easily identified since they con-
tain nucleated (embryo-derived) red blood cells (nRBCs).?”-%®
At E9.5, maternal blood begins to enter the labyrinth sinusoids
once they are lined completely by the syncytiotrophoblast I
and syncytiotrophoblast IT cells.***” The maternal blood entering
the labyrinth sinusoids at this time contains aRBCs.*®

After the trilaminar trophoblast structure of the labyrinth has
been established, an additional placental structure, the

junctional zone, forms and serves as a separating layer
between the labyrinth and the maternal decidua.*® Similar
to the labyrinth, the junctional zone contains many sinusoids
that function in the process of gas, nutrient, and waste
exchange.* However, substrate exchange from maternal to
embryonic blood spaces is less efficient in the junctional zone
because the dilated MBS in this region consist of large venous
sinusoids containing maternal blood that is being transported
slowly back toward the decidua after having gone through and
then exited the labyrinth.* The junctional zone also contains
two other types of differentiated trophoblast cells known as
spongiotrophoblast cells and glycogen-containing trophoblast
cells, also known as glycogen cells.* The spongiotrophoblast
cells line the maternal venous sinusoids and make up the bulk
of the cells in the junctional zone beginning around E9.5.*
The parietal giant cells that extended into the decidua along
the exterior of the ectoplacental cone during the earlier pro-
cess of decidualization still remain in the region between the
junctional zone and decidua, abutting the spongiotrophoblast
cell layer of the junctional zone.’® Later in development of the
junctional zone, the glycogen cells begin to differentiate, and
the morphology of the spongiotrophoblast cells becomes
more distinct (Figure 24).*

E10.0 to EI8.5—Definitive Placenta Launches
and Becomes Fully Functional by E12.5

By E10.0, the structure of the primitive choriovitelline (“yolk
sac”) placenta is beginning the transition to the more mature
chorioallantoic (“labyrinthine”) configuration, which is termed
the “definitive” placenta once it develops fully around E12.5.%%
The transition to the chorioallantoic placenta is marked by a
switch to reliance on hemotrophic nutrition (ie, countercurrent
exchange of vascular-borne nutrients along concentration gradi-
ents) rather than histiotrophic nutrition (ie, phagocytic uptake of
maternal secretions by embryonic cells). This conversion is an
absolute prerequisite to sustain the substrate requirements for the
rapidly growing embryo.?” At E10.0, a cross section of the pla-
centa reveals four distinct placental layers: the decidua (outer),
junctional zone (middle), labyrinth (inner), and chorionic plate
(basal site to which the umbilical cord attaches).>® Although
formed and actively functioning by E12.5, each of the structural
layers of the definitive placenta continue to undergo further
modification designed to facilitate nutrient exchange until just
before birth (E18.5; Figures 25 and 26).

The maternal decidua, the layer that is situated farthest
from the embryo, is attached to the uterine wall. At E10.0, it
is comprised of several maternal cell lineages—decidual cells,
uNK cells, and incoming maternal vasculature—as well as
several classes of invading, embryo-derived trophoblast cells.’®
The remodeling of the maternal endometrium to form the
decidua begins soon after implantation through the process of
decidualization; however, further remodeling of maternal vas-
culature continues later in development as the chorioallantoic
placenta becomes active.®® Spiral arteries located in the metrial
gland and decidua make up the maternal vasculature in these
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placental layers.” The spiral arteries coursing through the
decidua lose smooth muscle in their vessel walls and become
lined by trophoblast giant cells, first in the outer metrial gland
(by E10.0) followed by the vessels in the deeper decidua
(E10.5).>%%% These arteries are vital to the blood and nutrient
exchange process that is carried out by the definitive placenta
(Figures 27-29). After E12.5, the decidua serves as a protective
barrier between the developing embryonic tissue and the
maternal tissue, with uNK cells playing an important role in
maintaining proper immune function at the embryo/maternal
interface to protect both mother and embryo.?”***’ Because
the decidua contains much of the maternal vasculature, the
decidual barrier also prevents potential threats posed by the
maternal immune system by physically limiting the transfer of
leukocytes and antibodies from maternal blood that could
result in early death of the embryo.?” By E12.5, uNK cells
in the decidua have reached peak levels as they complete their
shift from initial aggregations in the uterine endometrium
(which form around the time of implantation) to full-
fledged migration into the abutting decidual tissue.>’® The
ulNK cells in the metrial gland and decidua can be identified
due to the many large, intracytoplasmic, eosinophilic gran-
ules. These cells are most prominent around modified,
maternal-derived arterioles or veins.>®® Approaching E16.0
(Figures 30 and 31), the uNK cells in the decidua begin to
decline as the decidua begins to decrease in mass in prepara-
tion for birth.?” During this time, the cells of the decidua
deteriorate leaving only residual tissue, while the surrounding
uterine tissue has largely returned to the preimplantation
epithelial arrangement in all areas not directly associated with
placentation.®’

Following the induction of the labyrinth at E8.5, trophoblast
giant cell invasion continues, with several additional types of
trophoblast giant cells differentiating to form the placental
layers. Inside the labyrinth, the cytotrophoblasts and syncytio-
trophoblast I and II cells continue to differentiate at
E10.0.27->%%% Simultaneously, spongiotrophoblast cells and
parietal giant cells of the junctional zone continue to differenti-
ate and line vessels that exist throughout the junctional zone.
These vessels serve as venous sinusoids to transport blood back
toward the maternal interface after nutrient and gas exchange
has occurred in the labyrinth.>*>® The maternal and embryonic
blood circulations throughout the placenta circulate via a coun-
tercurrent exchange arrangement such that deoxygenated
embryonic blood flows through the umbilical vessels toward
the labyrinth and then out to the junctional zone before rever-
sing back to the base of the placenta as it returns to the
embryo.”® The oxygenated maternal blood flows into the deep
placenta from spiral arteries in the decidua where it merges into
the MBS of the labyrinth to then move toward the placental
base before reversing to move back toward the draining mater-
nal vessels in the uterine wall. Throughout the labyrinth, mater-
nal sinusoids are located in close proximity to the nearby
parallel, tortuous embryonic vessels; despite their nearness,
embryonic and maternal circulations do not mix anywhere at
any time during gestation. Interactions between trophoblast

cells and the maternal and embryonic circulation in the mouse
placenta with discussion of the countercurrent blood exchange
have been well-documented.” Up until the beginning of orga-
nogenesis (about E8.0), embryonic nRBCs in endothelial-lined
(ie, embryo-derived) vessels within the labyrinth contain nuclei
and thus are termed “primitive;” these precursor erythroid ele-
ments are immature but functional>”*® With the transition to
hemotrophic nutrition (beginning at E10.0), erythropoiesis
begins to shift from yolk sac blood islands and the AGM to
hematopoietic stem cell colonies in the embryonic liver.®® This
transition is visible because liver-derived RBCs are anucleated
and thus are termed “definitive” (or mature). As gestation pro-
gresses, the ratio of primitive (nucleated) to definitive (anu-
cleated) RBCs in umbilical vessels and trophoblast-lined
embryonic blood spaces in the labyrinth shifts until most cells
are anucleated by approximately E14.5.%6%

After the onset of organogenesis and an increase in mater-
nal/embryonal blood exchange, the overall placental volume
increases almost 9-fold from E10.5 to E18.5.2"°® The bulk of
this increase is attributed to the expansion of the labyrinth as it
fills with both embryonic and maternal blood.*”*® At the time
the definitive placenta attains full function (E12.5), the labyr-
inth itself comprises half of the entire placental weight; how-
ever, placental weight plateaus around E14.0 and remains
steady for the remainder of gestation.?” Additionally, by
E14.5 cytotrophoblasts that surround the labyrinth vessels have
begun to fuse, thus creating several bridge forms.* At this time,
the fused cytotrophoblasts have several protrusions that allow
the cells in the syncytiotrophoblast I and II layers below to
protrude through the cytotrophoblast layer into the MBS and
release hormones and other embryo-derived secretions into the
blood.* These cells continue to undergo dynamic changes, and
by E16.5, the nuclei of the cytotrophoblasts occupy the bulk of
the cell’s total volume (Figure 32).*

Like the trophoblast giant cells of the labyrinth, the spongio-
trophoblast and glycogen cells of the junctional zone go through
continued modification after becoming established by about
E9.5. By E10.5, the spongiotrophoblast cells have diverged to
form a sheet that more closely resembles a mass of cells near the
ectoplacental cone.”® By E12.5, the junctional zone is composed
primarily of spongiotrophoblast cells. From the onset of junc-
tional zone differentiation through the end of gestation, the num-
bers of spongiotrophoblast cells increase by 4-fold, while the
numbers of glycogen cells rise by 250-fold.’® At E12.5, the
spongiotrophoblast cells appear as densely packed cells with
many ribosomes and mitochondria occupying their cytoplasm.*
In contrast, the glycogen cells are expanded by glycogen-filled
cytoplasm that also contains many mitochondria.* Because of
the large quantities of glycogen present in the glycogen cells,
they appear as large, clear cells in a typical H&E-stained section
but are filled with brilliant pink granules when stained with
periodic acid—Schiff (Figure 33).>® After E14.5, glycogen cells
increase in quantity in the junctional zone and gather near the
maternal venous sinuses that transport blood out of the placenta.*
It is still unclear whether glycogen cells maintain any direct
contact with the MBS of the junctional zone.* The glycogen
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cells of the junctional zone also frequently extend through, and
past, the nonmigratory spongiotrophoblast layer that invades the
decidua and occasionally downward into the labyrinth layer.’®
Representative images of normal placenta development at E17.5
and E18.5 are presented in Figures 34 and 35. An overview of
specific cell lineages throughout the entirety of placental devel-
opment is provided (Supplemental Table 3), as is a table of cell
specific markers for important placental cell populations (Sup-
plemental Table 4) and representative images of cell specific
types throughout mouse placental development are presented
in Figure 36.

Immunohistochemical Staining

Immunohistochemistry is an important tool for pathologists.
Key IHC end points in placental evaluation include targeting
specific cell lineages to understand the tissue structure’s cellu-
lar makeup and visualizing the dispersion of certain cell types.
This type of staining can be used for diagnostic purposes as
well as accentuating normal development. For our purposes,
select IHC stains were chosen to stain E18.5 placentas, high-
lighting specific cell lineages near term (Figures 37-40). At
this time point, there is much degeneration as the placenta
prepares to detach in preparation for birth. However, highlight-
ing the cell types that are present, as well as noting those
that are diminishing, can be of equal importance when analyz-
ing the growth and development of this transient structure.

Abnormal Placental Anatomy
and Development

Cell-Specific Mechanisms

Extraembryonic tissues (ie, placenta and umbilical cord) are
essential for normal development and overall health of the
embryo during gestation. The placenta is regularly impacted
by genetic mutations and toxicants leading to overt structural
abnormalities, but even subtle functional insufficiencies asso-
ciated with insufficient placental mass may result in intrauter-
ine growth retardation (IUGR) of the embryo that can
subsequently cause late embryonic death or postnatal-onset
disease.® Despite the slightly different structures of human and
murine placentas, their forms and functions are largely the
same and thus subject to the same kinds of placental defects.
Both murine and human placentas rely on maternal blood from
the uterus to enter the placenta through the decidua and then
filter through the analogous structures of the labyrinth (murine)
or villous tree (human).”® Because placental complications
may impact both embryonic and maternal health, clinical
understanding of normal and abnormal placental development
is essential for researchers involved with evaluating mouse
models of human developmental disease and physicians tasked
with maintaining healthy pregnancies. This section will focus
on common structural lesions in the mouse placenta throughout
gestation, which are similar across mouse stocks and strains
(Figures 41-46 and Table 2).”!

Table 2. Primary Placental Defects Associated With Embryonic Lethal Phenotypes.*”

Affected structure Potential lesions and timing

Proposed defect

G: Reduced volume

H: Fewer cells and vessels

TD: Variable (usually before E10.5)
G + H: Decreased cone size

TD: E6.5 to E8.0

Decidua

Ectoplacental cone

Yolk sac
TD: E8.5 to EI0.0
Chorioallantois
TD: E9.5 to EI1.0

Labyrinth
Trophoblast lineages

Developmental processes Similar to those for trophoblast lineages

G + H: Similar to trophoblast lineages, but may be none

TD: Any stage through birth (E19)
Similar to those for trophoblast lineages

G + H: Blood vessels and blood islands fewer and smaller
G + H: Separation of the allantois and chorion

G: Altered placental size (increased or decreased)

H: Hyperplasia and/or hypoplasia of one or multiple lineages, usually
leading to altered labyrinthine vascularity

TD: E9 to El | (altered expansion of trophoblast)

El3 to EI6 (abnormal genesis of terminal villi)

Formation and development

Formation and development

Hematopoiesis
Vascularization
Chorioallantoic fusion

Differentiation of:

Giant cells

Labyrinthine trophoblasts

Spongiotrophoblasts

Stem cells
Endothelial/trophoblast interactions
Nutrient transport

Vascularization (vasculogenesis, angiogenesis)

Abbreviations: E, embryonic day; G, gross (macroscopic) findings; H, histopathologic (microscopic) findings; TD, time of death (approximate).
Structures are listed in the order in which they first gain a prominent role in placental structure and function.
bAdapted from Pathology of the Developing Mouse: A Systematic Approach.25 For a reference list related to these placental defects, please refer to the original table.
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The formation and histogenesis of the placenta can be inter-
rupted if the function of a gene that plays a role in the devel-
opment of the placenta and its various components (cells,
structures) is affected. If the gene is expressed in specific cells
and placental components but is lacking in null mutant mice,
the gene’s function(s) will not be available to support the
normal development and function of the placenta. Loss of
placenta-specific genes may arise due to spontaneous (back-
ground) or intentional (“induced”) causes, where ablation
usually stems from deliberate gene targeting or toxicant-
associated genetic damage, microenvironmental disruption,
or receptor blockade. The impact of such insults on placental
structure and function depends on when injury occurs during
gestation.

The junctional zone is the less-understood embryonic com-
partment of the murine placenta that is primarily responsible
for hormone secretion, while also producing growth factors and
cytokines that are necessary for normal placentation.®'>74 It
forms a barrier between the labyrinth and maternal uterine
tissue and largely consists of several types of trophoblast cells
including glycogen cells, parietal giant cells, and spongiotro-
phoblast cells after E12.5.**"7>7> The junctional zone also
protects the embryonic side of the placenta from invading
maternal endothelial cells by expressing antiangiogenic pro-
teins in spongiotrophoblast cells.”* Studies have shown that it
is essential for embryo survival. For example, Mash-2-deficient
embryos die at E10.0 as the placenta lacks spongiotrophoblast
cells and also suffers a reduction in the chorionic ectoderm.”®
This may be due to premature trophoblast differentiation.”

One of the major roles of the junctional zone is to function
as the main endocrine compartment of the placenta.®’” It has
been shown that both an increase or insufficiency in glycogen
cell numbers, and therefore total glycogen, can lead to TUGR.?!
Glycogen is also suspected to act as a reserve, storing energy
and supplying nutrition to the placenta and embryo.’’ Mice
with Ascl2 null mutations demonstrate that the cells in this zone
are necessary for embryonic survival as these mutants have
been shown to lack a junctional zone, which results in embryo-
nic death.”” During normal development, the junctional zone
expands until E16.5 but generally regresses in size by E18.5
due to modifications in cell size, proliferation, and migration.73
Because the junctional zone is filled with glycogen cells, an
absence of this structure, or these cells, can in turn lead to
severe birth defects caused by lack of important energy
reserves and hormone production during late gestation.*'””

Many of the most common murine placental lesions are
found in the labyrinth, the prime location of nutrient and gas
diffusion.®* Without proper vascularization, oxygen and
nutrient transport are impaired, thereby failing to perfuse the
placenta and consistently leading to early embryonic death.>?
The labyrinth provides a circulatory roadway in which mater-
nal and embryonic blood are in close proximity but remain
segregated.'” Impacts to its architecture disrupt oxygen and
nutrient exchange, leading to a definitive impact on embryonic

growth and therefore on the placenta as a whole. Because
defects in this layer can lead to such an imbalance, the labyrinth
is the most common site of placental failure.’ The majority of
abnormalities occurring in the labyrinth of 103 mutant mice
were expressed in the trophoblast cells at the time of labyrinth
induction.® This provides further evidence of the significant
role proper growth of trophoblast cells plays in determining
normal mouse development. Defects in labyrinth formation
may result from abnormalities in other placental zones. For
instance, placentas with decreased glycogen cells and spongio-
trophoblasts may exhibit a marked increase in apoptosis and a
reduction on labyrinth zone proliferation.”

Patterns of Placental Lesions

Placental lesions linked to prenatal or perinatal embryonic
mortality have been associated with damage in any of several
placental elements (Table 3).'%!72%% Common mechanisms
of early placental dysgenesis are circulatory defects due to
vascular abnormalities in the yolk sac or failed chorioallantoic
fusion. Later in gestation, most placental lesions reflect altered
formation of the placental labyrinth. Defects in other placental
components have been reported much less often. In many
cases, the pathogenesis remains unknown and a diagnosis of
“small labyrinth” is given as a nonspecific end-stage change.>
Defects related to lesions in multiple placental zones may also
occur if an affected gene is critical to several cell lineages.

Circulatory abnormalities may be seen in the yolk sac at
approximately E7.5 and tend to become progressively more
severe as gestation progresses. These defects may sometimes
be observed macroscopically as decreased vascular branching
and often can be confirmed microscopically to represent
lesions in endothelial cells lining blood vessels and/or reduced
numbers of hematopoietic cells in blood islands (ie, the source
of primitive erythrocytes beginning at about E8.0) and vascular
lumens.”®® The yolk sac may have impaired blood vessel
patterning or growth,*** laminar separation,***® or thinning®’
with yolk sac defects generally resulting in embryonic death
between E8.5 and E10.0.

Failed chorioallantoic fusion (or attachment) usually fol-
lows abnormal formation of the allantois, or less often the
chorionic plate, which thwarts the normal union of these struc-
tures at E8.5. Failure to fuse prevents formation of umbilical
blood vessels, leading to impaired placental labyrinth vasculo-
genesis arising from the lack of growth factors that are nor-
mally delivered by the combined chorioallantois. Microscopic
evaluation may demonstrate allantois defects such as altered
shape and size,*®**° impaired growth,®®-**-"1-2 and/or
reduced vascularity.***® The amnion may be hypoplastic or
show thickening®® or retention of the proamniotic canal.”* In
cases of successful but malformed chorioallantoic fusion, the
characteristics may include small fusion sites*®"* or developed
vessels that fail to fuse.%¢88:9091-9495 Defects in chorioallantoic
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Table 3. Most Common Abnormal Placenta Phenotypes in Mice.?

Placenta phenotype

Number of genotypes with a certain phenotype

Abnormal chorionic plate morphology 14
Abnormal ectoplacental cone morphology 45
Absent ectoplacental cone 8
Small ectoplacental cone 18
Abnormal maternal decidual layer morphology 41
Abnormal decidua basalis morphology 7
Abnormal decidua capsularis morphology 2
Abnormal placenta metrial gland morphology 25
Abnormal uterine NK cell morphology 25
Decreased uterine NK cell number 12
Increased uterine NK cell number 8

Absent placenta metrial gland 0
Abnormal placenta junctional zone morphology 116
Abnormal spongiotrophoblast layer morphology 11
Abnormal spongiotrophoblast cell morphology 21
Abnormal spongiotrophoblast size 41
Abnormal trophoblast glycogen cell morphology 15
Decreased trophoblast glycogen cell number 8
Increased trophoblast glycogen cell number 6

Absent spongiotrophoblast 8
Placenta junctional zone necrosis |
Abnormal placenta labyrinth morphology 286
Abnormal placenta fetal blood space morphology 9
Abnormal placenta intervillous maternal lacunae morphology I
Abnormal placenta labyrinth size 76
Decreased placental labyrinth size 70
Placental labyrinth hypoplasia 18

Thin placenta labyrinth 26
Increased placental labyrinth size 6
Thick placenta labyrinth 3
Abnormal placental labyrinth villi morphology 9
Absent placental labyrinth 30
Disorganized placental labyrinth 17
Abnormal placenta size 276
Abnormal placenta weight 68
Decreased placenta weight 40
Increased placenta weight 30
Enlarged placenta 48
Small placenta 132
Abnormal placenta vasculature 240
Abnormal placental labyrinth vasculature morphology 129
Abnormal trophoblast layer morphology 275
Abnormal spongiotrophoblast layer morphology 11
Abnormal syncytiotrophoblast morphology 8
Abnormal trophoblast giant cell morphology 123
Altered trophoblast giant cell numbers 91
Decreased trophoblast giant cell number 54
Absent trophoblast giant cells 12
Increased trophoblast giant cell number 25
Absent placenta 1
Pale placenta 15
Placenta necrosis 8

Abbreviation: NK, natural killer.

*Main categories of placental phenotypes are indicated in bold, and subcategories are italicized and further indented. The number of genotypes with a certain
renal phenotype is indicated. One genotype may have several different placental abnormalities. These data were collected from the Mouse Genome Database,
Mouse Genome Informatics website, The Jackson Laboratory, Bar Harbor, Maine. (http://www.informatics.jax.org/vocab/mp_ontology/MP:000171 1), last
accessed April 5, 2021.
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fusion are among the most common causes of embryo lethality
in mid-gestation (between E9.5 and E11.0).

Disrupted formation of the placental labyrinth is by far the
most frequent mechanism responsible for placental failure in
mice.>® After chorioallantoic fusion is complete, trophoblast
columns assemble into labyrinth “primary villi.” ®* Capillaries
branching from the umbilical vessels enter these villi*® and
undergo branching morphogenesis throughout the rest of gesta-
tion to generate a labyrinthine capillary network capable of
sustaining the growing embryo. Aberrant early vascular
branching in the developing labyrinth results in embryonic
death between E9.0 and E11.0 due to impaired capillary bed
formation, while impaired vessel branching after formation of
the definitive placenta at E12.0 leads to death later in gestation
(E13.0-E16.0).7%7

Labyrinth defects can be detected microscopically as lesions
in the trophoblast and/or vascular components. Trophoblast
lesions typically result from impaired syncytiotrophoblast gen-
eration,”® spongiotrophoblast hypoplasia,” ' or overproduc-
tion of trophoblast giant cells,'®'% labyrinth trophoblasts,
and/or spongiotrophoblasts.'®* Common vascular defects
include endothelial cell hypoplasia'® and aberrant vasculogen-
esis from the chorionic plate mesenchyme, which prevent devel-
opment of embryonic blood vessels in the labyrinth.”¢!%¢-1%7

Dysregulation of both trophoblast and vascular components
can result in a “small labyrinth” due to either reduced thickness
or overall volume of this region.>® This finding generally is
caused by defects in trophoblast lineage differentiation or orga-

nization®*?%; issues with capillary development,'%¢-108-110,

gromh’85,89,109,111-115 and patteming103’114’”6’”7; and labyrinth
edema.''™!'"® In cases of insufficient trophoblast differentiation,
vascular volume is impaired due to lack of trophoblast surface
area, and the resulting vessels have insufficient capacity to
support the growing embryo. In contrast, overproduction of tro-
phoblast cells may impair gas and nutrient exchange between
embryonic and maternal vasculature.''?'?°

In addition to abnormal trophoblast cells or vascular dif-

ferentiation, lethal phenotypes associated with placental

lesions may arise from other pathologic processes. Cell death
such as apoptosis and necrosis may represent a sign of pri-
mary placental damage but also may occur as a secondary
consequence of primary injury to the embryo. Common pla-
cental lesions include dilation of labyrinth blood vessels
(both maternal''®!12 117118121 514 embryonic''®), delayed
hematopoietic precursor differentiation'® and/or reduced blood
cell counts,'' and potential hemorrhagic foci’*!'%%!1%122 and
thrombi.””''® Other signs of placental damage include the accu-
mulation of blood, fluid, or fibrin, which can disrupt placental
layering®'"® and exacerbate the blood flow issues. These find-
ings may be observed any time during gestation. Mild and loca-
lized placental changes, especially near the end of gestation, may
be consistent with continued embryonic survival, but more
severe or widespread lesions may lead to embryonic death.

Conclusions

This in-depth overview of a macroscopic and microscopic pla-
cental anatomy, a transient but developmentally critical tissue
in all mammalian test species and humans, should serve as a
useful reference to aid researchers in identifying and describing
structural changes that may be encountered when working with
engineered, induced, and spontaneous mouse models of dis-
ease. The detailed descriptions will provide a fundamental
understanding of normal placental anatomy and physiology
as well as information regarding common findings and
mechanisms by which placental insufficiency may develop at
various stages of gestation. Additional information and exam-
ples on gross evaluations, the usefulness of IHC to understand
cellular makeup and visualize the dispersion of certain cell
types with the placenta, and examples of common structural
lesions have also been provided. Pathologists who are tasked
routinely or even occasionally with placental evaluation should
be able to approach analyses of this organ with greater confi-
dence using the numerous well-annotated images in this
treatise.
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Figure |. Diagrammatic representation of key developmental time points in mouse placentation from implantation at embryonic day (E) 4.5 to later
in development at E12.5. Placental development begins at E4.5 with formation of the outer blastocyst wall enclosing the blastocoel cavity. The initial
choriovitelline (yolk sac) placenta from E5.0 to E8.5 supports histiotrophic nutrition through embryonic cell phagocytosis of maternal cells and
secretions. At E8.5 the umbilical cord forms, connecting the embryo to the chorioallantoic (labyrinthine) placenta and allows for structural transition
by which hemotrophic nutrition may take place via the maternal transfer of nutrients and oxygen to embryonic blood. Growth of the placental layers
continues through E12.5, at which point the “definitive” (mature) placenta is fully functional and the maximum placental weight is achieved. Two
maternal spiral arteries are shown as red coiled vessels moving from the metrial gland to the chorionic plate, in addition to the blue veins moving from
the decidua through the junctional zone and labyrinth. The color coding here indicates different tissues as they form and change throughout
development. In E4.5 to E8.5, the embryo proper is dark purple. Green denotes the primitive endoderm that will go on to become the yolk sac
and envelop the embryo, while yellow is indicative of the maternal decidua. The blue nucleated cells are trophoblast giant cells that line the blastocyst
and aid in decidualization throughout early placentation. In the EI12.5 placenta, the pale red-orange cap that sits atop the yellow decidual tissue is the
metrial gland. The junctional zone is depicted as the blue branching section that is positioned above the highly vascularized reddish-pink labyrinth
layer. The chorionic plate is the orange basal layer housing the umbilical vessels and their attachment site.
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Figure 2. Representative images of mouse placental development at E5.5, E8.5, E12.5, and E16.5 for single implantation sites in the uterine horn.
A, At E5.5, the ectoplacental cone (EpC) is beginning to form at the mesometrial pole via the continued elongation of trophoblast giant cells. B, At
E8.5, the transition from early histiotrophic nutrition to hemotrophic nutrition begins with induction of the labyrinth (L), a vascular tissue field
comprised of multiple branching channels enmeshed in trophoblast cells that extends into the junctional zone (JZ). The exocoelomic cavity (ExC),
the amniotic cavity (AC), and the yolk sac cavity (YSC) become distinct as they surround the embryo. The trophoblast giant (TG) cells are present
at the periphery of the placenta, which has now formed distinct layers. The chorionic plate (C) is present at the base of the placental disc, while the
metrial gland (MG) is located at the cap. C, At E12.5, the definitive placenta is fully formed and functional with the yolk sac (YS) surrounding the
embryo. The umbilical arteries (UA) extend from the embryo to the chorionic plate of the placenta. The maternal-derived metrial gland sits atop
the maternal decidua, which has become much thinner by this time point. The bracketed placental layers sit below the metrial gland. D, By E16.5,
the definitive placenta has decreased in size relative to the embryo (compare to [C]), and there has been a modest loss of placental mass related to
cell regression in preparation for birth. Note large size of the embryo compared to the placenta. In preparation for birth and separation from the
uterine wall, the quantity of maternal decidua becomes smaller (compare to [C]). AM indicates amnion; D, decidua; E, embryonic day; RM,
Reichart’s membrane; YS, yolk sac.
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Figure 3. Uterine horn and conceptuses at E5.5. A, Note how the conceptuses (arrows) are identifiable as slight swellings. B, Removal of the
uterus often leads to the partial expulsion of a conceptus (arrow) through the cut margins. Dashed lines denote the area between conceptuses
where it is safe to grasp and/or cut the uterus without disrupting a conceptus. C, By opening the uterus (U) along the horizontal axis, the uterus
retracts and exposes the entire maternal decidua (D). D, The conceptus (encompassed in maternal decidua) can then be easily isolated.
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Figure 4. Uterus and conceptuses at E6.5. A, Growth of the conceptuses makes their uterine swellings more distinct over time. The attachment
to the cervix (arrow) is at the junction of the two uterine horns. B, The egg cylinder (sited within the dashed oval) is composed of the cells forming
the visceral endoderm in the extraembryonic part of the embryo and is located away from the maternal decidua (pale red area located nearest the
mesometrial pole). C, Isolated conceptus, with the location of the egg cylinder (dashed oval) shown within the outer maternal decidua. D, Exposed
egg cylinder (dashed oval) encased in maternal decidua. The red triangle capping the egg cylinder is the primordium of the embryonic multilaminar

placenta.
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C

Figure 5. Isolated conceptuses at E7.5. A, The intact conceptus fea-
tures a slightly wider mesometrial half with central, pale red area
(arrow) and a narrower antimesometrial half that contains the embryo
proper (ie, egg cylinder [dashed oval]). The outer shell consists
entirely of maternal decidua. The egg cylinder is exposed with minimal
damage to the placenta by gently teasing the maternal decidua apart,
starting at the plane on the mid-longitudinal axis located at the arrow

Figure 5. (Continued). tip. B, The exposed egg cylinder (dashed oval)
is aligned with the mid-longitudinal axis, with the initial portion of the
embryonic multilaminar placenta (asterisk) located nearest the
mesometrial pole. C, The isolated embryo proper is barely visible
through transparent placental membranes (amnion and yolk sac),
which envelop it. The nascent embryonic multilaminar placenta (aster-
isk) is located at one pole as a red cone.



Elmore et al.

Figure 6. Isolated conceptuses at E8.5. A, The intact conceptuses
remain attached to the uterine wall at the mesometrial pole. B, The
broad mesometrial half (upper) is pale red due to the amount of
blood-rich maternal decidua while the narrow, tan antimesometrial
half harbors the embryo (dashed oval). The outer shell consists
entirely of maternal decidua. C, The exposed embryo is aligned so
that the trilaminar embryonic disc (arrow) sits at the antimesometrial
pole, while the chorionic plate and initial portion of the labyrinthine
placenta (asterisk) are located nearest the mesometrial pole.

Figure 7. Isolated conceptuses at E9.5. A, The maternal decidua at
the mesometrial pole has many sinusoids (small, red foci [arrow])
filled with maternal blood. B, The embryo (dashed circle) is nearly
spherical due to the fluid turgor within the yolk sac cavity, and the
shell of maternal decidua is noticeably thinner at the antimesome-
trial pole. C, The embryo (with the head located at the arrow tip)
may be visualized by opening the yolk sac (asterisks).
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Figure 8. Conceptuses at EI0.5. A, Three intact conceptuses are
shown within the uterine horn. The antimesometrial pole (asterisk)
may appear variably translucent due to thinning of the maternal
decidua and the fluid within the yolk sac. B, The maternal decidua of
the intact conceptus contains many blood-filled sinuses, which are
concentrated (arrows) near the mesometrial pole. C, The evolving
embryonic multilaminar placenta (asterisk) appears as a hemisphere,
while the embryo (with head located at the arrow tip) rests within a
fluid-filled yolk sac.
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Figure 9. Isolated conceptus at El 1.5. The placenta and embryo shown from different perspectives, demonstrating that the growing embryo and
nascent definitive placenta are now approximately the same size. A, View of the mesometrial side of the maternal decidua. B, The embryo (inside
the yolk sac) on the left and placenta on the right viewed from the side highlights prominent yolk sac vessels. C, The embryo (inside the yolk sac)
and placenta viewed from the antimesometrial side with a view of the chorionic plate. D, The yolk sac has been removed from the embryo
exposing the umbilical vessels connecting the embryo and chorionic plate. The vascular nature of the chorionic plate and labyrinth can also be
appreciated in this view. E, Separated from the embryo and yolk sac, the isolated placental disc is viewed from the antimesometrial side.
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Figure 10. Conceptuses at EI2.5. A, In utero, four bulging conceptuses greatly expand the uterine diameter except at the point where the two
uterine horns meet at the cervix (arrow). B, Three intact conceptuses still attached to the mesometrial uterine wall. The definitive placenta is
smaller than the embryo compared to prior stages. The embryo is surrounded by translucent amniotic and yolk sac membranes. C, The definitive
placenta(P), comprised of multiple embryo-derived layers and maternal decidua, is now a hemispherical disc that is still attached to the uterus (U)
and can be readily isolated. D, This view is of an isolated conceptus with placenta and metrial gland attached. E, The highly vascularized yolk sac has
several large blood vessels with many narrower branches—all filled with embryonic blood. F, The embryo is attached to the chorionic plate
(dashed oval) at the base of the pale red labyrinth by the umbilical cord (arrow). Note the location of the labyrinth (L) and maternal decidua (D).
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Figure 11. Conceptuses at E13.5. A, Three intact conceptuses are
shown within the uterine horn. The definitive placenta (arrow), com-
prised of multiple embryo-derived layers and maternal decidua,
appears as a dark red disc through the thin uterine wall. B, After
removal from the uterus, the definitive placenta and highly vascular-
ized yolk sac can be distinguished easily for macroscopic evaluation. C,
The umbilical cord (arrow) contains three blood-filled vessels (two
arteries and one vein).

Figure 12. Conceptus at E|14.5. A, After removal from the uterus, the
definitive (mature) placenta and yolk sac are easily discerned, and the
embryo within the yolk sac can be seen to have body contours that are
starting to approximate those of neonates. B, The umbilical cord
contains prominently entwined blood-filled vessels (two arteries and
one vein). Such twisting of the umbilical cord is normal. C, The umbi-
lical cord (arrow) attaches to the chorionic plate (C), a central zone
characterized by many radiating, branching vessels filled with embryo-
nic blood. The other zones visible on the base of the definitive placenta
are the labyrinth (L) and maternal decidua (D).
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Figure 13. Isolated conceptus at EI5.5. A and B, The definitive placenta (P) is attached to the mesometrial uterine wall (U) and intact, highly
vascularized yolk sac. C-E, Here most of the yolk sac (YS) has been removed to facilitate visualization. The umbilical cord blood vessels (arrow) are
seen attached to the chorionic plate (C) and are parallel rather than entwined (compare to E14.5, Figure 12B), indicating that the umbilical cord has
not twisted over time; both straight and twisted conformations are normal. The dimensions of the maternal decidua (D) are greatly attenuated

compared to the labyrinth (L) relative to EI2.5 (compare to Figure 10F).
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Figure 14. Isolated conceptus at E16.5. A, The definitive placenta is
relatively small compared to the underlying intact yolk sac, which contains
visibly reduced fluid due to the increased size of the embryo. Band C, The
umbilical cord blood vessels are twisted. The labyrinth (L) is much more
prominent than the maternal decidua (D) when viewed from below, while
the shell of maternal decidua obscures the labyrinth size when viewed from
above. Note the remnants of the yolk sac (YS) that remain after removal.

Figure 15. Conceptuses at EI7.5. A, The uterus is greatly distended
due to the large embryos, and the uterine wall is so thin that it is
translucent. Note the blood-filled yolk sac vessels. B, The definitive
placenta appears pale due to the paucity of blood in the maternal
decidua (D) and is relatively small compared to the underlying intact
yolk sac, which is filled with the embryo and contains relatively little
fluid. C, The umbilical cord blood vessels, attached to the chorionic
plate (C), are fairly straight, and labyrinth (L) dimensions exceed those
of the maternal decidua. Note the remnants of the yolk sac (YS) that
remain after removal.
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Figure 16. Conceptus at EI8.5 (near term). A, The definitive placenta
(appearing dark due to blood in the maternal decidua) is very small
compared to the underlying intact yolk sac, which is stretched to
cover the large embryo. B, From the side, the definitive placenta is
dwarfed by the embryo, but the yolk sac vessels remain prominent. C,
Yolk sac is removed allowing for a detailed inspection of the embryo
and umbilical cord.

Figure 17. Developmental age does not equate to developmental
stage for conceptuses of the same litter. A, one EI7.5 control embryo
(left) is slightly larger and has demonstrably more folds in the cuta-
neous tissue than its pale but viable littermate (right). The features of
the left embryo are consistent with those at an E17.5 developmental
age, while those of the right embryo suggest a developmental age of
approximately EI16.5. B, The placenta on the left is from the larger,
more vascularized embryo in (A) and is slightly larger than the placenta
on the right from the smaller, pale sibling.
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Implantation site

Figure 18. Representative images of a uterine horn and three implantation sites at E5.5. A, Each implantation site should be sampled individually
during early gestation to find the desired view of the egg cylinder (EC). Note the orientation of the mesometrial (M) and antimesometrial (A) poles
relative to the developing egg cylinder. In mice, implantation always occurs toward the antimesometrial side of the uterus, while the placenta
develops at the mesometrial side. B, Ideal longitudinal orientation for viewing the entire egg cylinder stage embryo with the developing
ectoplacental cone (EpC). Reichart’'s membrane (RM), a thick multilayered basement membrane between the parietal endoderm cells, and
trophoblast giant (TG) cells that help the embryo penetrate the uterine epithelium and implant into the endometrium, can be seen at this stage.
Note the surrounding maternal decidua (D). C, Cross section of the egg cylinder with no view of the developing embryonic placental tissues.
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Figure 19. Representative images of a uterine horn and two implan-
tation sites at E6.5. A, At this stage, the interaction between maternal
decidua and embryonic trophoblast is the main source of embryonic
nutrition. B, Higher magnification of this implantation site (boxed
region in [A]) shows the ectoplacental cone (EpC) has formed and
contains maternal blood, while trophoblast giant (TG) cells encompass
the embryo. As the ectoplacental cone develops, the proamniotic
cavity (PC) begins to form in tandem with initiation of gastrulation
(formation of the three main embryonic germ layers—the endoderm,
mesoderm, and ectoderm). The yolk sac cavity (YSC) is clearly seen at
this stage of development. The yolk sac cavity is formed as the visceral
yolk sac and parietal yolk sac line the embryo and the inner layer of
blastocyst wall, respectively.
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Figure 20. Representative images of a uterine horn showing three implantation sites at E7.5. A, Viewing multiple implantation sites at once can
help correctly age and identify formed placental (and embryonic) structures, as conceptuses of the same chronological age can differ by up to
24 hours when the stage of development is judged by structural features. Note that the orientation differs for placentas and embryos in adjacent
implantation sites, with only some showing an ideal view. B and C, The allantois has formed and has begun to cross the exocoelomic cavity (ExC)
toward the chorionic plate (C). During this allantois spanning process, the proamniotic cavity and the exocoelomic cavity become distinct from
one another, forming the amniotic cavity (AC) and the amnion (AM). D, There is invasion of the ectoplacental cone (EpC) into the maternal
decidua (D) in preparation for labyrinth induction.
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Figure 21. Representative images of a uterine horn at E8.5 with three implantation sites. A, Uterine horn at low magnification illustrating the
chorionic plate (C), exocoelomic cavity (ExC), amniotic cavity (AC), amnion (AM), yolk sac cavity (YSC), and embryo. B, Higher magnification of
boxed region in (A). The transition from a choriovitelline (yolk sac-based, phagocytosis-enabled) placenta providing histiotrophic nutrition to a
chorioallantoic (labyrinth-centered, vascular-enabled) placenta providing hemotrophic nutrition is initiated as labyrinth induction commences and
invades the maternal decidua (D). C, Higher magnification of the labyrinth (L), illustrating its origin as a densely packed group of trophoblast cells
extending from the chorionic plate (bottom margin of image) into the ectoplacental cone. This labyrinth will develop parallel embryonic vessels
and maternal sinusoids by E9.5, forming the countercurrent exchange system that is characteristic of the definitive placenta.
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Figure 22. Representative images of uterine implantation sites at E9.5. A, Uterine horn at low magnification showing two implantation sites. B,
Higher magnification of boxed region in (A). The embryonic labyrinth (L) and junctional zone (JZ) form discrete layers beneath a cap of maternal
decidua (D). The metrial gland (MG) and chorionic plate (C) are also visible at this stage. C, The junctional zone is comprised chiefly of
spongiotrophoblast (ST) cells and glycogen cells (GC). D, Higher magnification of the labyrinth and chorionic plate.
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Figure 23. Diagrammatic representation of the mouse right and left uterine horns at E9.5. Illustrations here show both healthy, intact
embryos and placentas (lower left magnification circle, with the nascent definitive placenta capping the yolk sac-enveloped embryo) as well
as some with collapsed resorption sites representing degenerating embryos (upper left magnification circle). Within a single litter, there can
be both viable and nonviable conceptuses (ie, embryo and placenta pairs), and among the viable offspring, their developmental ages can be
offset by as much as 24 hours. Embryo positioning within the yolk sac, in relationship to the placenta, can vary from embryo to embryo. The
uterine vascular supply is from the aorta by way of the left and right uterine arteries, which then branch to form the arcuate and radial
arteries that supply each developing embryo.
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Figure 24. Representative images of junctional zone development following formation of the labyrinth at EI2.5 and at E17.5. A, At EI2.5, the
junctional zone (JZ) separates the labyrinth from the maternal decidua (D). B, Higher magnification of the EI2.5 junctional zone. Note the
spongiotrophoblast (ST) cells and trophoblast giant cells (arrowheads) in this region. In addition to mediating implantation, trophoblast giant cells
are the main endocrine cells of the placenta, producing several hormones that regulate the maternal endocrine and immune systems and promote
maternal blood flow to the implantation site. C and D, At E17.5, islands of glycogen cells (GC) with clear vacuolated cytoplasm containing glycogen
granules are easily seen among the spongiotrophoblast cells. This area is also highly vascularized with branches of spiral arteries (SA) containing
maternal blood. A and C, Original scans = original objective 10x. B and D, Original scans = original objective 40x.
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Figure 25. Representative images of a cross section through a uterine implantation site at E10.5. A, The labyrinthine placenta is maturing but is
not yet fully mature, and positioning of the embryo, yolk sac (YS), and amnion (AM) can be seen in relation to the rest of the placenta; the lack of
widespread anchoring allows these structures to shift position in unpredictable ways during tissue embedding. A cross section of the umbilical
artery (UA) can also be seen. B, A higher magnification of this placental cross section shows multiple distinct layers: the maternal decidua (D), the
embryonic junctional zone (JZ), and the embryonic labyrinth (L) at the core adjacent to the chorionic plate (C). The metrial gland (MG) is not
placental tissue but is instead a transient maternal immune organ that develops as a pregnancy-specific modification of the mesometrial uterus,
opposite each implantation site. C, The labyrinth contains intersecting columns of trophoblast cells (three embryonic cell lineages) that separate
embryonic vessels packed with nucleated red blood cells (nRBCs) from maternal sinusoids containing anucleated red blood cells (aRBCs).
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Figure 26. Representative images of a placental cross section at
EIl.5. A, The placenta is nearly mature as indicated by the highly
vascular nature of the labyrinth and clear separation between the
labyrinth (L), junctional zone (JZ), and maternal decidua (D). Note
the well-developed metrial gland (MG). B, Higher magnification of the
junctional zone illustrating the glycogen cells (GC) and spongiotropho-
blast (ST) cells. C, Higher magnification of the highly vascularized
labyrinth with embryonic vessels at the bottom delivering blood from
the umbilical arteries.

Figure 27. Representative images of a placental cross section at
El2.5 showing the fully functional definitive placenta with adjacent
metrial gland (MG). A, Low magnification of a placenta cross section
highlighting the various placental layers. B, Higher magnification of
the maternal decidua (D) and junctional zone (JZ). The junctional
zone is composed primarily of glycogen cells (GC) and spongiotro-
phoblast cells that can form branching columns that extend into the
labyrinth. C, Higher magnification of the labyrinth (L) and chorionic
plate (C). The highly vascular chorionic plate is the basal site for
attachment of the umbilical cord vessels. At this stage, the labyrinth
makes up half of the entire placental weight as it fills with embryonic
and maternal-derived blood.
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Figure 28. Representative images of a definitive placenta cross section at E13.5. A, Low magnification of a placenta cross section highlighting the
maternal decidua (D), junctional zone (JZ), labyrinth (L), and chorionic plate (C). The metrial gland (MG) and yolk sac (YS) are also present. B and
C, Higher magnification of placental layers. D, The metrial gland attached to the outer maternal decidua continues to enlarge as various placental
cell populations undergo proliferation. E, Many nucleated (immature or “primitive”) red blood cells (nRBCs) are still circulating in the embryonic
blood vessels of the labyrinth, but an increasing number of anucleated (mature or “definitive”) red blood cells (aRBCs) is now visible sharing the
same blood vessels.
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Figure 29. Representative images of a definitive placenta cross section at E14.5. A, Low magnification of a placenta cross section highlighting the
maternal decidua (D), junctional zone (JZ), labyrinth (L), and chorionic plate (C). The metrial gland (MG) and yolk sac (YS) are also present. B and
C, Higher magnification of placental layers. D, Higher magnification of the junctional zone highlighting glycogen cells (GC) and spongiotrophoblast
(ST) cells. E, The labyrinth has reached its maximum dimensions, and the embryonic blood vessels now contain predominantly anucleated
(mature) red blood cells (aRBCs).
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Figure 30. Representative images of a definitive placenta cross section at EI5.5. The placenta has reached its peak weight and is beginning its
regression in preparation for birth. A, Low magnification of a placenta cross section highlighting the maternal decidua (D), junctional zone (JZ),
labyrinth (L), and chorionic plate (C). The metrial gland (MG) and yolk sac (YS) are also present. B, Higher magnification of the labyrinth and
chorionic plate. C, Higher magnification of the junctional zone highlighting glycogen cells (GC) and spongiotrophoblast (ST) cells. D, High
magnification of the metrial gland.
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Figure 3 1. Representative images of a definitive placenta cross section at E16.5 showing early evidence of regression. A, Low magnification of a
placenta cross section highlighting the maternal decidua (D), junctional zone (JZ), labyrinth (L), and chorionic plate (C). The metrial gland (MG)
and yolk sac (YS) are also present. Note how the overall mass of the junctional zone is decreasing. B and C, Higher magnifications show the
irregular blood-filled spaces in the labyrinth and chorionic plate (image B) and junctional zone (image C). Note the intertwining islands of
spongiotrophoblasts (ST) and glycogen cells (GC) within the junctional zone. D, Higher magnification of the metrial gland. Although not apparent
at this magnification, the metrial gland uterine natural killer (uNK) cells are beginning to diminish at this stage.
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Figure 32. Representative images of labyrinth development from its induction at E8.5 to near birth at EI7.5 showing the increase in size and
intermingling of maternal and embryonic blood spaces. A and B, At E8.5, the formation of the labyrinth (L) is induced when the allantois fuses with
the chorionic plate (C), yielding a partially vascularized tissue comprised of trophoblast and embryonic endothelial cells. The trophoblast giant
(TG) cells are involved in remodeling of the maternal decidua (D) at this state. C and D, By E|2.5, the highly vascularized labyrinth consists of
layers of trophoblast separating parallel embryonic vessels containing many embryonal nucleated (immature or “primitive”) red blood cells
(nRBCs). Within the labyrinth, the maternal and embryonic blood spaces are separated by three layers of trophoblast cells and by a layer of
embryonal endothelial cells. The trilaminar trophoblast includes a single discontinuous layer of mononuclear sinusoidal trophoblast giant cells that
line the maternal sinusoids and two continuous layers of syncytiotrophoblast cells that envelop the embryonal endothelial cells. Eand F, By E17.5,
the vascular channels in the labyrinth become more prominent with the embryonic and maternal vasculature containing higher blood volumes, and
the embryonic vessels contain mainly anucleated (mature or “definitive”) red blood cells (aRBCs).
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Figure 33. Representative images from an E18.5 placenta visualized with a periodic acid—Schiff (PAS) stain highlighting glycogen (bright magenta)
within select placental tissues and cell populations. Glycogen content in the normal placenta is thought to regulate embryonic blood glucose levels
in early pregnancy and decreases gradually toward term. A, Glycogen is found mainly in the metrial gland (MG), maternal decidua (D), and
junctional zone (JZ) at this time point. B, A higher magnification of the metrial gland showing glycogen that is concentrated in uterine natural killer
(uNK) cells (arrowheads). C, A higher magnification of the junctional zone highlighting accumulation of glycogen in a specialized trophoblast
subtype termed glycogen cells (GC; arrows); Note the lack of PAS staining in the spongiotrophoblast (ST) cells. C indicates chorionic plate; L,
labyrinth; SA, spiral artery; UA, umbilical artery; YS, yolk sac.
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Figure 34. Representative images of a definitive placenta cross section at EI7.5. A, Low magnification highlighting the maternal decidua (D),
junctional zone (JZ), labyrinth (L), and chorionic plate (C). The maternal decidua is considerably reduced in mass compared to its peak
development at E14.5. The metrial gland (MG) and yolk sac (YS) are also present. B, Near term, the embryonic blood vessels in the labyrinth
contain mainly mature (anucleated) red blood cells. C, The junctional zone continues to contain large quantities of glycogen cells (GC) and
spongiotrophoblast (ST) cells. D, Higher magnification of the metrial gland. Similar to the maternal decidua, the metrial gland is considerably

reduced in mass at this stage, in preparation for birth.
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Figure 35. Representative images of the near-term definitive placenta at E18.5. A, Low magnification of a placenta cross section highlighting the
maternal decidua (D), junctional zone (JZ), labyrinth (L), and chorionic plate (CP). The maternal decidua continues to degenerate in preparation
for birth. The metrial gland (MG) and yolk sac (YS) are also indicated. B-D, The substantial decrease in overall mass includes widespread
attenuation of the trophoblast layers in the labyrinth (image B) and junctional zone (image C), and there is continued regression of the metrial
gland (image D). ST indicates spongiotrophoblasts; GC, glycogen cells.
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Figure 36. Representative images of specific cell types throughout mouse placental development. A, In the labyrinth at E12.5, the embryonic blood spaces
primarily contain nucleated (immature or “primitive””) embryonic red blood cells (arrows), whereas the maternal blood spaces contain smaller anucleated
red blood cells (arrowheads). B, Compared to (A), at E16.5, the blood spaces contain primarily anucleated (mature or “definitive”) red blood cells. C, At
El4.5, the intermingling embryonic blood spaces (EBS) and maternal blood spaces (MBS) can more easily be distinguished by the type of blood cells
contained within each. Note that the embryonic vessels contain a mixture of immature and mature red blood cells. D, At El 1.5, trophoblast giant cells
(arrowheads) located at the boundary between the maternal decidua and junctional zone can be identified by their large size as well as their large nuclei that
are packed with polyploid (endoreduplicated) DNA. E, At E16.5, the uterine natural killer (uNK) cells (arrows) become concentrated in the metrial gland
within the maternal decidua. A higher magnification of the uNK cells is provided in the inset to highlight the intracytoplasmic eosinophilic granules.
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Figure 37. Representative images from an E18.5 placenta visualized with a CD31 immunohistochemical stain to highlight endothelial cells
(arrowheads in all figures). CD31 is an integral membrane glycoprotein that mediates cell-to-cell adhesion and is expressed at high levels on
endothelial cells. A, At low magnification, the overall vascular nature of the placenta and metrial gland (MG) is apparent. B, High magnification of
the metrial gland (MG in image A). The endothelial cells that line the maternal-derived spiral arteries (SA) in the metrial gland show typical
membranous brown cytoplasmic staining. C and D, High magnification of the labyrinth (L in image A). The labyrinth is where most nutrient and
oxygen exchange occurs. This region is highly vascular with endothelial cells lining embryonic blood vessels but not maternal sinusoids. E, The
endothelial lining of the embryo-derived umbilical arteries (UA in image A), shown in cross section, with intraluminal anucleated (mature) red
blood cells (aRBC) is highlighted with this stain. F, The yolk sac (YS in image A) vasculature also expresses CD31. C indicates chorionic plate; D,
decidua; JZ, junctional zone; ST, spongiotrophoblasts.
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Figure 38. Representative images from an E18.5 placenta visualized with an F4/80 immunohistochemical stain highlighting macrophages. F4/80 is a
mature mouse cell surface glycoprotein expressed at high levels on various macrophage lineages. At this time point, macrophages (arrowheads in
all figures) are found throughout most placental layers, becoming more concentrated in areas like the metrial gland and peripheral tissue of the
placenta as it detaches from the uterus. A, Below the junctional zone, macrophages can be seen scattered throughout the labyrinth (L), chorionic
plate (C), and connective tissue surrounding the umbilical arteries (UA) and yolk sac (YS). B, Higher magnification of the chorionic plate showing
scattered macrophages throughout the mesenchymal tissue. C, The junctional zone contains spongiotrophoblasts (ST) and has few to no
macrophages compared to the underlying labyrinth. aRBC indicates anucleated (mature) red blood cells.
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Figure 39. Representative images from an E18.5 placenta visualized with a perforin immunohistochemical stain, highlighting cytoplasmic granules
in uterine natural killer (uUNK) cells (arrowheads in all figures). Perforin is a glycoprotein released by natural killer (NK) cells of the immune system
and is responsible for pore formation in cell membranes of target cells. A and B, The majority of uNK cells are dispersed throughout the metrial
gland (MG) at this time point as the placenta prepares to detach near term. C, The uNK cells in the metrial gland contain numerous large, perforin-
laden (brown-staining) cytoplasmic granules, several of which are present within the lumen of a maternal spiral artery (SA). C indicates chorionic
plate; D, decidua; JZ, junctional zone; L, labyrinth; aRBC, anucleated (mature) red blood cells of maternal origin.
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Figure 40. Representative images from an EI8.5 placenta visualized with a cytokeratin 18 (CK18) immunohistochemical stain, highlighting an
epithelial cytoskeletal protein in trophoblasts (including intermediate trophoblasts, cytotrophoblasts, and syncytiotrophoblasts) in the labyrinth (L
in figure A) and cuboidal epithelium in the yolk sac (YS in figure A). Trophoblast cells separate and regulate material exchanges between maternal
blood sinuses and embryonic blood vessels. A, The majority of CK18-stained cells are found within the labyrinth, where the bulk of trophoblast
cells exist. B, The border between the junctional zone (JZ in figure A) and labyrinth is defined by the differing concentrations of trophoblast cells in
these layers. C, The border between the labyrinth and chorionic plate (C in figure A) shows the lack of trophoblast cells within the chorionic
mesenchyme. D, Cuboidal epithelium lining the yolk sac diffusely expresses CK18. E, A higher magnification of the labyrinth highlighting the
continuity of the vascular networks defined by the various trophoblast cells. CV indicates chorionic vessel; D, decidua; MG, metrial gland; UA,
umbilical artery.
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Figure 41. Comparative images of abnormal labyrinth development, representing atrophy and congestion at EI7.5 following experimental
treatment. A and B, Labyrinth from a control mouse showing normal vascular morphology. C, Substantial atrophy (arrows), characterized by
decreased labyrinth trophoblasts and other cellular contents (compare to [A]). D, Labyrinth congestion characterized by higher blood volumes
expanding the vasculature (compare to [B]). Both conditions can result in poor maternal and embryonic blood exchange (ie, placental insuffi-
ciency). A and C, original scan = original objective 20x. B and D, original scan = original objective 40 x.
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Figure 42. Thrombus formation and associated mineralization in an
E17.5 placenta following experimental treatment. A, An early throm-
bus in a maternal vessel within the decidua. Note the trapped blood
cells (bright red areas) within the thrombus (pale pink mass) and
mineral foci (boxed) in the adjacent maternal decidua. B, Higher mag-
nification of boxed region in figure A showing two foci of mineraliza-
tion (arrows). Mineralization in the placenta can be a normal finding
when placentas are near term. Mineralization at earlier time points
could be an indicator of previous cell degeneration or necrosis related
to improper placental function or poor blood exchange.

Figure 43. Examples of embryonic endothelial cell death and hemor-
rhage in the placental labyrinth. A, Embryonic endothelial cell death
(arrows) in the labyrinth of an EI 1.5 embryo that resulted from
experimental viral infection. B, A developmental abnormality in an
EI2.5 knockout embryo that resulted in labyrinth hemorrhage. Pla-
cental hemorrhage generally occurs in the labyrinth or junctional zone
where most maternal and embryonic blood exchange takes place.



Elmore et al.

113

Figure 44. Representative images of a placental resorption site at
EI7.5 formed during twin development. A, Focal placental resorption
(arrows highlight the margins of this region) characterized by a mass of
disordered tissue containing remnants of junctional zone and maternal
decidua tissue. The border between the disorganized resorption site
and the functioning (zonally organized) placenta can be clearly seen
(shortarrows). B, Higher magnification of the placental resorption site
demonstrating marked jumbling of the placental layers. Note the adja-
cent normal labyrinth in lower left-hand corner.

Figure 45. Example of twinning with a fused placenta at EI5.5. A,
Gross image of twin embryos sharing a fused placenta. The embryo
shown on the right is slightly smaller and paler than its counterpart
on the left. B, Low magnification of twin embryos sharing a fused
placenta supporting two sets of umbilical arteries (UA). C, Higher
magnification of fused placenta and separate uterine arteries with a
clear border (arrows) between the two placentas where there is
junctional zone fusion. Note the disorganization of the placenta
associated with the right embryo. Intertwin growth discrepancy is
a common finding and is likely due to differential nutrient exchange,
oxygen supply, and waste removal within the respective placentas.



114

Toxicologic Pathology 50(1)

Figure 46. Representative images of a necrotic embryo and placenta at E18.5. A, Low magnification of a necrotic embryo (bottom) and associated
placenta (top) with enveloping yolk sac and amnion still intact. B and C, Higher magnifications of the necrotic placenta (B) and embryo (C).
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