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Although the guinea pig is an important animal model for human placentation, aspects of
fetal nutrition are not fully understood, especially in regard to the yolk sac that is regarded
to be essential for early development of the embryo. We investigated differentiation by
means of histology, histochemistry, immunohistochemistry, and transmission electron
microscopy. Data suggest that the guinea pig’s yolk sac was not sufficiently developed to
facilitate substantial fetal nutrition in early pregnancy. On Day 12, it was a flat, inverted,
but avascular structure. This was followed by differentiation to form the typical, highly
villous and vascularized condition of advanced gestation. Finally, the yolk sac degenerated
toward term. We suggest that the guinea pig and other caviomorphs rely predominantly
on hemotrophic nutrition via the placenta even in very early pregnancy. In contrast to the
general pattern of mammals, histiotrophic nutrition via yolk sac routes seems to be most
essential during mid-gestation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The guinea pig, Cavia porcellus, is an important animal
model for human placentation, because placental structure
and development are similar, especially in regard to
trophoblast invasion and the hemomonochorial interface
between the maternal and fetal blood systems [1–7].
However, there are other, important structures, such as the
yolk sac, that differ. In general, the yolk sac is among the
first extraembryonic membranes to form in mammals or
vertebrates [8–10] and is regarded as essential for early
embryonic survival and nutrition [11–14]. Later in gesta-
tion, it may or may not be involved in fetomaternal ex-
change as a choriovitelline or inverted yolk sac placenta
[8,15]. In humans, the yolk sac is a temporary, small, and
free-floating structure without placental function, but
participates in early hematopoiesis. In contrast, a yolk sac is
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present throughout pregnancy in the guinea pig, charac-
terized by complete inversion of the germ layers with the
endoderm directed toward the uterine tissues [15–19]. This
fully functional yolk sac placenta may influence or support
the functions of the chorioallantoic placenta [20–23].
However, there are significant gaps of knowledge, espe-
cially with regard to the early to mid-gestation differenti-
ation [18,24,25]. The starting condition before inversion has
been detected only recently [26]. The data show that the
inverted yolk sac is derived from the visceral area only,
whereas the outer, parietal layer along the yolk sac cavity is
found in very early pregnancy but then disappears. Even
the layer covering the placenta belongs to the former most
visceral area and should better be called “placental yolk
sac” rather than “parietal yolk sac” [26]. However, chro-
nological interactions between yolk sac and placenta are
not well resolved. Thus, further investigation will provide a
more balanced understanding of the guinea pig’s fetoma-
ternal exchange processes, which may help us to under-
stand the values and restrictions especially when it is
used as an animal model for human placentation. We here
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describe the development and morphology of the yolk sac
by conventional histology, histochemistry, immunohisto-
chemistry, and transmission electron microscopy to clarify
aspects of yolk sac transport functions during gestation. In
addition to the study on very early gestation [26], we focus
on the period after yolk sac inversion from Day 12 onward.

2. Materials and methods

Yolk sac samples were obtained from 17 Cavia porcellus
females at 12, 14, 16, 18, 22, 30, 40, and 55 days of gestation
(term about 64 days). The study was approved by the Ethics
Committee for the Use of Animals at the School of Veteri-
nary Medicine and Animal Science at the University of São
Paulo (USP, No. 2521/2012). Tissues for histology were fixed
in 4% paraformaldehyde in 0.1Mphosphate buffer and in 4%
methacarn (60% methanol, 30% chloroform, and 10% acetic
acid), dehydrated and embedded in parafine, and sectioned
at 5 mm and stained with hematoxylin and eosin, toluidine
blue, and the periodic acid-Schiff (PAS) reaction. Immuno-
histochemistry was performed for cytokeratin to identify
the epithelial and trophoblastic cells (1:300 mouse
anti-human monoclonal primary antibody; M0821, Dako,
Carpinteria, CA, USA) and for vimentin to identify mesen-
chymal cells and endothelium (1:300 mouse anti-human
monoclonal primary antibody; 0.N.602, sc-73259, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Proliferating cell
nuclear antigen (PCNA) was used to stain proliferating cells
(1:400 mouse monoclonal primary antibody; PC10, sc-56,
Santa Cruz Biotechnology). We followed the protocols
previously published by our group [27]. Slides were
examined under an RX40 Olympus microscope (Zeiss
KS400 3.4). Tissues for transmission electron microscopy
werefixed in 2.5% glutaraldehyde in 0.1Mphosphate buffer,
postfixed in 2% osmium tetroxide in phosphate buffer (pH
7.4) and embedded in Spurr resin. Ultrathin sections
(Ultracut R, Leica Microsystems, Nussloch, Germany) were
contrasted using 2% uranyl acetate and 0.5% lead citrate and
examined under a transmission electron microscope
(Morgagni 268D, FEI Company, the Netherlands; MegaView
III camera; Soft Imaging System, Germany).

3. Results

3.1. Early gestation

Starting from the ectoplacental cone, where the invasive
trophoblast established access to the maternal blood sys-
tem, the disk-shaped, chorioallantoic placenta was covered
by yolk sac tissue. On Days 12 and 14, this placental yolk
sac had a pseudostratified, columnar structure including
the nuclei with diffuse chromatin, distinguished from the
placenta by a space filled with extracellular matrix in the
area where later the Reichert’s membrane (RM) developed
(Fig. 1A). On Day 16, the yolk sac above the placenta was
modified into branched and tuft like projections that were
highly active in proliferation (Fig. 1B, C). An RM toward
the placenta was present, characterized by an amorphous
and acellular structure (Fig. 1C, D). Ultrastructurally,
microvilli on the apical surface and large vacuoles with
low density content characterized the endodermal cells
(Fig. 1D). Epithelial cells of the placental yolk sac reacted
positively to cytokeratin. In addition, the endoderm of the
remaining visceral yolk sac, facing the uterine cavity, was
cytokeratin-positive (Fig. 1E), whereas the connective tis-
sue and mesothelium, as well as the first developing fetal
vessels, were positive for vimentin (Fig. 1F). Proliferation
activity in the visceral yolk sac was low compared with the
placental yolk sac (Fig. 1B), but was observed in all layers,
especially in the connective tissue (Fig. 1G). On Days 12 to
16, the inverted yolk sac appeared to be flat all over (Fig. 1B,
C, E, F), consisting mostly of simple columnar epithelium
(Fig. 1E). Numerous vesicles occurred in the endoderm and
the fetal vessels contained hemangioblasts on Day 16
(Fig. 1H). On Day 18, the initial formation of yolk sac villi
occurred near the placenta.

3.2. Mid-gestation

On Days 22 to 40, the first villi of the placental yolk sac
were well developed. The RM toward the placenta had
thickened (Fig. 2A, B) and was positive to cytokeratin. Local
differences were evident with larger projections on the
fetal side of the placenta and smaller ones on the maternal
surface (Fig. 2A). Immunohistochemistry indicated strong
proliferation activity of the endoderm, especially in cells at
the apices of the projections (Fig. 2A). The placental yolk
sac was fragmented or tufted and characterized by poly-
hedral cells with cytoplasmic projections, supported by
some connective tissue (Fig. 2B). Apical microvilli and
junctional complexes were frequent (Fig. 2B, C). Positive
PAS staining suggested the presence of glycoproteins in the
RM and at the apical surface of the projections (Fig. 2D).
Apposed to the placenta, the visceral yolk sac contained
lots of villi, characterized by connective tissue and fetal
vessels lined by simple columnar epithelium (Fig. 2E).
Microvilli occurred on the apical surfaces and vesicles in-
side the endoderm cells and the nuclei largely filled their
cytoplasm. Fetal vessels were intimately associated with
the basal membranes of the endoderm (Fig. 2F). On Day 22,
all layers, especially the villous tips, showed positive
response to PCNA, indicating proliferation (Fig. 2G),
whereas on Days 30 and 40, predominately the endodermal
cells were stained (Fig. 2H). In addition, the structures
of the villous, visceral yolk sac reacted positively to PAS
(Fig. 2E). Distal to the placenta, the visceral yolk sac was flat
with mostly simple columnar epithelium (Fig. 2I).

3.3. Close to term gestation

On Day 55, the placental yolk sac had lost its treelike
appearance and was drastically reduced to a flat, simple or
pseudostratified, columnar layer. However, it still showed
some proliferation activity. The visceral yolk sac was villous
near the placenta and flat distally, consisting of simple
cuboid epithelium, connective tissue, and fetal vessels. The
visceral yolk sac was not proliferative.

4. Discussion

Eutherian mammals have a chorioallantoic placenta as
the main region of fetomaternal exchange [8,10,15,28],



Fig. 1. Early gestation. (A–D) Placental yolk sac (PYS). (E–H) Visceral yolk sac (VYS). (A) TEM, Day 12. Pseudostratified epithelium, nuclei with diffuse chromatin
(white arrows) and a space filled with extracellular matrix (black arrows) toward the chorioallantoic placenta (CP). (B) PCNA, Day 16. (C) Negative control of
PCNA, Day 16. (D) TEM, Day 16. RM amorphous and acellular. Low-refringence vesicles (arrows) and microvilli (MV) were present. (E) Cytokeratin, Day 14;
endoderm (End) was positive; connective tissue (CT) and mesothelium (Mes) were negative. (F) Vimentin, Day 16; fetal vessel (FV) endotheliumwas positive. (G)
PCNA, Day 16. (H) TEM, Day 16, vesicles were present (black arrows); fetal vessels near the basal membrane (BM) of the endoderm, filled with hemangioblasts
(white arrows).
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whereas their yolk sac is regarded to be essential mainly for
early pregnancy, that is, to provide embryonic nutrition
before the placenta is fully developed [19,29]. However,
analysis of yolk sac and placental differentiation in the
guinea pig suggests that it may be an exception to the rule.
After implantation is achieved by Day 7, trophoblast of the
ectoplacental cone [30] establishes access to the maternal
blood system by Day 9 [7], followed by fusion with the



Fig. 2. Mid-gestation. (A–D) Placental yolk sac (PYS). (E–I) Visceral yolk sac (VYS). (A) PCNA, Day 22. Projections along placenta (CP), based on RM. (B,C) TEM, Day
22. Basal region of an endodermal (End) tree on acellular, amorphous RM with connective tissue (CT), extracellular matrix and secretion products, apical
microvilli (black arrows), and junctional complexes (white arrows). (D) PAS, Day 40, suggesting glycoproteins in RM (white arrows) and at the apical surface of
projections (black arrow). (E) PAS, Day 40. Positive response in endodermal cells (End, black arrows) and basal membrane (white arrows), not in mesothelium
(Mes) and CT. (F) TEM, Day 22. Microvilli (arrow) and basal membrane (BM) of endoderm in contact to fetal vessels (FV). (G) PCNA, Day 22. Positive response,
especially in cells of the endoderm and mesothelium (arrow). (H) PCNA, Day 40. Staining predominating in the endoderm (arrow). (I) PAS, Day 40. Distal to the
placenta, the yolk sac was flat. Basal membrane (white arrows) and endoderm (black arrows) were PAS-positive.
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allantois and the appearance of fetal vessels by Day 12 [18].
Starting from this early but functional condition, a highly
lobulated labyrinthine placenta with countercurrent blood
flow forms by extensive growing processes [5,18]. This
placenta has one of the best fetal to placental weight ratios
(placental efficiency) among mammals, resulting in excel-
lent conditions for hemotrophic nutrition [31]. In contrast,
the yolk sac develops more slowly. On Day 12, it has a
premature condition characterized as a flat, inverted,
avascular structure. The typical villous structure started by
Day 16 for the placental yolk sac (treelike projections) and
Days 18 to 22 for the visceral yolk sac areas near the
placenta, accompanied by intense cell proliferation. The
first vessels in the visceral yolk sac are present on Days 15
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to 16 [32]; however, areas distal to the placenta do not
develop vascularization until the later phases of gestation.
We suppose that in early pregnancy, the guinea pig’s yolk
sac is not adequately developed to provide substantial fetal
nutrition, in contrast to the placenta. Among caviomorphs,
early stages are known for another cavy, Galea spixii [26],
and an echimyid, Thrichomys laurentinus [27], suggesting
that a pattern of predominately hemotrophic nutrition in
early pregnancy may be common for caviomorphs. The
situation changes in mid-gestation. As shown here for Days
22 to 40, major differentiation takes place to transform
both the placental and the visceral yolk sac near the
placenta into villous structures with proliferative epithelia
that participate in glycosylation processes. Such conditions,
including the development of an absorptive system of the
columnar endoderm of the villous part of the yolk sac near
the placenta with membrane invaginations, endocytotic
vesicles, large vacuoles, and yolk sac vessels are known for
caviomorphs and are likely to facilitate substance transfer
[17–19,24,25,27,33–39]. Indeed, it has been experimentally
shown that the visceral yolk sac of the guinea pig is an
important route for protein absorption and transport in
advanced phases of gestation. Especially passive immuni-
zation of the fetus occurs across the visceral yolk sac and
not via the placenta [20–22]. Consequently, in mid-
gestation, histiotrophic nutrition via the placental and
visceral yolk sac routes seems to be an important addition
to hemotrophic nutrition by the placenta. This has to be
borne in mind when choosing the guinea pig as a model
species for human placentation, especially if exchange
processes are in focus. Toward term, dramatic reductions
takes place in the placental yolk sac that becomes very flat,
and in the visceral yolk sac that changed into a mostly
cuboid epithelium with reduced connective tissue. Data
suggest that substance transport is significantly reduced
then. In contrast, the chorioallantoic placenta reaches a
maximum size to be fully functional; degeneration of tis-
sues mainly affected areas responsible for invasion pro-
cesses [5,6,18,24,25,32,40]. In conclusion, the data suggest
that placentation in the guinea pig and other caviomorphs
relies predominantly on hemotrophic nutrition via the
placenta from very early pregnancy onward. In contrast to
the general pattern of mammals, histiotrophic nutrition via
the yolk sac routes seems to be not much involved for early
embryonic development, but is a later feature essential
during mid-gestation that is relevant for fetal purposes.
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