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Abstract

Background: The initiation of primate embryo invasion into the endometrium and the formation of the placenta
from trophoblasts, fetal mesenchyme, and vascular components are essential for the establishment of a successful
pregnancy. The mechanisms which direct morphogenesis of the chorionic villi, and the interactions between
trophectoderm-derived trophoblasts and the fetal mesenchyme to direct these processes during placentation are
not well understood due to a dearth of systems to examine and manipulate real-time primate implantation. Here
we describe an in vitro three-dimensional (3-D) model to study implantation which utilized IVF-generated rhesus
monkey embryos cultured in a Matrigel explant system.

Methods: Blastocyst stage embryos were embedded in a 3-D microenvironment of a Matrigel carrier and co-
cultured with a feeder layer of cells generating conditioned medium. Throughout the course of embryo co-culture
embryo growth and secretions were monitored. Embedded embryos were then sectioned and stained for markers
of trophoblast function and differentiation.

Results: Signs of implantation were observed including enlargement of the embryo mass, and invasion and
proliferation of trophoblast outgrowths. Expression of chorionic gonadotropin defined by immunohistochemical
staining, and secretion of chorionic gonadotropin and progesterone coincident with the appearance of trophoblast
outgrowths, supported the conclusion that a trophoblast cell lineage formed from implanted embryos. Positive
staining for selected markers including Ki67, MHC class I, NeuN, CD31, vonWillebrand Factor and Vimentin, suggest
growth and differentiation of the embryo following embedding.

Conclusions: This 3-D in vitro system will facilitate further study of primate embryo biology, with potential to
provide a platform for study of genes related to implantation defects and trophoblast differentiation.

Keywords: Embryo, Implantation, Trophoblast, Non-human primate

* Correspondence: golos@primate.wisc.edu
1Wisconsin National Primate Research Center, University of
Wisconsin-Madison, 1223 Capitol Court, Madison, Wisconsin 53715-1299, USA
2Department of Comparative Biosciences, School of Veterinary Medicine,
University of Wisconsin-Madison, Madison, WI, USA
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Chang et al. Reproductive Biology and Endocrinology  (2018) 16:24 
https://doi.org/10.1186/s12958-018-0340-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s12958-018-0340-3&domain=pdf
http://orcid.org/0000-0002-7897-4337
mailto:golos@primate.wisc.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Implantation is a crucial developmental event for estab-
lishing a pregnancy. The central events to implantation
are the apposition of the blastocyst to the uterine epithe-
lium, adhesion of the embryo to the uterus, followed by
the penetration and invasion of trophoblast cells into the
uterine stroma [1]. Abnormal implantation of an embryo
is an underlying cause of infertility and has implications in
development of placenta-associated pathologies including
preclampsia and intrauterine growth restriction. The un-
derstanding of the mechanisms driving the key events of
human implantation, particularly those that lead to pla-
cental pathologies, remains unclear. Given the ethical con-
straints in assessing human implantation in vivo, animal
models and in vitro platforms are needed to study mecha-
nisms underlying the establishment of pregnancy.
Current in vitro models of human implantation mimic

interactions between the embryo and endometrium, as
reviewed by Hohn and Denker [2] and Weimar et al. [3],
however, these models focus on a specific stage of im-
plantation rather than fully recapitulating the entire
process. Human in vitro implantation models are com-
prised of either a human embryo or an embryo surrogate,
such as trophoblast spheroids, positioned above either a
layer of endometrial stromal and/or epithelial cells, or al-
ternatively, a synthetic basement membrane [3–6]. Al-
though these models garnered valuable knowledge on
trophoblast attachment [6–8], migration [9], invasion [4]
and molecular interactions at the interface [9, 10], there
are also limitations to these models. There are few studies
utilizing human embryos due to the ethical constraints
surrounding their use. As a substitute, embryo surrogates,
such as trophoblast spheroids, derived from immortal cell
lines have been utilized to evaluate attachment, invasion
and migration [6, 7, 11, 12]. These models are also limited
to studying a specific event during implantation and lack a
complete representation of all cell types present at the
maternal-fetal interface, including immune cells, thus fur-
ther development of in vitro implantation models that bet-
ter simulate in vivo implantation are needed.
Animal models are particularly effective for studying im-

plantation both in vivo and in vitro [1, 13], and bypass the
challenges posed by human models. However, the degree
of penetration and invasion of the embryo into the uterus
varies greatly across species [1]. When considering a ro-
dent model, mouse models are useful for assessing genes
and gene networks involved in implantation, however, pla-
cental organization and the invasion of trophoblasts into
the uterine epithelium is relatively shallow in comparison
to the human. The placentation and endovascular inva-
sion of the human is more closely paralleled in non-
human primates including the great apes, baboons and
macaques [13, 14]. Despite the high cost of maintaining
primate colonies in comparison to rodents, the use of

assisted reproductive technologies can be implemented to
increase the number of embryos produced by a single ani-
mal. In vitro studies of blastocyst formation in the mar-
moset [15–17], baboon [18], rhesus monkey [19–21] and
human [22] demonstrated the feasibility of embryonic de-
velopment to the blastocyst stage in vitro following IVF.
Such studies also showed that in vitro cultured preimplan-
tation primate embryos could produce chorionic gonado-
trophin (CG) [23–25] and syncytiotrophoblast-like cells
when cultured beyond the time of normal implantation
[18, 24, 26]. This supports the possibility that extended
primate embryo culture, under appropriate conditions,
could provide a paradigm for development of new ap-
proaches to study mechanisms underlying primate peri-
implantation development.
A central feature to developing an in vitro model of em-

bryo implantation is creating a microenvironment that
supports development similar to that observed in vivo.
Three-dimensional culture systems may create a better
microenvironment, including an extracellular matrix (ECM)
that supports adhesion and regulates cellular proliferation
and differentiation [27, 28]. When considering a three-
dimensional (3-D) in vivo implantation scenario [29–32],
extrapolating results from 2-D models to the physiological
situation are likely to be simplistic. In a previous study by
Gerami-Naini et al. [33], significant differences between em-
bryoid bodies derived from human embryonic stem cells
cultured in 2-D and 3-D systems were observed in the
maintenance of a differential trophoblast phenotype, as de-
fined by CG and progesterone secretion. Moreover, that
study reported substantial outgrowth of trophoblasts into
Matrigel (MG), coincident with elevated CG secretion.
Based on this study, we have adopted a 3-D model to study
primate embryo development in vitro. The current study
presented demonstrates that an in vitro 3-D environment
can promote non-human primate embryo development that
manifests characteristics of in vivo implantation and preg-
nancy initiation. Overall, the 3-D implantation model builds
on knowledge obtained from traditional 2-D culture envi-
ronments, and provides a platform to study effects and im-
pact of various growth factors or experimental conditions
thought to be critical for the local support of implantation.

Methods
In vitro production of rhesus monkey embryos
Rhesus monkeys (Macaca mulatta) were from the colony
maintained at the Wisconsin National Primate Research
Center. All procedures were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Animals
and under the approval of the University of Wisconsin
Graduate School Animal Care and Use Committee. In vitro
production of rhesus macaque embryos was carried out as
previously reported by others [34–40] and are described
here in brief. Rhesus macaque (Macaca mulatta) oocyte
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donors were hyperstimulated by recombinant human
follicle stimulation hormone (FSH; Organon, Oss,
Netherlands) 30 IU per injection twice daily for 7 days,
followed by a single injection of 1000 IU human chorionic
gonadotropin (hCG; Serono S.A., Geneva, Switzerland) on
day 8. Cumulus-oocyte complexes were retrieved by laparo-
scopic follicular aspiration 27–30 h after hCG administra-
tion and placed in TL-Hepes medium containing 0.3%
bovine serum albumin at 37 °C. Aspirated contents were fil-
tered through an EmCon filter (Veterinary Concepts, Spring
Valley, WI) and immediately washed with TL-Hepes media
containing hyaluronidase (1 mg/ml). Oocytes were stripped
of residual cumulus cells by mechanical pipetting, and
placed 10 per 50 μl drop of CMRL-1066 media, supple-
mented with 20% fetal bovine serum, 0.5 mM sodium pyru-
vate, 2 mM l-alanyl-l-glutamine, until fertilization. Prior to
fertilization, semen was collected from male rhesus monkey
donors, washed and capacitated in TL-based capacitation
medium (containing 0.1% sodium Pyruvate, 0.01% Polyvinyl
alcohol) covered by mineral oil prior to fertilization. Ma-
tured oocytes and capacitated sperm were moved to TL-
based IVF medium containing 0.5% sodium pyruvate, 1.0%
glutamine and 0.01% PVA for fertilization. Fertilized em-
bryos were cultured to the 8-cell stage at 37 °C in 5% CO2,
5% O2, and 90% N2 in chemically defined, protein-free ham-
ster embryo culture medium-9 (HECM-9) media [38, 41,
42] supplemented with amino acids. Embryos at the 8-cell
stage were selected and transferred to fresh plates of
HECM-9 supplemented with amino acids and 5% fetal
bovine serum (FBS; HyClone, Logan, UT) with medium
changed every other day. Embryos were cultured for a
maximum of 9 days at which point blastocyst stage embryos
were embedded into a Matrigel (MG) raft for extended
culture.

Preparation of Matrigel rafts and extended embryo
culture
As previously described by Gerami-Naini et al. [33],
dome-shaped, growth factor-reduced MG (BD-Biosci-
ences, Bedford, MA) carriers were formed by initially
pipetting 50–60 μl MG onto sterile glass cover slides,
followed by sequential pipetting of additional 30 μl vol-
umes of MG, within 5 min intervals to allow for the pre-
vious layer to solidify. Embryos at the morula and
blastocyst stages (6 to 8 days post insemination) were
transferred by a micropipettor and embedded into the
MG raft. A feeder layer of Buffalo Liver Rat (BRL) cells
were plated onto the bottom of 35 mm 6-well dishes
and cultured for 1 day prior to receiving embryo rafts to
establish a conditioned culture environment. Each MG
raft containing 1 embryo was placed into one 35 mm
well containing BRL-conditioned media and the feeder
layer cells (Additional file 1). Morphological assessment
of embryo development was performed included the

time of hatching, initiation of MG invasion and out-
growth, sizes and shape of outgrowth and changes of
outgrowth proliferation, and degradation of outgrowths.
Photomicrographic images were captured using a Leica
DMIRB microscope and MagnaFire software. Media
were collected every 3 days for hormone assays, and the
rafts were transferred to fresh feeder dishes at the same
time. Collected media were briefly centrifuged and the
supernatants were stored at − 20°C until hormone assays
were performed. While most embryos were terminated
by the end of the third week of culture, some embryos
were maintained for up to 45 days in MG.

Hormone assays
Levels of CG in the conditioned embryo media samples
were determined by Leydig cell bioassay as previously
described [43]. The minimum detectable level was 10 pg
of hCG/tube, and the intraassay and interassay coeffi-
cients of variation were 5.34% and 9.77% respectively.
Progesterone secretion was determined by enzyme im-
munoassay [44–46]. All hormone determinations were
made on duplicate samples.

Immunohistochemistry (IHC)
For histological and IHC analyses, MG-embedded embryos
were removed from cover slips at various time points with
minimal amount of MG carry over, fixed for 2 h in 2%
paraformaldehyde, washed 3 times in PBS, then covered by
1% agarose warmed to 48°C. Agarose containing the MG-
embedded embryo was rapidly cooled by placement on ice,
dehydrated and embedded in paraffin. Trimmed blocks
containing an embryo were sectioned at 5 μm for IHC
staining procedures. For CD31 and MHC class I IHC, 5
μm paraffin sections were treated with proteinase K as pre-
viously described [33, 47]; for all other IHC experiments,
sections were boiled in a microwave oven using sodium cit-
rate buffer (pH 6.0) [33, 47]. Antibodies are listed in Add-
itional file 2. Negative controls were isotype-matched rabbit
or mouse IgG (Sigma), at the same concentration as the
specific primary antibodies. Endogenous peroxidase activity
was quenched using 5% hydrogen peroxide in methanol for
20 min, and sections were blocked by incubation for
30 min with 20% horse serum in 4% TBS/Triton X-100.
Positive immunostaining was visualized using an ABC Per-
oxidase Kit (Vector Labs, Burlingame, CA) and freshly pre-
pared Nova Red substrate (Vector Labs). Sections were
counterstained with hematoxylin, mounted in organic
mount Cytoseal XYL (both from Richard-Allan Scientific,
Kalamazoo, MI), and analyzed by light microscopy.

Results
Morphological observations of embryo development
Embryonic escape from the zona pellucida, or hatching,
is a critical step required for implantation and further
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differentiation and development. In initial experiments,
we determined whether embryos transferred and embed-
ded into a “raft”, prepared from a 100 μl drop of MG, at
the zona-enclosed blastocyst stage were capable of
hatching from the zona pellucida. Embryos were mor-
phologically evaluated following embedding in the raft.
Embryos that successfully hatched routinely displayed
growth of the embryonic mass and outgrowth of cells
into the MG, whereas those that did not complete
hatching failed to further develop. Representative images
of the development of 16 rhesus embryos embedded into
MG are shown in Figs. 1, 2 and 4. In pilot experiments,
embryos transferred into MG at the zona-enclosed mor-
ula or earlier stages did not hatch within the MG; hence
no further development was observed. This is not unex-
pected since embryo implantation does not occur at the
morula stage of development. Morula stage embryos
that had the zona pellucida removed in vitro and were
then embedded into MG likewise did not progress into
blastocyst and develop outgrowths (not shown), while
blastocysts that underwent assisted hatching continued
to develop. Zona-intact blastocysts that received assisted
hatching prior to implantation into the MG rafts,
developed outgrowth protrusions in the MG, similar to
their spontaneously hatched counterparts. Therefore,
assisted hatching was applied to all embryos prior to

implantation into the MG rafts in subsequent experi-
ments to provide a consistent experimental paradigm.
The initiation of invasion by embryo-derived cells was

heralded as a visible spherical enlargement of the embryo
mass and a thickened layer of trophectoderm observed
after zona escape was completed (Fig. 2b,c). Within the
first week post-embedding, the diameter of the embryo
mass increased by two to three-fold greater than the
hatching stage. This spherical enlargement, accompanied
by a thicker layer of cells, putatively derived from the
trophectoderm of the blastocyst, was a strong indicator of
future development of outgrowths. In addition, the forma-
tion of “cystic” structures inside the embryo or appearing
at the surface of the embryonic trophectoderm layer was
noted (Additional file 3A). Formation of the “cystic”
appearing structures began by the end of the first week
post-embedding, continued to enlarge during the early
stages of protrusion growth, and was retained while fur-
ther trophoblast outgrowth continued (Fig. 2c; Additional
file 3B). The specific identity of cells involved in formation
of these cystic structures remains to be defined.
Embryos which successfully expanded typically

progressed to show varied levels of development of
extraembryonic structures with significant out-
growths of a variety of morphologies, including elon-
gated branches, as well as dense shell-like cellular

Fig. 1 Growth of Rhesus Embryos in Matrigel Rafts. Embryos that failed to hatch (a) or that did not completely hatch (b), failed to develop and
degenerated. Embryos that completed hatching (c) continued to develop (d), where within 15 days post embedding trophoblast protrusions and
inner cavities formed. Scale bar = 100 μm
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structures (Fig. 2c, d). Approximately a week after
embedding into the MG, 30% of embryos typically
began to exhibit these projections (Figs. 1 and 2),
which were similar in appearance to trophoblastic
outgrowths observed with embryoid bodies derived
from human embryonic stem cells [33]. Once initi-
ated, the protrusions typically continue to extend
and elongate throughout the culture period, with the
length of the embryonic outgrowths extending to
7 mm, although heterogeneity was seen among em-
bryos (Additional file 3). Overall, 15 of 16 embryos
with trophoblastic protrusions grew through day 18,
2 were allowed to continue to day 21, and 2 pro-
gressed to day 45 at which point embryos were ter-
minated for analysis.

Hormone secretion by cultured embryos into culture
media
Culture media were evaluated for secretion by the em-
bryo of both CG and progesterone, which are markers of
primate trophoblast differentiation. As illustrated in
Fig. 3, secretion of CG and progesterone was detectable
in culture media from embryos within the first week
post-embedding. Elevated levels of secreted CG were
sometimes observed with more developmentally ad-
vanced embryos (Fig. 4). We evaluated the secretion of
CG in association with embryo growth in Matrigel. Add-
itional file 4 illustrates that there was a trend for peak
CG secretion to be correlated with embryo size, however
this trend was not statistically significant (P = 0.09). Al-
though trophoblastic outgrowths continued to expand
throughout culture, levels of CG and progesterone
approached basal levels by the end of the third week of
culture (Fig. 3).

Histological evaluation of ECM-cultured rhesus embryos
To distinguish cellular structures across various time
points of culture, embryos were embedded in paraffin,
sectioned and evaluated by hematoxylin and eosin
(H&E) and IHC. Embryos terminated around day 45
post-embedding demonstrated extensive outgrowth de-
velopment of invasive trophoblasts, as indicated by the
bright “halo” around the embryo mass, represented in
the bright field images of Fig. 5. Sections stained with
H&E revealed extensive digestion of the MG environ-
ment presumably by the outgrowths expanding and mi-
grating from the surface of the embryo (Fig. 5c). The
leading edge of the outgrowths were seen to be individ-
ual cells that were migrating away from the embryo
proper (Fig. 5b, c), leaving a substantially degraded MG
in the vicinity of the embryo, whereas the MG distant
from the embryo had a homogeneous, undisturbed, eo-
sinophilic appearance by H&E staining.
Proliferation of embryo-derived cells was evaluated by

IHC for Ki67. As the embryo progressed in develop-
ment, Ki67 was extensively noted primarily in cells at
the cytokeratin-positive periphery of the expanded em-
bryonic structure (Fig. 5h), as well as in the migrating
cells which had invaded into the MG, and were distant
from the embryo proper (Fig. 5f-g).
Characterization of embryonic and extraembryonic

differentiation was assessed by IHC of embryos termi-
nated early and late in culture. IHC with an antibody
recognizing cytokeratin 7/8 demonstrated multiple areas
of epithelial differentiation, including potential tropho-
blast formation. Consistently, an outer layer of
cytokeratin-positive cells was observed at the border of
the expanded embryo (Fig. 5i, j). We also observed posi-
tive cytokeratin staining of the migrating individual cells

Fig. 2 Development of rhesus blastocysts embedded in Matrigel: (a) day 0 post embedding in Matrigel; (b) day 6: outgrowths and cystic structure
shown; (c) day 14: extensive branch-like outgrowths extended from dense extraembryonic mass; (d) day 19; (e) day 26; (f) day 38. Over the course of
development post-embedding, trophoblastic protrusions invaded into the Matrigel environment. Scale bar = 100 μm
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Fig. 4 Comparison of chorionic gonadotropin secretion in embryos derived from the same oocyte donor with less extensive development (a, b)
or advanced development (c). Chorionic gonadotropin secretion profiles, illustrated in panel (d), from those three embryos showed higher CG
secretion coincident with more advanced development of the embryo and trophoblastic shell. Scale bar = 100 μm

a

b

Fig. 3 Hormone secretion from embryos embedded in Matrigel and co-cultured with BRL cells: (a) CG, n = 12 and (b) progesterone secretion, n
= 9. Each individual colored line represents the secretion profile from an individual embryo, where the same color between (a) and (b) represent
the same embryo
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at the outer edge of the overall outgrowth shell (Fig. 5i,
j), identifying the protrusions as trophoblast cells mim-
icking endometrial invasion.
Immunostaining for CG was performed to determine

whether CG was expressed within the embryos. Immu-
nostaining with antibodies against CG demonstrated that
the primary localization of CG-β subunit expression was
in the cytokeratin-positive layer constituting the outer
surface of the embryo. As the embryo progressed in de-
velopment, CG staining was positive in the embryonic
structures proper as well as extraembryonic protrusions
(Fig. 5m-o), including internal localization of CG within
the central cavity of the embryo, which was clearly spe-
cific in comparison with staining of nonspecific control
IgG (Fig. 5p) or other antibodies (Fig. 5).
To better characterize the cells which comprise the em-

bryo at later stages of development, IHC was performed for
several selected markers indicative of differentiation. Evalu-
ation of MHC class I expression by the HC10 antibody
identified MHC class I heavy chains widely expressed
throughout the embryo (Fig. 6a). Neuroectoderm differenti-
ation was also evaluated by staining with NeuN antibodies,
which showed positive staining on embryonic structures
(Fig. 6b). CD 31, an endothelial cell marker, and in the rhe-
sus, a marker for differentiated trophoblasts [48], was also
used to determine these cell lineages in embryos growing in

MG. Staining for CD31 was apparent in the areas sur-
rounding the villous embryonic structure, as well as part of
the trophoblast shell (Fig. 6c, d). Positive staining for the
endothelial marker, von Willebrand Factor (vWF), was also
observed in the outer villous area and cells lining the em-
bryonic structure (Fig. 6e, f), suggesting endothelial cell dif-
ferentiation. Staining with an anti-vimentin antibody, a
marker of mesenchymal cells, showed positive expression
in cords of fibroblast-like cells (Fig. 6g, h). Collectively,
these results demonstrate that the embryonic cells undergo
differentiation, however, a more rigorous characterization is
warranted in future studies.

Discussion
Here we describe an experimental platform for long
term in vitro rhesus embryo culture using a novel 3-
D Matrigel scaffold. Similar to in vivo implantation,
extensive trophoblast migration into the extracellular,
MG environment was observed. The extensive deg-
radation of the MG at the interface with the embryo,
and the migration of these cells suggests the secretion
of proteolytic enzymes to facilitate migration, however
this remains to be demonstrated formally. Tropho-
blast differentiation from embryos maintained in MG
explants was demonstrated by the secretion of CG
and progesterone into the culture medium, and CG

a b c d

e f g h

i j k l

m n o p

Fig. 5 Histological and immunohistochemical images of paraffin sections of embedded in vitro developed rhesus embryos: (a) bright field; (b-d)
H&E; (e) bright field image of trophoblastic outgrowths; (f-h) Ki67; (i-k) cytokeratin (CytoK); (l) IgG negative control for cytokeratin; (m-o) CG; and
(p) IgG negative control for CG. Results representative of 2 embryos. Scale bar = 500 μm

Chang et al. Reproductive Biology and Endocrinology  (2018) 16:24 Page 7 of 12



expression was confirmed by IHC analyses. Differenti-
ation within the embryo and the extraembryonic
structures, as well as sustained proliferation within
these cultured embryos, demonstrates that this 3-D in

vitro system provides a unique paradigm to model
early events in primate implantation, the initiation of
pregnancy, and the determination of trophoblast
lineage specification in primate development.

a b

c d

e f

g h

Fig. 6 Immunohistochemical staining for selected markers in Matrigel-embedded embryos: (a) HC10, (b) neuronal marker NeuN; (c-d) CD31, an
endothelial and monkey extravillous trophoblast marker; (e-f) von Willebrand Factor (vWF), an endothelial marker (arrow); (g-h) Vimentin (VIM), a
marker of mesenchymal cells. Results representative of 2 embryos. Scale bar = 100 μm
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Ethical limitations surrounding the study of human
implantation in vivo has driven the need to establish in
vitro models of implantation to better understand the
molecular mechanisms of implantation. Human in vitro
models of implantation include embryos or embryo sur-
rogates, such as a trophoblast spheroid, cultured on a
specified ECM, layer(s) of endometrial cells, or placed
into a transwell setup or bioreactor [2, 3, 30, 49]. There
are limitations to these models, including the ethical
concern surrounding the use of human embryos, the use
of immortalized trophoblasts and/or endometrial epithe-
lial cell lines compared to primary cells, and the tech-
nical challenge of reproducibly isolating populations of
primary endometrial epithelial and stromal cells.
To overcome these challenges, our model rather relies

on a non-human primate embryo embedded within a syn-
thetic ECM, MG, to define the feasibility of studying em-
bryonic development during primate implantation. Our
study illustrated that the embryo itself can interact with
its surrounding environment to support embryonic
growth, and initiate trophoblast proliferation and differen-
tiation in the absence of endometrial cells. Enders et al.
[50] previously reported that 2-dimensional culture of rhe-
sus blastocysts on MG alone resulted in inappropriate de-
velopment and limited trophectoderm outgrowth. In our
3-D environment, branches and protrusions from the em-
bedded rhesus embryos that rapidly developed in MG as
similarly described in human embryoid bodies [33], non-
human primate embryos [24], and human embryos [4].
Interaction between the embryo and the MG ECM was
observed based on the development of trophoblast col-
umns extending from the embryo proper accompanied by
apparent proteolytic degradation of the ECM from the in-
vading trophoblasts. The adhesion of the embryo-derived
structures and cells to the MG, and the involvement of
specific proteins are beyond the scope of this study, but
are important areas for future investigation.
During placenta formation in vivo, the highly prolifera-

tive and invasive extravillous trophoblast (EVT) structures
migrate and invade the uterus and its vasculature. Previ-
ous studies have demonstrated that migration and inva-
sion of human EVTs are regulated by growth factors, their
binding proteins, ECM components and adhesion mole-
cules, in autocrine and paracrine manners at the
maternal-fetal interface in human pregnancy [51–53]. In
the present study, embryonic cell migration was concomi-
tant to degradation of the MG in the area surrounding
protrusions was observed. These events were similarly ob-
served for human in vitro first trimester trophoblasts,
where upon attachment trophoblasts subsequently mi-
grated through a matrix-substrate [54, 55]. Degradation of
the ECM is likely a result of secretion of matrix metallo-
proteinases (MMPs) from the trophoblast cells as similarly
observed in vivo during implantation. A critical process to

establishment of pregnancy is trophoblast cell invasion
into the uterus and modification of maternal spiral arter-
ies, and one of the major factors contributing to the
process is the secretion of MMPs [54, 56].
Extraembryonic cellular differentiation in our model

was evident by the secretion of CG, a hallmark of tropho-
blast differentiation to syncytiotrophoblasts [57]. Consist-
ently elevated CG and progesterone secretion, coincident
with the presence of outgrowths confirmed trophoblast
differentiation. The presence of trophectodermal growth
was absolutely required for the secretion of CG: in occa-
sional embryos which failed to initiate trophectodermal
proliferation and expansion, CG was essentially never de-
tectable. Interestingly, CG secretion was sustained for sev-
eral weeks in embryos, similar to the in vivo hormonal
secretion in the rhesus monkey [35]. While the secretion
of CG in rhesus monkey embryos has been previously de-
scribed [40, 58], the present study is the first to report im-
munohistochemical localization of CG in a 3-D in vitro
cultured rhesus embryo model.
Proliferation and differentiation of the embryonic and

extraembryonic cells was further confirmed by immuno-
histochemistry for various selected markers. Cellular pro-
liferation was evidenced by positive staining of Ki67
throughout the interior of the embryonic structures with a
greater proportion of positive at the periphery of out-
growth, thus demonstrating continued growth throughout
the duration of culture. At the periphery of outgrowth
positive Ki67 cells were co-localized with cytokeratin posi-
tive cells. Cytokeratin 7 is a well-known marker for the
characterization and identification of differentiated tro-
phoblasts in placental cell isolates [59–61]. Conversely,
vimentin-positive cells were observed internally in the em-
bryonic structures, complementary to cytokeratin staining.
Vimentin is a non-trophoblastic, mesenchymal marker
and is expressed in fibroblasts and endothelial cells [62].
Our previous study identified a non-human primate

MHC class I gene, Mamu-AG, which has similar charac-
teristics to the human MHC class I gene, HLA-G [63].
The expression of Mamu-AG is restricted to the pla-
centa, although a soluble form is also expressed in the
testis of rhesus macaques [64, 65]. Temporal expression
pattern of Mamu-AG has been observed at implantation
sites of rhesus macaque placentas, where at days 10–14
of pregnancy it is expressed predominantly in cytotro-
phoblasts and as development progresses there is an ac-
cumulation of the glycoprotein at the interface between
the decidua and trophoblast by day 36 of pregnancy
[47]. Although the paraffin embedding of the embryos
precluded specific staining in the present study, the
HC10 antibody revealed that MHC Class I molecules are
expressed throughout the embryonic structure, including
cells at the leading edge, consistent with a differentiated
trophoblast phenotype.
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Immunohistochemistry confirmed the presence of cel-
lular differentiation by positive staining for other se-
lected markers including CD31, vWF, and NeuN. CD31
and vWF staining on the outer areas of the embryonic
structures indicating possible development of endothelial
cells as well as differentiated trophoblasts in the post-
implantation rhesus macaque embryo. NeuN positive
staining on the embryonic structures suggests the forma-
tion of neuroectoderm cell lineages in the 3-D model
cultured embryo. The presence of cells positive for these
markers confirms differentiation, however, further
characterization of cellular differentiation representative
of the respective germ layers is needed in future studies.

Conclusions
Overall, the results reported here establish a platform for
assessing primate implantation in vitro. This non-human
primate 3-D model, because of its relative simplicity, iso-
lates the embryonic component during implantation allow-
ing for investigators to assess the impact of additional
variables added to the MG, such as growth factors or ma-
ternal immune or uterine cells. The 3-D implantation
model could be used in an experimental infection paradigm
to evaluate the impact of pathogens on trophoblast differ-
entiation and function. Altogether, our 3-D non-human pri-
mate model could serve as valuable platform to for study of
the mechanisms underpinning human implantation.
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