
REPRODUCTIVE PHYSIOLOGYAND DISEASE

Anti-Müllerian hormone is produced heterogeneously
in primate preantral follicles and is a potential biomarker
for follicle growth and oocyte maturation in vitro
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Abstract
Purpose The main goals of this study were to investigate the
expression of anti-Müllerian hormone (AMH) and its receptor
(AMHR2) during follicular development in primates, and to
evaluate the potential of AMH as a biomarker for follicle
growth and oocyte maturation in vitro.
Methods The mRNA and protein expression of AMH and
AMHR2 were determined using isolated follicles and ovarian
sections from rhesus macaques (n = 4) by real-time PCR and
immunohistochemistry, respectively. Isolated secondary folli-
cles were cultured individually. Follicle growth and media
AMH concentrations were assessed by ELISA. The mRNA
expression profiles, obtained from RNA sequencing, of in

vitro- and in vivo-developed antral follicles were compared.
Secondary follicles from additional animals (n = 35) were cul-
tured. Follicle growth, oocyte maturation, and media AMH
concentrations were evaluated for forecasting follicular devel-
opment in vitro by AMH levels.
Results AMH immunostaining was heterogeneous in the pop-
ulation of preantral follicles that were also stained for
AMHR2. The mRNA expression profiles were comparable
between in vivo- and in vitro-developed follicles. AMH levels
produced by growing follicles were higher than those of non-
growing follicles in culture. With a cutoff value of 1.40 ng/ml,
85 % of nongrowing follicles could be identified while elim-
inating only 5 % of growing follicles. Growing follicles that
generated metaphase II-stage oocytes secreted greater
amounts of AMH than did those yielding immature germinal
vesicle-stage oocytes.
Conclusions AMH, co-expressed with AMHR2, was pro-
duced heterogeneously by preantral follicles in macaques with
levels correlated positively with follicle growth and oocyte
maturation. AMH may serve as a biomarker for primate fol-
licular development in vitro.

Keywords Anti-Müllerian hormone . Three-dimensional
follicle culture . RNA sequencing . Preantral follicle . Antral
follicle

Introduction

Anti-Müllerian hormone (AMH), an intraovarian peptide pro-
duced by adult mammals, is dynamically expressed in devel-
oping ovarian follicles. AMHmessenger RNA (mRNA) and/or
protein is detectable in preantral follicles, peaks in antral folli-
cles, and decreases following subsequent follicle growth to the
preovulatory stage in rodents [1], domestic animals [2], and
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women [3]. Physiologically, AMH may be a gatekeeper for
follicular development as suggested by clinical studies [4].
AMH is also considered as a promising biomarker of ovarian
function in a large array of clinical situations including
assessing the need for fertility preservation for patients
experiencing cancer therapies or surgeries that may cause ovar-
ian damage [4]. As a member of the transforming growth factor
beta (TGFβ) family, AMH signals by binding to a specific type
II transmembrane serine/threonine kinase receptor, AMHR2
[5]. AMHR2 appears to follow a similar expression pattern as
that of AMH in the growing follicle, at least in rodents [6].
However, AMH signaling via AMHR2 during specific stages
of follicular development has not been reported in primates.

Although hundreds of preantral follicles activated from the
primordial follicle pool continually exist in the ovary, much
fewer numbers grow to the antral stage during each menstrual
cycle in women [7]. The majority of preantral follicles either
remains at the primary/secondary stage or become atretic. The
molecular mechanisms that determine the survival and growth
potential of preantral follicles are not clear. Studies in mice
suggest that AMH plays an essential role during follicular
development by inhibiting preantral follicle growth and antral
follicle maturation [8]. Although not documented in studies
using rodents and domestic animals, the levels of AMH pro-
tein varied in marmoset preantral follicles based on immuno-
histochemical analysis [9]. Thus, one can hypothesize that
AMH production by preantral follicles portends the potential
for further follicle growth and maturation in primates.

An encapsulated three-dimensional culture system was de-
veloped to support rhesus macaque preantral (primary and
secondary) follicle growth to the small antral stage with func-
tion in steroidogenesis and oocyte maturation [10]. Notably, in
vitro-developed macaque follicles produced AMH with ex-
pression patterns similar to those observed in women by im-
munohistochemistry [11]. Media concentrations of AMH pro-
tein were detectable during the preantral stage and peaked
after antrum formation [10]. The data also indicated that, al-
though the diameters were similar at onset of culture, macaque
preantral follicles differ in their ability to produce AMH.
Media AMH concentrations correlate positively with follicle
growth rates during monkey follicle culture [10]. Thus, ma-
caque follicles grown in vitro may mimic those developed
in vivo in terms of AMH production. This follicle culture
technique offers a powerful tool to study individual follicles
for AMH expression and regulation at preantral and small
antral stages of follicular development in primates.

Therefore, the present study was designed to examine the
expression of AMH and AMHR2 by macaque preantral and
small antral follicles. The mRNA expression profiles were com-
pared between in vivo- and in vitro-developed small antral folli-
cles to assess whether encapsulated three-dimensional follicle
culture allows coordinated follicular development in vitro similar
to that in vivo. Experiments were also performed to evaluate the

potential of AMH in noninvasively predicting further follicle
growth and oocyte maturation in vitro.

Materials and methods

Animal use and ovary collection

The general care and housing of rhesus macaques (Macaca
mulatta) were provided by the Division of Comparative
Medicine at the Oregon National Primate Research Center
(ONPRC), Oregon Health & Science University (OHSU).
Animals were pair-caged in a temperature-controlled
(22 °C), light-regulated (12L:12D) room. Diet consisted of
Purina monkey chow (Ralston-Purina, Richmond, IN, USA)
provided twice a day, supplemented with fresh fruit or vege-
tables once a day and water ad libitum. Animals were treated
according to the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals. Protocols were ap-
proved by the ONPRC Institutional Animal Care and Use
Committee [10].

Ovary pairs were collected from adult, female macaques
exhibiting regular menstrual cycles, with the first day of men-
struation considered day 1 of the cycle. Ovariectomies were
conducted on anesthetized monkeys at early follicular phase
(days 1–4 of the cycle). Ovaries were immediately transferred
into HEPES-buffered holding media (CooperSurgical, Inc.,
Trumbull, CT, USA) and kept at 37 °C for subsequent
processing [12]. Four monkeys (11–12 years old) provided
ovaries for experiment I, and 35 (4–12 years old) for
experiment II.

Experiment I

Immunohistochemistry for AMH and AMHR2

Half of one ovary from each monkey was fixed in 4 %
paraformaldehyde-PBS (137 mM NaCl, 10 mM Na2HPO4,
2.7 mM KCl, 1.8 mM KH2PO4; Invitrogen, Carlsbad, CA,
USA) solution at 4 °C overnight, dehydrated in ascending
concentrations of ethanol (70–100 %), and embedded in par-
aff in. Five-micrometer sect ions were cut by the
Histopathology-Morphology Research Core at ONPRC [10].
Ovarian sections were deparaffinized and hydrated through
xylene (Thermo Fisher Scientific Inc., Grand Island, NY,
USA) and a graded series of ethanol. Sections were rehydrated
in PBS, followed by incubation in 3 % hydrogen peroxide/
60 % methanol to quench endogenous peroxidase activity.
Adjacent sections were incubated at 4 °C overnight with pri-
mary antibodies (1:75 for mouse anti-human AMH antibody,
MAB1737 from R&D Systems, Inc., Minneapolis, MN,
USA; 1:300 for goat anti-human AMHR2 antibody, sc-
66546 from Santa Cruz Biotechnology, Inc., Santa Cruz,
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CA, USA). Antibodies preabsorbed with blocking peptides
(1737-MS from R&D Systems, Inc. for AMH antibody; sc-
66546P from Santa Cruz Biotechnology, Inc. for AMHR2) at
4 °C overnight were used as negative controls. Slides were
then incubated with the appropriate secondary antibodies and
processed using a VECTASTAIN Elite ABC Kit from Vector
Laboratories, Inc. (Burlingame, CA, USA; PK-6102 biotinyl-
ated anti-mouse IgG for AMH; PK-4005 biotinylated anti-
goat IgG for AMHR2). The antigen-antibody complex was
visualized by incubation with 3,3′-diaminobenzidine.
Sections were counterstained using hematoxylin and images
were captured via an Olympus BX40 inverted microscope and
an Olympus DP72 digital camera (Olympus Imaging America
Inc., Center Valley, PA, USA) [10].

Real-time PCR

The other half of the same ovary from each monkey was used
for secondary follicle isolation as described previously [10,
13]. Briefly, the ovarian cortex was cut into 1 × 1 × 1 mm
cubes for follicle isolation mechanically using 30-gauge
needles. Secondary follicles (diameter 125–225 μm) met the
criteria for study if they exhibited an intact basement mem-
brane, 2–4 layers of granulosa cells, and a healthy, centrally
located oocyte. Follicles were pooled bymonkey (30 follicles/
monkey) and transferred into the lysis buffer of an Absolutely
RNA Nanoprep Kit (Agilent Technologies, Santa Clara, CA,
USA) for RNA isolation based on the manufacturer’s instruc-
tion. RNAwas reverse-transcribed into complementary DNA
(cDNA) using a GoScript™ Reverse Transcription System
(Promega Corporation, Madison, WI, USA) based on the
manufacturer’s instruction. Real-time PCR was performed
for AMH and AMHR2 using TaqMan® Gene Expression
Assays (Thermo Fisher Scientific Inc.; AMH Assay ID:
Hs03986144_s1; AMHR2 Assay ID: Rh01086649_m1) and
Applied Biosystems 7900HT Fast Real-time PCR System
(Thermo Fisher Scientific Inc.) as previously described [14].

Follicle culture

The cortex region of the second ovary from each monkey was
used for secondary follicle (diameter 125–225 μm) isolation
as described above. Isolated follicles were encapsulated and
cultured individually as reported previously [10]. Briefly, fol-
licles (24 follicles/monkey) were transferred into 5 μl 0.25 %
(w/v) sterile sodium alginate (FMC Health and Nutrition,
Philadelphia, PA, USA)-PBS. The droplets were cross-
linked in 50 mM CaCl2, 140 mM NaCl, 10 mM HEPES so-
lution (pH 7.2). Encapsulated follicles were placed in wells of
48-well plates containing 300 μl alpha minimum essential
medium (Thermo Fisher Scientific Inc.) supplemented with
1 ng/ml recombinant human follicle-stimulating hormone
(FSH) (NV Organon, Oss, Netherlands), 6 % (v/v) human

serum protein supplement (Cooper Surgical, Inc.), 0.5 mg/
ml bovine fetuin, 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/
ml sodium selenite, and 10 μg/ml gentamicin (Sigma-Aldrich,
St Louis, MO, USA). Follicles were cultured individually at
37 °C in a 5 % O2 environment (in 6 % CO2/89 % N2) for
5 weeks [10]. Media (150 μl) was replaced every other day.
Media samples collected weekly were analyzed for AMH
concentrations by ELISA using an SKU: AL-105 kit
(AnshLabs, Webster, TX, USA) based on the manufacturer’s
instruction. The AMHELISA assay has an analytical measure
range of 0.06–14.2 ng/ml and a sensitivity of 23 pg/ml.

Follicle growth and antrum formation were assessed week-
ly using an Olympus CK-40 inverted microscope and an
Olympus DP11 digital camera (Olympus Imaging America
Inc.) as described previously [10]. Follicle sizes were deter-
mined by measuring the distance from the outer layer of cells
at the widest diameter and then the diameter perpendicular to
the first measurement. The mean of the two values was con-
sidered the follicle’s overall diameter. Themeasurements were
performed using ImageJ 1.48 software (National Institutes of
Health, Bethesda, MD, USA). Follicles were considered atret-
ic if the oocyte was dark or not surrounded by a layer of
granulosa cells, the granulosa cells appeared dark or
fragmented, or the follicle diameter decreased. At the end of
week 5, healthy, small antral follicles (diameter = 0.5–
1.5 mm) developed in vitro were pooled by monkey (10 fol-
licles/monkey) for RNA isolation, as described above, and for
the subsequent RNA sequencing experiment.

RNA sequencing

The medulla region of the second ovary from each monkey
was used for small antral follicle (diameter = 0.5–1.5 mm)
isolation as described previously [15]. Isolated follicles were
pooled by monkey (10 follicles/monkey) for RNA isolation as
described above. Illumina sequencing was performed by the
OHSU Massively Parallel Sequencing Shared Resource.
Short read RNA sequencing was used to map and quantify
transcriptomes in small antral follicles developed in vivo and
in vitro. Total RNA integrity was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies). RNA sequencing
libraries were constructed using a TruSeq RNA Library
Preparation Kit v2 (Illumina, Inc., San Diego, CA, USA).
Poly(A)+ RNAwas isolated using oligo‐dT bound to magnet-
ic beads. Chemically fragmented RNA was converted to
double-stranded cDNA using random hexamer priming.
Overhanging nucleotides were removed and a single adenine
was added to the 3′ end of each strand. Illumina adaptors with
barcode sequences were ligated to the fragments. Resulting
libraries was amplified using PCR. Unincorporated nucleo-
tides and adaptor dimers were removed using an Agencourt
AMPure XP system (Beckman Coulter, Inc., Indianapolis, IN,
USA). Libraries were applied for multiplexing and paired-end
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sequencing using a HiSeq 2000 sequencer (Illumina). Base
call data were assembled into FASTQ files using a CASAVA
suite (Illumina).

RNA aliquots from the same samples were reverse-
transcribed into cDNA as described above. Quantitative real-
time PCR was performed, as described above, to validate
RNA sequencing results for AMH and AMHR2, as well as
for selected genes that are critical for antral follicle function,
e.g., gonadotropin signaling (FSH receptor, FSHR, Assay ID:
Hs00174865_m1; luteinizing hormone/choriogonadotropin
receptor, LHCGR, Assay ID: Hs00896336_m1), steroidogen-
esis (cytochrome P450 family 17 subfamily A polypeptide 1,
CYP17A1, Assay ID: Hs01124136_m1; cytochrome P450
family 19 subfamily A polypeptide 1, CYP19A1, Assay ID:
Hs00903413_m1), and oocyte quality (bone morphogenetic
protein 15, BMP15, Assay ID: Hs00193764_m1; growth dif-
ferentiation factor 9,GDF9, Assay ID: Hs03986126_s1). The
18S ribosomal RNA (rRNA) served as internal control.

Experiment II

This was a retrospective study including follicles obtained
from animals reported in previous studies [10, 12, 16, 17].
As described in experiment I, secondary follicles (diameter
125–225 μm; 12–24 follicles/monkey) were isolated from
ovaries of each monkey and cultured individually for 5 weeks.
Follicle growth and antrum formation were assessed. Media
samples collected at the end of weeks 1 and 2 were analyzed
for AMH.

At the end of week 5, healthy, selected small antral follicles
(diameter = 0.5–1.5 mm) developed in vitro were treated with
100 ng/ml recombinant human chorionic gonadotropin (hCG;
Merck Serono, Geneva, Switzerland) for 34 h. Oocyte harvest
and evaluation were performed on a 37 °C warming plate as
previously described [10]. Briefly, cumulus-oocyte complexes
were released in Tyrode’s albumin lactate pyruvate (TALP)-
HEPES-BSA (0.3 % v/v) medium and were pipetted to disso-
ciate cumulus cells and obtain denuded oocytes. Harvested
oocytes were transferred to TALP medium and photographed.
Oocyte meiotic status was assessed using the same camera
described above.

RNA sequencing analyses

Approximately 817 million 101-base pair (bp) outputted reads
were evaluated for elevated duplication levels and sequence
quality using FastQC v0.10.1 software (Babraham Institute,
Cambridge, Cambridgeshire, UK). Potential PCR duplicates
were marked using the MarkDuplicates v1.98 utility (Broad
Institute, Cambridge, MA, USA). Adaptive quality trimming
was performed using a Trimmomatic v0.30 algorithm (The
Usadel lab, Aachen, Germany) [18]. About 83.7 % reads were
retained at length of >75 bp. Remaining reads were aligned using

GSnap v2013-10-28 (Genentech, Inc., South San Francisco, CA,
USA) [19] with the most current rhesus macaque genome build
and gene annotation (BioProject, accession number:
PRJNA214746). The default parameters for the GSnap aligner
were used, with the exception of increasing the allowed mis-
match percentage to 5 % of a given read to aid in the exten-
sion of alignment beyond ends of exons. Approximately
360 million read pairs (88 %) aligned uniquely. All reads
were retained. HTSeq v0.5.4p3 software (Python Software
Foundation, Portland, OR, USA) was used to count unique
reads for differential expression analysis [20]. Count data
were based on exon boundaries within the latest gene an-
notation containing 15,236 annotated genes (BioProject,
accession number: PRJNA214746). Output from each sam-
ple was collected in a matrix of counts corresponding to
each gene identifier.

The R v3.0.2 package DESeq2 v1.2.5 (Bioconductor,
Seattle, WA, USA) was used in further differential expression
analysis of the count data [21]. A DESeq2 clustering algo-
rithm revealed that the samples were correctly clustered ac-
cording to experimental condition (in vitro versus in vivo).
Raw counts were normalized internally. DESeq2 makes use
of the negative binomial distribution to fit generalized linear
models of the count data and compares potential fits to infer
whether specification of additional factors has improved the
significance of the treatment effect. A single-factor design was
completed comparing in vitro versus in vivo samples at a
common follicle stage. Gene Set Enrichment Analysis
(Broad Institute) was used for gene ontological analysis on
the differentially expressed gene sets [21].

Statistical analyses

Statistical analysis was performed using SAS V9.4 software
(SAS Institute Inc., Cary, NC, USA). Due to the limited sam-
ple size (n = 4) for formal statistical hypothesis testing, for
real-time PCR experiments, a permutation test was used to
compare mRNA levels between groups. Pairwise comparison
between groups was performed to generate pseudo distribu-
tions of group differences. Differences were considered sig-
nificant at permutation P < 0.05 and values are presented as
the mean ± SEM.

For follicle culture experiments, weekly media AMH con-
centrations were analyzed using a two-way ANOVAwith re-
peated measures. Contrast t tests under repeated measures
ANOVA framework were used to compare between groups
at each time point. Data represent individual follicles from
four animals. To compare media AMH concentrations pro-
duced by different follicle cohorts based on follicle growth
or oocyte meiotic status at week 5, the mixed effect model
with first-order autoregressive as a within-group covariance
was used with follicle cohorts as the between-group factor
and monkeys nested within the groups as the random effect.
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Data represent individual follicles from 35 animals. Contrast t
tests were used to compare between two groups at each time
point as described above. Differences were considered signif-
icant at P < 0.05 and values are presented as the mean ± SEM.
To estimate a 95 % cutoff value for media AMH concentra-
tions between follicle cohorts, a bootstrapping method was
used to establish the reference intervals [22].

Results

Experiment I

Specific immunostaining for AMH concentrated in the cyto-
plasm of the granulosa cells in growing follicles, but not in
either the theca or surrounding stroma cells (Fig. 1a). In the
early follicular phase, AMH staining was not evident in pri-
mordial follicles (PM, Fig. 1a). Positive staining became

obvious as follicles progressed to the primary (Fig. 1b), early
secondary (ES, Fig. 1a, c), and late secondary (LS, Fig. 1a, d)
stages. AMH staining was also present in the granulosa layer
of small antral follicles (SA, Fig. 1a). However, staining in-
tensity of AMH varied among preantral follicles at the same
developmental stages. AMH staining was detectable in some,
but not all, primary follicles (Fig. 1b), and was either modest
or intense in early (Fig. 1c) and late (Fig. 1d) secondary folli-
cles within the same ovarian section. In preantral and small
antral follicles with positive staining of AMH (Fig. 1e), im-
munostaining of AMHR2 was also evident in granulosa cells
(Fig. 1f). The variation of AMHR2 staining intensity followed
a similar pattern as that of AMH in preantral follicles (data not
shown). Immunostaining for AMHR2 in the oocyte (Fig. 1f)
appeared to be nonspecific since similar staining was also
observed in the oocyte when the ovarian section was incubat-
ed with primary antibody preabsorbed with the blocking
peptide.

Fig. 1 Immunohistochemical
staining of macaque ovarian
sections for anti-Müllerian
hormone (AMH) and its type II
receptor (AMHR2). Preantral and
small antral (SA; bottom-left
corner) follicles were stained for
AMH (a; no staining in
primordial follicles).
Heterogeneous staining of AMH
was evident among follicles at the
primary (b) and secondary (c, d)
stages. Positive staining of AMH
(e) and AMHR2 (f) was evident
in the same preantral and small
antral (SA; bottom-left corner)
follicles on adjacent ovarian
sections, with staining associated
with the preabsorbed
corresponding antibodies
illustrated in the upper-right
corners. Solid arrows, intense
staining of AMH in preantral
follicles. Open arrows, negative
or modest staining of AMH in
preantral follicles. Scale
bar = 100 μm for a, b, e, and f;
200 μm for c and d. PM
primordial follicle, ES early
secondary follicle, LS late
secondary follicle, SA small antral
follicle, NC negative control
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Though follicle diameters did not differ at the beginning of
culture, distinct cohorts of viable follicles were observed
based on their growth rates and antrum formation [23]. One
cohort (26.5 %) remained similar in size to the initial second-
ary follicles without significant change in diameters or antrum
formation throughout 5 weeks of culture and was termed
Bnongrowing^ follicles. Another cohort (73.5 %) increased
their diameters with antrum formation around week 3 and
was termed Bgrowing^ follicles. During the first week of cul-
ture, media AMH concentrations produced by individual sec-
ondary follicles varied from 0.1 to 9.2 ng/ml. AMH levels
increased (P < 0.05) in growing follicles during the first
3 weeks of culture and plateaued after antrum formation
(Fig. 2). Growing follicles produced higher (P < 0.05) levels
of AMH at weeks 2–5 of culture compared with those of
nongrowing follicles (Fig. 2).

The mRNA expression of both AMH and AMHR2 was
detectable in all pooled samples of isolated secondary
(AMH mRNA/18S rRNA = 2.8 ± 0.2; AMHR2 mRNA/18S
rRNA= 2.5 ± 0.6) and small antral follicles (Fig. 3a) from four
monkeys by real-time PCR. Only 917 out of 15,236 (6.0 %)
annotated genes were identified as differentially expressed
with a >2-fold change (log2FoldChange; P < 0.05) between
small antral follicles developed in vivo and in vitro by RNA
sequencing. There were no differences in mRNA levels for
genes that are involved in AMH signaling (e.g., AMH,
AMHR2, and activin receptor-like kinase), gonadotropin sig-
naling (e.g., LHCGR and FSHR), or oocyte growth (e.g.,
BMP15 and GDF9). Real-time PCR confirmed that mRNA
levels were comparable between small antral follicles devel-
oped in vivo and in vitro for AMH, AMHR2 (Fig. 3a.), FSHR,
LHCGR (Fig. 3b), BMP15, and GDF9 (Fig. 3c). However,
compared with in vivo-developed follicles, mRNA levels of
genes involved in ovarian steroidogenesis were altered in
small antral follicles developed in vitro (Table 1). Lower

(P = 0.04) mRNA levels for CYP17A1 and higher (P = 0.01)
mRNA levels for CYP19A1 in in vitro-, relative to in vivo-,
developed small antral follicles were identified (Fig. 3d). In
addition, RNA sequencing revealed differences in mRNA
levels of genes involved in follicular function in mural gran-
ulosa cells and cumulus cells between in vitro- and in vivo-
developed small antral follicles. The majority of differentially
expressed genes that promote ovarian angiogenesis or cell
apoptosis were downregulated, while those that facilitate cu-
mulus cell glycolysis or cell survival were upregulated, in
small antral follicles grown in vitro relative to those developed
in vivo (Table 2). RNA sequencing data were submitted to the
Sequence Read Archive at http://www.ncbi.nlm.nih.gov/sra
(accession number: SRP044327).

Experiment II

As reported in experiment I, nongrowing and growing folli-
cles were also observed during individual follicle culture in
experiment II. Metaphase II (MII) oocytes were only pro-
duced by growing follicles.

Media AMH concentrations produced by growing follicles
(n = 229) were higher (P < 0.0001) than those of nongrowing
follicles (n = 102) at culture week 1 and week 2 (Fig. 4a). Over
95 % of secondary follicles producing >1.4 ng/ml AMH at
week 2 grew to the small antral stage at week 5. With a cutoff
value of 1.4 ng/ml AMH, 85.3 % of nongrowing follicles can
be filtered out at week 2 of culture while losing only 5.0 % of
growing follicles. There were no differences in media AMH
concentrations at week 1 between growing follicles producing
germinal vesicle- and MII-stage oocytes at week 5 (Fig. 4b).
However, growing follicles that generated MII oocytes (n = 9)
secreted greater (P = 0.0001) amounts of AMH at week 2 than
did those yielding germinal vesicle (GV) oocytes (n = 67),
though follicle diameters at week 2 were comparable between
the two follicle cohorts (follicles yielding GV versus MII oo-
cytes—302.1 ± 8.4 versus 310.4 ± 16.5 μm).

Discussion

The current study used multiple approaches to investigate the
expression of AMH and its type II receptor, AMHR2, in de-
fined follicle types of the primate ovary, which represents a
step toward the development of a novel biomarker for in vitro
follicular development. The mRNAs for AMH and AMHR2
were identified in isolated preantral and small antral follicles
by real-time PCR. Immunohistochemical staining further in-
dicated that AMH and AMHR2 proteins were co-expressed in
granulosa cells of growing follicles. AMH was not expressed
by primordial follicles, while AMHR2 staining in the primor-
dial follicle oocytes needs further investigation using an anti-
body without nonspecific oocyte staining. In addition, AMH

Fig. 2 Media anti-Müllerian hormone (AMH) concentrations produced
by nongrowing (n = 9) and growing (n = 25) follicles during 5 weeks of
culture. Data are presented as the mean ± SEM with differences
considered significant at P < 0.05. Different letters (a–c) indicate
differences between culture weeks for growing follicles. Asterisks,
differences between growing and nongrowing follicles at each culture
week
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protein secretion was detected in media during growth of in-
dividual macaque follicles in three-dimensional culture. The
data are consistent with a previous study co-localizing AMH
and AMHR2mRNAs in granulosa cells of preantral and small

antral follicles of the postnatal rat ovary by in situ hybridiza-
tion [6]. Although AMH shares type I receptors with BMPs, it
is generally believed that only the type II receptor (i.e.,
AMHR2) is specific for AMH signaling through a BMP-like

Fig. 3 Real-time PCR validation of mRNA levels for selected genes in
small antral follicles developed in vivo and in vitro based on RNA
sequencing data. Data are presented as the mean ± SEM with 4 animals
per group. AMH anti-Müllerian hormone, AMHR2 AMH receptor II (a);
FSHR follicle-stimulating hormone receptor, LHCGR luteinizing

hormone/choriogonadotropin receptor (b); BMP15 bone morphogenetic
protein 15, GDF9 growth differentiation factor 9 (c); CYP17A1
cytochrome P450 family 17 subfamily A polypeptide 1, CYP19A1
cytochrome P450 family 19 subfamily A polypeptide 1 (d); 18S rRNA,
internal control. *, significant difference with P < 0.05

Table 1 Comparison of mRNA levels for genes involved in steroidogenesis between in vitro- and in vivo-developed small antral follicles

Gene name Synonym Gene
symbol

GenBank accession
number

Fold changea

(in vitro/in vivo)

Low-density lipoprotein receptor – LDLR NM_000527 2.6 ↑

Steroidogenic acute regulatory protein – STAR NM_000349

Cytochrome P450 family 11 subfamily A
polypeptide 1

Cholesterol side-chain cleavage enzyme CYP11A1 NM_000781 4.2 ↑

Hydroxy-delta-5-steroid dehydrogenase, 3
beta- and steroid delta-isomerase 1

3 beta-hydroxysteroid dehydrogenase/
Delta 5→4-isomerase

HSD3B1 NM_000862 –

Cytochrome P450 family 17 subfamily A
polypeptide 1

Steroid 17-alpha-hydroxylase/17,20 lyase CYP17A1 NM_000102 –

Cytochrome P450 family 19 subfamily A
polypeptide 1

Cytochrome P-450 aromatase CYP19A1 NM_000103 4.3 ↑

Hydroxysteroid (17-beta) dehydrogenase 1 Estradiol 17-beta-dehydrogenase 1 HSD17B1 NM_000413

↑ mRNA levels increased in in vitro- versus in vivo-developed small antral follicles
a Log2FoldChange in mRNA levels that is greater than 2 by RNA sequencing; n = 4 animals
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signaling pathway [24]. Therefore, AMH actions via AMHR2
in regulating primate follicular development may be autocrine
in nature, specifically within the granulosa cells of growing
follicles.

The current study indicated that AMHwas expressed as the
follicle began to grow at the primary stage, increased during
the subsequent development in preantral follicles, and peaked
after antrum formation. The patterns are consistent with pre-
vious findings in nonprimate [1, 2] and primate [10, 11] spe-
cies. However, though similar in size and morphological

characteristics, macaque preantral follicles at the same devel-
opmental stage appeared to differ in AMH biosynthesis and
secretion, as distinguished by AMH immunostaining intensity
and AMH concentrations in the culture media. Although not
reported in rodents and domestic animals, similar findings
were demonstrated in marmoset preantral follicles by immu-
nohistochemistry [9] and in macaque preantral follicles during
culture [10]. In a recent study, it was hypothesized that AMH
promotes preantral follicle growth to the small antral stage in
the primate ovary [25]. Since AMH production by individual

Table 2 Comparison of mRNA levels for selected genes involved in antral follicle function between in vitro- and in vivo-developed small antral
follicles

Gene name Synonym Gene
symbol

GenBank accession
number

Fold changea

(in vitro/in vivo)

Angiogenesis

Vascular endothelial growth factor A – VEGFA NM_003376 2.3 ↑

Phospholipase A2, group IVF Cytosolic phospholipase A2 zeta PLA2G4F NM_000413 3.1 ↑

Fms-related tyrosine kinase 1 Vascular endothelial growth
factor receptor 1

FLT1 NM_002019 4.5 ↓

Kinase insert domain receptor Vascular endothelial growth
factor receptor 2

KDR NM_002253 4.5 ↓

Nitric oxide synthase 3 – NOS3 NM_000603 3.9 ↓

Thrombospondin 1 – THBS1 NM_003246 3.7 ↓

Runt-related transcription factor 1 – RUNX1 NM_001754 3.5 ↓

Serpin peptidase inhibitor, clade E, member 1 Nexin/plasminogen
activator inhibitor 1

SERPINE1 NM_000602 2.6 ↓

Phosphoinositide-3-kinase, regulatory subunit 5 – PIK3R5 NM_014308 2.2 ↓

Cumulus cell glycolysis

Fibroblast growth factor 8 – FGF8 NM_006119 3.1 ↑

Enolase 2 Gamma-enolase ENO2 NM_001975 6.5 ↑

Aldolase C, fructose-bisphosphate – ALDOC NM_005165 3.7 ↑

Lactate dehydrogenase A L-lactate dehydrogenase LDHA NM_005566 2.9 ↑

Phosphoglycerate mutase 1 – PGAM1 NM_002629 2.8 ↑

Hexokinase 2 – HK2 NM_000189 2.7 ↑

Phosphoglycerate kinase 1 – PGK1 NM_000291 2.4 ↑

Triosephosphate isomerase 1 – TPI1 NM_000365 2.4 ↑

Pyruvate kinase, muscle Pyruvate kinase
isozymes M1/M2

PKM NM_002654 2.3 ↑

Glyceraldehyde-3-phosphate dehydrogenase – GAPDH NM_002046 2.2 ↑

Fructose-1,6-bisphosphatase – FBP1 NM_000507 2.1 ↓

Apoptosis

Insulin-like growth factor 2 Somatomedin A IGF2 NM_000612 2.9 ↑

V-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog

Mast/stem cell growth
factor receptor

KIT NM_000222 2.9 ↑

Integrin, alpha 6 – ITGA6 NM_000210 2.1 ↑

Tumor necrosis factor (ligand) superfamily, member 10 – TNFSF10 NM_003810 4.0 ↓

Growth arrest and DNA-damage-inducible, beta – GADD45B NM_015675 3.1 ↓

Tumor necrosis factor – TNF NM_000594 2.4 ↓

Phosphoinositide-3-kinase, regulatory subunit 5 – PIK3R5 NM_014308 2.4 ↓

Heparin-binding EGF-like growth factor – HBEGF NM_001945 2.3 ↓

↑/↓ mRNA levels increased/decreased in in vitro- versus in vivo-developed small antral follicles
a Log2FoldChange in mRNA levels that is greater than 2 by RNA sequencing; n = 4 animals
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preantral follicles correlated positively with follicle growth
rate in vitro, as reported in the current and previous [10] stud-
ies, the heterogeneity of AMH production may indicate dif-
ferences in the local actions of AMH and in growth capacities
of preantral follicles in primates.

The three-dimensional follicle culture system is valuable as
an in vitro model for studying indices of primate ovarian
folliculogenesis [12, 25, 26]. To date, the transcriptome of in
vitro-developed follicles has only been studied in mouse from
the secondary to antral stage during culture [27]. In the current
study, transcriptomic profiles were compared between ma-
caque antral follicles developed in vivo and in vitro to further
evaluate whether the follicle culture system recapitulates
in vivo follicular development. The data suggest that mRNA
expression is generally comparable between in vivo- and in
vitro-developed small antral follicles in terms of AMH signal-
ing, gonadotropin signaling, and oocyte growth. The data are
consistent with findings from mouse follicle culture by real-
time PCR in which mRNA expression patterns, including
BMP15 and GDF9, of oocytes from cultured follicles were
similar to those of in vivo-developed follicles [28].
However, mRNA expression for steroidogenic enzymes
(e.g., CYP17A1 and CYP19A1) was altered during follicle
culture, which may impact follicular capacity for steroid

biosynthesis. The lower levels of CYP17A1may indicate lim-
ited development of the theca layer or its steroidogenic func-
tion in in vitro-developed antral follicles [29]. The increased
CYP19A1 mRNA levels may be due to overexposure of folli-
cles to FSH during culture, which is consistent with the ob-
servation that FSH stimulated the proliferation of granulosa
cells, as well as their CYP19A1 expression and estradiol se-
cretion [30]. The change in steroid (e.g., progesterone, andro-
gen, and estrogen) productionmay affect subsequent follicular
growth and oocyte maturation in vitro [12, 26]. Therefore, the
culture conditions need to be further improved to optimize
granulosa and theca cell proliferation and differentiation in
antral follicles to facilitate proper steroidogenic function and
oocyte maturation that mimics in vivo follicular development.

RNA sequencing revealed that mRNA levels for vascular
endothelial growth factor receptors and other angiogenic reg-
ulatory factors were downregulated in in vitro-developed
small antral follicles. This suggests that, though with similar
sizes, in vitro-derived small antral follicles may not achieve
the same maturation state as that of follicles developed in vivo
which require vascularization for further growth [31]. Or the
vascularization process may become less essential, and there-
fore limited, in antral follicles due to the sufficient O2 and
nutrient supply in culture. The oocyte is deficient in utilizing
glucose and requires cumulus cell glycolysis to provide ener-
gy substrates [32]. Transcripts encoding key enzymes in gly-
colytic pathway were upregulated in small antral follicles de-
veloped in vitro. Because follicles were cultured at 5 % O2 to
improve survival and growth rates [16], the hypoxia condition
may promote follicular glucose metabolism as reported in
mouse follicle culture [33]. The mRNA levels of proapoptotic
factors were low, while anti-apoptotic factors were high, in
cultured small antral follicles as indicated by the RNA se-
quencing. During each menstrual cycle, only one of the small
antral follicles is selected for further growth to become a dom-
inant follicle in macaques while remaining ones undergo atre-
sia, which is similar to that of women [7]. The process of
programmed cell death, e.g., apoptosis, could already be ini-
tiated in in vivo-derived small antral follicles at the time of
follicle collection. However, follicle atresia may not take place
in vitro due to the absence of factors that induce apoptosis, or
the presence of exogenous FSH that promotes the expression
of anti-apoptotic proteins [34]. Future studies will further val-
idate the RNA sequencing results of these selected genes, and
to investigate the causes and effects of differential gene ex-
pression as references to improve coordinated follicular devel-
opment leading to oocyte competence.

The follicle culture system is also considered as a potential
option of fertility preservation for women facing fertility-
threatening medical treatment [35]. However, the current sys-
tems for nonhuman primate [10] and human [36] follicle cul-
ture appear to be inefficient with prolonged culture period and
low oocyte maturation rates. To date, the viability assessment

Fig. 4 Media anti-Müllerian hormone (AMH) concentrations produced
by nongrowing (n = 102) and growing (n = 229) follicles (a), as well as by
growing follicles yielding germinal vesicle (n = 67) and metaphase II
(n = 9) oocytes at week 5 (b), during weeks 1 and 2 of culture. Data are
presented as the mean ± SEM. *, significant difference with P < 0.05

J Assist Reprod Genet (2016) 33:1665–1675 1673



of cultured follicles is based on rather subjective morpholog-
ical criteria or molecular parameters requiring termination of
follicle growth. AMH is a secreted protein with media con-
centrations detectable during follicle culture. AMH produced
by follicles grown from the preantral to small antral stage
in vitro exhibited similar patterns as those of follicles devel-
oped in vivo. Therefore, AMH may serve as a noninvasive
biomarker indicating follicle conditions at specific stages of
development in vitro. In addition, primate preantral follicles
appeared to be heterogeneous in terms of their ability to grow,
as well as function in AMH production and oocyte matura-
tion, in vitro. Cultured follicles that grew and yielded mature
oocytes tended to secrete higher levels of AMH at the second-
ary stage. Thus, media AMH concentrations may be a marker
to predict further follicular development in vitro. The current
study identified a cutoff value of 1.4 ng/ml media AMH,
which may be used to remove nongrowing from growing
follicles during the initial weeks of macaque follicle culture.
Future analyses, with increased sample sizes, are warranted to
generate a cutoff value of media AMH to identify growing
follicles that are most likely to respond to hCG and produce
mature oocytes for fertilization.

In summary, the AMH receptor signaling pathway is
expressed in growing preantral and small antral follicles
in the primate ovary in a stage-dependent manner. Co-
expressed with its receptor, AMH appears to be an au-
tocrine factor in regulating primate ovarian follicular
development. This stage-dependent expression of a li-
gand and its receptor has been noted for other TGFβ
superfamily members in human follicles [37]. Studies
are ongoing to further unravel the molecular mecha-
nisms of AMH signaling in the primate follicle by gene
silencing. Due to its stage- and follicle-specific produc-
tion, AMH has the potential to report follicle condition
and growth capacity in vitro. AMH as a noninvasive
biomarker may be applied to human follicle culture to
eliminate follicles that are not likely to grow and ma-
ture, and thereby saving time and resources by aiding in
the selection of follicles that will likely produce meiot-
ically competent oocyte.
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