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Abstract

Anti-Müllerian hormone (AMH) plays a key role during ovarian follicular development, with local
actions associated with a dynamic secretion profile by growing follicles. While results for AMH
effects on antral follicle growth and function are consistent among studies in various species,
any effects on preantral follicle development remain controversial. Therefore, experiments were
conducted to investigate the direct actions and role of AMH during follicle development at the
preantral stage. Macaque-specific short-hairpin RNAs (shRNAs) targeting AMH mRNA were incor-
porated into adenoviral vectors to decrease AMH gene expression in rhesus macaque follicles.
Secondary follicles were isolated from adult macaque ovaries and cultured individually in the
ultra-low-attachment dish containing defined medium supplemented with follicle-stimulating hor-
mone and insulin for 5 weeks. Follicles were randomly assigned to treatment groups: (a) control,
(b) nontargeting control shRNA-vector, (c) AMH shRNA-vector, (d) AMH shRNA-vector + recombi-
nant human AMH, and (e) recombinant human AMH. Follicle survival and growth were assessed.
Culture media were analyzed for steroid hormone and paracrine factor concentrations. For in vivo
study, the nontargeting control shRNA-vector and AMH shRNA-vector were injected into macaque
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ovaries. Ovaries were collected 9 days postinjection for morphology and immunohistochemistry
assessment. Decreased AMH expression reduced preantral follicle survival and growth in non-
human primates. Supplemental AMH treatment in the culture media promoted preantral follicle
growth to the small antral stage in vitro with increased steroid hormone and paracrine factor
production, as well as oocyte maturation. These data demonstrate that AMH is a critical follicular
paracrine/autocrine factor positively impacting preantral follicle survival and growth in primates.

Summary Sentence

Anti-Müllerian hormone is a survival factor for preantral follicles in nonhuman primates, and
promotes preantral follicle growth to the small antral stage with increased steroid hormone and
paracrine factor production, as well as oocyte maturation.
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Introduction

Anti-Müllerian hormone (AMH; previously known as Müllerian in-
hibiting substance), dynamically produced by developing ovarian
follicles, plays a role in intraovarian regulation of folliculogenesis
in adult female mammals [1]. Coexpression of AMH and its specific
type II receptor in the granulosa cells of growing follicles indicates an
autocrine and paracrine nature of the AMH signaling during follicu-
lar development in the ovary [2, 3]. In primate species, local actions
of AMH to regulate follicle growth and function appear to be stage-
dependent. During the initial development from the preantral to the
antral stage, when follicular AMH production elevates along with
the increase in follicle sizes [3], AMH is suggested to be stimulatory
in promoting follicle growth in nonhuman primates and humans [4,
5]. Subsequently, AMH becomes inhibitory to suppress the subse-
quent maturation of antral follicles by limiting follicular function
including steroidogenesis [4, 6]. A reduction in AMH production,
as observed in antral follicles when they increase in size [7], could
be crucial for continued antral follicle development and dominant
follicle selection in primates [4].

Direct actions of AMH on follicular development were inves-
tigated in vitro using ovarian tissue or individual follicle culture
in various species [4, 5, 8, 9]. Purified or recombinant AMH pro-
tein is commonly added to the culture media at a single concen-
tration over the entire culture period. Because growing follicles
produce AMH in gradually increasing concentrations from the pre-
antral to the antral stage in vitro in nonhuman primates and humans
[3, 10], investigation regarding the direct actions of AMH on follicle
growth and function could be limited by endogenous AMH produc-
tion which restricts any further effects of exogenous AMH treatment.
In addition, the physiological role of AMH during folliculogenesis
was studied in vivo in nonprimate species via intraperitoneal injec-
tion of recombinant AMH protein or AMH transgene-viral vector
[11, 12], and in AMH knockout or AMH immunized animal mod-
els [8, 13]. Recent evidence indicates that the AMH-specific type II
receptor is expressed by neurons in the mouse and human brain,
including gonadotropin-releasing hormone neurons in the hypotha-
lamus [14]. These systemic manipulations may not be able to discern
local AMH actions within the ovary apart from endocrine AMH reg-
ulation via the hypothalamic-pituitary-ovarian axis.

Previously, an alginate-encapsulated three-dimensional culture
system was established to support primate preantral follicle growth
to the small antral stage, thus permitting follicular steroidogenesis,
autocrine/paracrine factor production, and oocyte maturation to be
monitored in vitro [15]. This follicle culture system offers a unique
tool to manipulate molecular signaling pathways and related fac-
tors to obtain knowledge of their roles on follicular development
in intact individual follicles. In addition, adenoviral vectors driving

constitutive expression of short-hairpin RNAs (shRNAs) success-
fully knocked down gene expression in vitro in cultured granulosa
cells and in vivo via intrafollicular injection in nonhuman primates
[16]. In order to apply gene knockdown approach to cultured fol-
licles, the pore size of encapsulation material needs to be carefully
considered, because it determines the diffusion efficiency of treat-
ment agents which is more critical for adenoviral vectors with rel-
ative large diameters of 70–100 nm [17]. Although alginate matrix
has been extensively researched using various techniques, its actual
pore sizes remain controversial [18]. In case of alginate matrix as
a barrier for viral penetration, a matrix-free system will need to be
adapted for the primate follicle culture [19]. Therefore, the present
study was designed to develop a molecular tool for manipulating
AMH gene expression in the primate follicle in vitro and locally in
the ovary in vivo. Experiments were also performed to examine the
direct actions and role of AMH in the development and function of
primate follicles from the secondary to the small antral stage during
three-dimensional culture.

Materials and methods

Animal use
The general care and housing of rhesus macaques (Macaca mulatta)
was provided by the Division of Comparative Medicine, Oregon Na-
tional Primate Research Center (ONPRC), Oregon Health & Science
University as previously described [4]. Briefly, monkeys were pair-
caged in a temperature-controlled (22◦C), light-regulated (12L:12D)
room. Diet consisted of Purina monkey chow (Ralston-Purina) twice
a day supplemented with fresh fruit or vegetables 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 An-
imals. Protocols were approved by the ONPRC Institutional Animal
Care and Use Committee.

AMH knockdown by shRNA/small interfering RNA
RNA interference
A specific small interfering RNA (siRNA) complementary to the
rhesus macaque AMH gene (NCBI gene ID 717539), targeting tran-
script (NCBI reference sequence XM 002801459), was designed
using BLOCK-iT RNAi Designer (Life Technologies; Table 1). A
scrambled siRNA was designed to serve as a nontargeting con-
trol (NTC; Table 1). Sequences were encoded within Stealth RNAi
siRNAs (Life Technologies) and evaluated for their ability to de-
plete AMH mRNA expression in Sertoli cells. Testes were collected
from three male macaque fetuses at necropsy (130 days gestation).
Cesarean section and euthanasia were performed by the Surgical
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Table 1. Short-interfering RNAs and shRNAs used for AMH knockdown study.

Oligo Type Nucleotide sequence (5′ to 3′)

siAMH Top siRNA top sequence CCUUGCGAGCUCUGCUGCUUCUGAA
siAMH Bottom siRNA bottom sequence UUCAGAAGCAGCAGAGCUCGCAAGG
siScram Top siRNA top sequence CCUGCGAUCUCCGGUUCCUUGUGAA
siScram Bottom siRNA bottom sequence UUCACAAGGAACCGGAGAUCGCAGG
shAMH Top shRNA top sequence CACCGCCTTGCGAGCTCTGCTGCTTCTGAACGAATTCAGAAGCAGCAGAGCTCGCAAGG
shAMH Bottom shRNA bottom sequence AAAACCTTGCGAGCTCTGCTGCTTCTGAATTCGTTCAGAAGCAGCAGAGCTCGCAAGGC
shScram Top shRNA top sequence CACCGCCTGCGATCTCCGGTTCCTTGTGAACGAATTCACAAGGAACCGGAGATCGCAGG
shScram Bottom shRNA bottom sequence AAAACCTGCGATCTCCGGTTCCTTGTGAATTCGTTCACAAGGAACCGGAGATCGCAGGC

Services Unit and the Pathology Services Unit at ONPRC for re-
search projects unrelated to the current study. Sertoli cells were
isolated and cultured as previously reported [20]. Cells from each
animal were divided to four groups for 24-h incubation according
to the Oligofectamine protocol from the manufacturer: (a) control
media only, (b) entry vector plasmid (for shRNA cloning; Life Tech-
nologies), (c) NTC siRNA, and (d) AMH siRNA. Cells were subse-
quently cultured for 4 days and harvested for RNA extraction. RNA
was reverse-transcribed to cDNA for real-time PCR evaluation on
AMH expression as previously reported [3]. The validated siRNA
sequences were then expanded into longer shRNAs that included
either NTC siRNA or AMH siRNA (Table 1). The shRNAs were
cloned into the entry vector plasmid for incorporation into the vi-
ral vectors by the Molecular Virology Support Core at ONPRC as
previously described [16].

Adenoviral vector generation and validation
Adenoviral vectors expressing shRNA targeting AMH mRNA, NTC
shRNA, or the gene encoding enhanced green fluorescent protein
(EGFP) via cytomegalovirus promotor were constructed using the
ViraPower system (Life Technologies) as previously reported [16].
During pilot studies, the EGFP gene-expressing vector (EGFP-
vector) was used to determine the optimal viral titer for sufficient
transduction of granulosa cells in macaque follicles developed in
vitro, and to ensure high EGFP expression and low toxicity by com-
paring follicle survival rates between the viral vector-treated and the
media-only control cultures.

For encapsulated three-dimensional follicle culture, ovaries were
collected from three animals (12–13 year old) at necropsy by the
Pathology Services Unit, ONPRC. Euthanasia was due to reasons
unrelated to reproductive health. The process of follicle isolation,
encapsulation, and culture was reported previously [4]. Briefly, sec-
ondary follicles (diameter 125–225 μm) were mechanically isolated,
encapsulated individually in 0.25% (w/v) sodium alginate gel ma-
trix (FMC BioPolymers)-phosphate-buffered saline (PBS; 137 mM
NaCl, 10 mM phosphate, 2.7 mM KCl; Thermo Fisher Scientific
Inc.), and cultured in 300 μl media in 48-well plates at 37◦C and
5% O2. Culture media contained alpha minimum essential medium
(Thermo Fisher Scientific Inc.) supplemented with 1 ng/ml recombi-
nant human follicle-stimulating hormone (NV Organon), 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). Secondary folli-
cles from each of the three animals were randomly assigned to culture
groups (12 follicles/monkey/group) with either control media only
or 24-h EGFP-vector exposure at a range of 9.6 × 105–9.6 × 107

plaque-forming units (pfu)/ml. Media (150 μl) was changed every
other day starting from culture day 2. Fluorescence microscopy was
performed 24 h and 7 days post-viral exposure using an Olympus

Inverted System microscope (IX71; Olympus Imaging America Inc.)
attached to a reflected light fluorescence laser with filter to identify
fluorescein isothiocyanate emission spectra as previously described
[16].

In order to develop a matrix-free three-dimensional system to
achieve efficient diffusion of viral vectors and macromolecules dur-
ing macaque follicle culture, ovaries were collected from four animals
(12–13 year old) at necropsy. Isolated secondary follicles from each
of the four animals were either encapsulated with alginate matrix for
culture in the control media as described above, or distributed indi-
vidually into wells of the 96-well ultra-low attachment microplates
(Corning Inc.) for matrix-free culture with 200 μl control me-
dia (6–24 follicles/monkey/group) at 37◦C and 5% CO2. Media,
150 μl for encapsulated culture and 100 μl for matrix-free culture,
was changed every other day during 5 weeks of culture. Follicle sur-
vival (percentage of surviving follicles versus total follicles cultured),
antrum formation (percentage of antral follicles versus total follicles
survived), and growth (follicle diameter) were assessed weekly by
microscopy as previously described [4]. Follicle diameters were mea-
sured using Image J 1.50 software (National Institutes of Health).

To examine the adenoviral vector transduction in macaque folli-
cles during the matrix-free culture, ovaries were collected from three
animals (12–13 year old) at necropsy as described above. Isolated
secondary follicles from each of the three animals were randomly
assigned to treatment groups (12 follicles/monkey/group) for the
matrix-free culture as described above, with either control media
only or 24-h EGFP-vector exposure at a range of 9.6 × 105–9.6 ×
107 pfu/ml. Media (100 μl) was changed every other day starting
from culture day 2. Fluorescence microscopy was performed 24 h
post-viral exposure as described above. On culture day 7, selected
follicles were fixed individually in 4% paraformaldehyde-PBS solu-
tion, embedded in paraffin, and sectioned by the Imaging and Mor-
phology Support Core at ONPRC for immunohistochemistry (IHC)
staining using rabbit anti-GFP antibody (1:500; ab290; Abcam) with
nuclear fast-red counterstain (Sigma-Aldrich) as previously reported
(Supplementary Table S1) [15, 16]. Following incubation of alka-
line phosphate-conjugated secondary antibody, the EGFP staining
in the follicle was detected with application of NBT/BCIP substrate
(Roche) [16]. The expression of EGFP transgene in cultured follicles
was also visualized using a Leica SP5 confocal-equipped DM6000
CFS microscope (Leica Microsystems Inc.) at day 7 post-viral expo-
sure as described previously [21]. Culture was extended to 5 weeks to
determine toxic effects of adenovirus exposure on cultured follicles.

In vitro study
Follicle culture
Ovaries were collected from three animals (7–13 year old) at
necropsy. Isolated secondary follicles (diameter = 140–225 μm)
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from each of the three animals were randomly assigned to five groups
(15 follicles/monkey/group) for 5 weeks of matrix-free culture as de-
scribed above: (a) control media-only, (b) 9.6 × 105 pfu/ml NTC
shRNA-vector incubation for 24 h, (c) 9.6 × 105 pfu/ml AMH
shRNA-vector incubation for 24 h, (d) 9.6 × 105 pfu/ml AMH
shRNA-vector incubation for 24 h +100 ng/ml recombinant human
AMH (rhAMH; 1737-MS; disulfide-linked C-terminal homodimer;
R&D Systems, Inc.; based on a preliminary dose-response study us-
ing 50 and 100 ng/ml rhAMH) during culture weeks 0–2 (exogenous
AMH replacement before antrum formation following endogenous
AMH depletion) [4], and (e) 100 ng/ml rhAMH during culture weeks
0–2. Media (100 μl) was changed every other day starting from cul-
ture day 2. Follicle survival, antrum formation, and growth were
assessed weekly as described above.

Ovarian steroid and paracrine factor assays
In order to assess steroidogenic function in cultured follicles, me-
dia samples were analyzed for estradiol (E2) and progesterone (P4)
concentrations using a chemiluminescence-based automatic clinical
platform (Immulite 2000; Siemens Healthcare Diagnostics), and an-
drostenedione (A4) concentrations using enzyme-linked immunosor-
bent assay (ELISA; AA E-1000 kit; Rocky Mountain Diagnostics,
Inc.), which were validated for macaque serum and follicle culture
media, by the Endocrine Technology Support Core at ONPRC as
reported previously [4].

In order to assess follicular function in paracrine factor pro-
duction during culture, media samples were also assayed by ELISA
for concentrations of AMH using an SKU: AL-105 kit (AnshLabs)
[3] and vascular endothelial growth factor (VEGF) using a Human
VEGF Quantikine ELISA Kit (R&D Systems, Inc.) [15] based on
the manufacturers’ instructions, which were validated previously
for macaque serum and follicle culture media. Media activin A
concentrations were assayed using an Activin A ELISA Kit (SKU:
AL-110; AnshLabs) based on the manufacturer’s instructions. The
assay was validated for parallelism with blank culture media con-
taining a known concentration of activin A, and with media used in
culture with macaque follicles. The sensitivity of the assay was 40
pg/ml for 25 μl sample. The standard curve of the assay ranged 40–
1000 pg/ml.

Oocyte maturation and fertilization
Oocyte maturation and fertilization in vitro, as well as the subse-
quent embryo culture, were reported previously [4]. Briefly, at the
end of culture week 5, antral follicles were treated with 100 ng/ml
recombinant human chorionic gonadotropin (hCG; Merck Serono)
for 34 h before harvesting the enclosed oocyte for diameter mea-
surement and meiotic status assessment via microscopy. Metaphase
II (MII) oocytes were inseminated via conventional in vitro fertiliza-
tion. Fertilization was confirmed by the presence of two polar bodies
and two pronuclei 16 h post-in vitro fertilization. Zygotes were cul-
tured in 100 μl Global Medium (LifeGlobal Group) containing 10%
(v/v) fetal bovine serum at 37◦C in 5% O2/6% CO2/89% N2 accord-
ing to protocols provided by the Assisted Reproductive Technologies
Support Core at ONPRC.

In vivo study
Intraovarian injection
Three monkeys exhibiting regular menstrual cycles, with the first
day of menstruation considered day 1 of the cycle, were assigned to
the study. On day 2 of the cycle (early follicular phase), 1 ml blood

sample was collected via venipuncture in the arm. Additional 1 ml
blood samples were collected from the right and the left ovarian veins
of anesthetized monkeys via laparotomy by the Surgical Services
Unit at ONPRC, followed by intraovarian injections as reported
previously [16]. Briefly, the NTC shRNA-vector and AMH shRNA-
vector were diluted in 100 μl PBS to 9.6 × 105 pfu/ml and drawn
into a 1 ml tuberculin syringe for injection into the right and the left
ovary, respectively. The needle was inserted through the stroma into
the center of the ovary for injection. The needle was removed and
the ovary was observed to ensure that leakage did not occur.

At day 9 postinjection, 1 ml blood sample was collected via
venipuncture in the arm. Additional 1 ml blood samples were col-
lected from the right and the left ovarian veins of anesthetized mon-
keys via laparotomy, followed by oophorectomy procedures to col-
lect ovaries as reported previously [16].

AMH assay
Blood samples were assayed for serum AMH concentrations by
ELISA using an SKU: AL-105 kit (AnshLabs) based on the man-
ufacturer’s instruction [3].

Ovarian histology and IHC
Ovaries were fixed in 4% paraformaldehyde-PBS solution, embed-
ded in paraffin, and sectioned for hematoxylin and eosin staining
as previously reported [15]. IHC was performed using mouse anti-
human AMH antibody (1:75; MAB1737; R&D Systems, Inc.) as
previously reported (Supplementary Table S1) [3]. Slides were then
incubated with biotinylated anti-mouse IgG and processed using a
VECTASTAIN Elite ABC Kit (PK-6102; Vector Laboratories, Inc.).
Following incubation with 3,3′-diaminobenzidine, sections were
counterstained using hematoxylin. Images were captured using an
Olympus BX40 inverted microscope and an Olympus DP72 digital
camera (Olympus Imaging America Inc.).

Selected ovarian sections were assessed for cell-cycle inhibition
by IHC using rabbit anti-human cyclin-dependent kinase inhibitor
1A (p21) antibody (1:100; 2947; Cell Signaling Technology) as pre-
viously reported (Supplementary Table S1) [22]. The activation of
p21 expression indicates cell cycle arrest and the inhibition of gran-
ulosa cell proliferation in macaque ovarian follicles [22]. Following
secondary antibody incubation and hematoxylin counterstaining, as
described above, images were captured using a Revolve microscope
(Echo Laboratories).

Statistical analysis
Statistical analysis was performed using SAS V9.4 software (SAS
Institute Inc.). Due to the limited sample size and uncertainty of dis-
tribution for formal statistical hypothesis testing, a permutation test
(randomization test) was used to compare AMH mRNA levels and
media activin A concentrations between groups as reported previ-
ously [4]. Due to the skewed distributions, a mixed model was used
for analyses of follicle survival, growth and antrum formation rates,
media steroid and VEGF concentrations, as well as serum AMH con-
centrations with rank-based analysis or logarithmic transformation
applied. One-way ANOVA followed by the Student–Newman–Keuls
post hoc test was performed to compare media AMH concentrations
between groups. Differences were considered significant at P < 0.05
and values are presented as the mean ± SEM.
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Figure 1. The validation of anti-Müllerian hormone (AMH) knockdown via small interfering RNA (siRNA) as indicated by AMH mRNA levels in Sertoli cells from
macaque fetal testes at culture day 4 following 24 h of treatment (A; n = 3 animals), and the efficiency of adenoviral vector transduction in macaque secondary
follicles during matrix-free three-dimensional culture (B; secondary follicle in culture) as indicated by enhanced green fluorescent protein (EGFP) expression
24 h post the EGFP gene-expressing vector incubation (C), as well as the EGFP immunostaining (D; blue is the positive staining and red is the counterstaining;
negative control inserted) and fluorescent signal (E) at culture day 7. Data in panel A are presented as the mean ± SEM. CTRL, control media only; EVP, entry
vector plasmid (for shRNA cloning) only incubation; siNTC, nontargeting control siRNA incubation; siAMH, AMH siRNA incubation; S10, S10 RNA for internal
control; OO, oocyte; ∗significant difference with P < 0.05; scale bar = 50 μm.

Results

The protocol for AMH knockdown in macaque follicles via adenovi-
ral vector transduction was successfully established and validated.
AMH siRNA, but not NTC siRNA or the entry vector plasmid,
suppressed AMH mRNA expression by cultured Sertoli cells at cul-
ture day 4 post-treatment (Figure 1A) without any effects on cellular
viability or total RNA recovered (data not shown).

No EGFP transgene expression was detected (absence of green
fluorescence) in alginate-encapsulated follicles at any dosage of the
EGFP-vector tested during the entire 7 days of culture. Typically,
EGFP expression is readily apparent in granulosa cells 24 h after
exposure to this EGFP-vector [16]. The observation suggested that
the pore size of the alginate matrix did not allow the diffusion of
adenoviral vectors.

At week 5, the survival rates, antrum formation rates, diameters
and media E2 concentrations were not statistically different between
follicles developed in alginate-encapsulated and matrix-free cultures

(57 ± 13% versus 44 ± 7%; 72 ± 13% versus 57 ± 15%; 448 ±
39 μm versus 511 ± 32 μm; and 1163 ± 536 versus 1173 ±
463 pg/ml, respectively). During the matrix-free culture, the ex-
pression of EGFP transgene (green fluorescence) in follicles was de-
tectable at 24 h post-viral exposure (Figure 1B and C). The positive
EGFP immunostainig (Figure 1D) and expression of EGFP trans-
gene (Figure 1E) was also observed in granulosa cells, but not the
oocyte, of cultured follicles at day 7 post-viral exposure. At culture
week 5, the survival rates were not statistically different between
follicles developed in control media and with EGFP-vector exposure
at 9.6 × 105 pfu/ml (63 ± 21% versus 56 ± 22%). The toxic effects
of adenovirus exposure on cultured follicles were not observed.

In vitro study
The role of AMH during preantral follicle development was studied
via adenoviral vector transduction in macaque follicles in vitro dur-
ing matrix-free three-dimensional culture. Following 24 h of AMH
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Figure 2. The effects of anti-Müllerian hormone (AMH) knockdown and AMH replacement on the AMH production by macaque secondary follicles at culture
week 2 (A; n = 10 follicles/group), the survival rates (percentage of surviving follicles/total cultured follicles) of macaque secondary follicles at culture week
2 (B; n = 45 total cultured follicles/group), and, when the antrum formation occurred at culture week 3 (C), the antrum formation rates (percentage of antral
follicles/total surviving follicles) of macaque follicles developed in vitro (D; n = 10–37 total surviving follicles/group). Data in panels A, B, and D are presented
as the mean ± SEM. CTRL, control media only; NTCV, nontargeting control short hairpin RNA (shRNA)-vector incubation for 24 h; AMHV, AMH shRNA-vector
incubation for 24 h; AMHV + AMH, AMH shRNA-vector incubation for 24 h + rhAMH addition during culture weeks 0–2; COC, cumulus-oocyte complex; ∗,
significant difference between experimental groups with P < 0.05; scale bar = 100 μm.

shRNA-vector treatment, AMH protein production by cultured sec-
ondary follicles decreased, with media AMH concentrations 73%
lower (P < 0.05) than those of the control follicles at culture week 2
(Figure 2A). There were no differences in week 2 media AMH con-
centrations between the control and the NTC shRNA-vector groups
(Figure 2A).

While survival rates of the secondary follicles were not statis-
tically different between the control and the NTC shRNA-vector
groups at culture week 2, AMH shRNA-vector treatment decreased
(P < 0.05) follicle survival compared with controls (Figure 2B). The
additional rhAMH treatment during the first 2 weeks of culture for
the AMH shRNA-vector-treated follicles increased (P < 0.05) folli-
cle survival to the control levels (Figure 2B). For surviving follicles,
those that grew formed an antrum at culture week 3 (Figure 2C).
While antrum formation rates of cultured follicles were not sta-
tistically different between the control and the NTC shRNA-vector
groups at week 3, only 1 out of 10 surviving follicles from all animals
in the AMH shRNA-vector group formed an antrum, with antrum
formation rates lower (P < 0.05) than those of the control group
(Figure 2D). The antrum formation rates stayed low (P < 0.05)
compared with controls in the presence of rhAMH for the AMH
shRNA-vector-treated follicles, which were not statistically different
from those of the AMH shRNA-vector alone group (Figure 2D).

For secondary follicles cultured with rhAMH only, without
the AMH shRNA-vector treatment, follicle survival rates were not

statistically different from controls at week 2 (84 ± 6% versus
86% ± 8%). Although there were no differences in diameters of sec-
ondary follicles between the control and the rhAMH groups at the
beginning of culture (195 ± 5 versus 191 ± 5 μm), diameters were
larger (P < 0.05) for the rhAMH-treated follicles compared with
those of controls at week 2 before antrum formation (Figure 3A).
The antrum formation rates between the control and the rhAMH
groups were not statistically different at culture week 3 (38 ± 9%
versus 53 ± 7%).

Due to continued expression of shRNAs in cultured follicles af-
ter antrum formation by viral vectors, which confounded the stage-
dependent AMH actions, the function of in vitro-developed small
antral follicles was only analyzed in the control and rhAMH groups.
Cultured follicles produced measureable amounts of steroid hor-
mones in the media. Following antrum formation at week 3, the
media E2 concentrations were higher (P < 0.05) in follicles treated
with rhAMH for the first 2 weeks compared with controls (Fig-
ure 3B). Media A4 concentrations at culture week 3 also showed
a tendency to increase (P = 0.059) in the rhAMH group relative
to the control group (78 ± 47 versus 6 ± 4 pg/ml). There were no
differences in media P4 concentrations between the control and the
rhAMH group at culture week 3 (6 ± 3 versus 8 ± 5 ng/ml). Peptide
factors produced by cultured follicles were also detectable in the me-
dia. Follicles treated with rhAMH during the first 2 weeks of culture
produced VEGF at increased (P < 0.05) concentrations at week 3
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Figure 3. The effects of anti-Müllerian hormone on the macaque secondary follicle growth (follicle diameter) at culture week 2 (A; n = 10–19 follicles), the
production (media concentration) of estradiol (B; n = 10 follicles) and vascular endothelial growth factor (VEGF; C; n = 10 follicles) by in vitro-developed
macaque small antral follicles at culture week 3, and oocyte maturation in in vitro-developed macaque small antral follicles following recombinant hCG
treatment at culture week 5 as represented by an metaphase II oocyte (D) which developed to the morula stage (E) when fertilized via in vitro fertilization. Data
in panels A, B, and C are presented as the mean ± SEM. CTRL, control; AMH, recombinant human anti-Müllerian hormone addition during culture weeks 0–2;
∗, significant difference with P < 0.05; scale bar = 25 μm.

Table 2. Characteristics of oocytes harvested from antral follicles at week 5 of matrix-free three-dimensional culture (34 h after addition of
recombinant hCG).

Number (%) of Diameter (μm)

Culture Follicles Oocytes Degenerate Healthy oocytes GV MI MII

conditions harvested obtained oocytesa GVb MI MII oocytes oocytes Oocytes

CTRL 14 14 5 (36%) 8 (89%) 0 1 108 ± 3 – 121
rhAMH 19 19 3 (16%) 10 (63%) 4 2 112 ± 2 114 ± 2 114, 121

Values are the mean ± SEM with each oocyte as an individual data point. CTRL, control; rhAMH, recombinant human anti-Müllerian hormone; GV, germinal
vesicle; MI, metaphase I; MII, metaphase II.

aPercentage of degenerate oocytes versus total oocytes obtained.
bPercentage of GV oocytes versus total healthy oocytes obtained.

compared with those of the control follicles (Figure 3C). Activin A
was only detectable in the media of follicles treated with rhAMH
and reached a peak level of 50 ± 5 pg/ml at culture week 5.

When treated with hCG at the end of culture week 5, 64%
oocytes harvested from the control group and 84% from the rhAMH
group exhibited healthy morphology (Table 2). About 89% of the
healthy oocytes from the control group remained at the germinal
vesicle intact stage, while only one oocyte matured to the MII stage
(Table 2). In the rhAMH group, 63% of the healthy oocytes re-
mained at the germinal vesicle intact stage with diameters similar
to those of the control group (Table 2). Four oocytes developed to
the metaphase I stage and two to the MII stage (Figure 3D). The
MII oocytes were fertilized following in vitro fertilization with the
resulting embryos developed to the morula stage (Figure 3E).

In vivo study
The role of AMH in developing preantral follicles was also stud-
ied via adenoviral vector transduction in macaque ovaries in vivo
using intraovarian injection technique. In the NTC shRNA-vector-
treated ovary (right ovary), AMH immunostaining was undetectable
in primordial follicles, but was evident in granulosa cells of the pre-
antral (primary and secondary) follicles and became intense in small
antral follicles 9 days postinjection (Figure 4A). At day 9 post-AMH
shRNA-vector injection, AMH immunostaining in the ovary (left
ovary) was diminished in both the preantral (primary and secondary)
and small antral follicles (Figure 4B). Immunostaining for AMH re-
mained undetectable in primordial follicles following AMH shRNA-
vector injection (Figure 4B). At day 9 postinjection, serum AMH
concentrations in the right ovarian vein, which was connected to the
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Figure 4. The effects of local anti-Müllerian hormone (AMH) knockdown in the macaque ovary 9 days post a signal intraovarian injection of short-hairpin RNA
(shRNA) vectors as presented by the AMH immunostaining in the ovary injected with the nontargeting control (NTC) shRNA-vector (right ovary; brown is the
positive staining and blue is the counterstaining; A) or the AMH shRNA-vector (left ovary; B), the serum AMH concentrations from the right and the left ovarian
veins prior to injection (day 0) and 9 days postinjection (C; n = 3 animals), the hematoxylin and eosin staining of the ovary injected with the AMH shRNA-vector
(D), and the p21 (cyclin-dependent kinase inhibitor 1A) immunostaining in the ovary injected with the AMH shRNA-vector (brown is the positive staining and
blue is the counterstaining; E and F) or NTC shRNA-vector (F inset). Data in panel C are presented as the mean ± SEM. NTCV, NTC shRNA-vector injection;
AMHV, AMH shRNA-vector injection; PM, primordial follicle; PR, primary follicle; SD, secondary follicle; AT, small antral follicle; ∗, significant difference with
P < 0.05; scale bar = 100 μm.
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ovary treated with the NTC shRNA-vector, were not statistically
different from those measured in the same vein prior to the injection
(Figure 4C). However, serum AMH concentrations in the left ovarian
vein, which was connected to the ovary treated with AMH shRNA-
vector, were lower (P < 0.05) at day 9 postinjection than those mea-
sured from the same vein prior to the injection (Figure 4C). Serum
AMH concentrations collected from peripheral veins were not signif-
icantly different between samples collected before the injection and
9 days postinjection (17 ± 2 versus 14 ± 1 ng/ml).

At day 9 postinjection, primordial and preantral follicles of
ovaries injected with the NTC shRNA-vector exhibited normal
healthy morphology typically observed in macaque ovaries (data not
shown). While there were no morphologic abnormalities observed in
primordial follicles of ovaries injected with the AMH shRNA-vector,
abnormal morphology of preantral (primary and secondary) follicles
was readily apparent including disorganized granulosa cells, con-
densed or vacuolated oocytes, and an evident disassociation between
the basement membrane of follicles and the surrounding stroma (Fig-
ure 4D). Immunostaining of p21 was abundantly detected in granu-
losa cells of preantral (primary and secondary) and small antral fol-
licles in the AMH shRNA-vector-injected ovaries (Figure 4E and F).
Very few p21-positive granulosa cells were detected in both the pre-
antral (primary and secondary) and small antral follicles in ovaries
injected with the NTC shRNA-vector (Figure 4F, inset). No p21-
positive staining was evident in primordial follicles in ovaries of any
treatment groups.

Discussion

In the current study, we investigated the physiological role of AMH
during preantral follicle development, employing adenoviral vector-
mediated shRNA/siRNA silencing of AMH gene in the developing
follicle of nonhuman primates. For the first time, the manipulation
of AMH gene expression was achieved in individual follicles in vitro
using three-dimensional culture, and locally in the ovary in vivo via
intraovarian injection. These data provide the first in vitro and in
vivo evidence to suggest that AMH acts as a survival factor in the
nonhuman primate ovarian follicle at the preantral stage. The in vitro
data further support the hypothesis that locally produced AMH plays
a stimulatory role during primate preantral follicle development.

Endogenous AMH expression was successfully knocked down in
granulosa cells of macaque preantral follicles developing in vitro.
Pilot studies employing an adenoviral vector-mediated transduction
of EGFP transgene demonstrated that the adenoviral vector failed
to transduce cells of alginate-encapsulated follicles, suggesting that
the pore size of 0.25% (w/v) alginate matrix was less than 70 nm,
the minimum diameter of adenoviruses [17]. This obstacle was over-
come by adapting a matrix-free three-dimensional culture system
that achieved similar outcomes of primate follicular development in
vitro. The data from macaque follicles are consistent with a pre-
vious study demonstrating that mouse preantral follicles cultured
in ultra-low attachment microplates survived and grew to the antral
stage with correlated steroid production and oocyte maturation [19].
In the current study, the adenoviral vector-driving expression of
shRNA, which was processed within the cell to the specific siRNA,
was able to transduce granulosa cells within 24 h of incubation, with
continued expression of shRNA in multiple granulosa layers 6 days
postexposure as demonstrated by EGFP transgene expression. The
decrease in follicular AMH protein secretion extended to 2 weeks,
which covered the entire preantral span of primate follicles devel-
oped in vitro. Notably, the oocyte was not transduced, indicating

that the adenoviral vector could not penetrate the zona pellucida,
and thus, did not affect oocyte gene expression. This model provides
a tool to study the function of follicular cell-specific genes and the
impact of macromolecules in intact follicles during specific (preantral
and/or antral) stages of in vitro development.

Knockdown of AMH gene expression by adenoviral vector-
mediated transduction was also efficient in vivo. Following a single
intraovarian injection of AMH shRNA-vector, AMH protein expres-
sion by granulosa cells stayed low in both the preantral and small
antral follicles in the ovary up to 9 days postinjection, as demon-
strated by limited AMH immunostaining density and reduced serum
AMH levels in the connected ovarian vein. The data are consistent
with a study in which transduction activity lasted weeks in vivo fol-
lowing a single intraovarian injection of adenoviral vector-mediated
transgene in mice [23]. In the same study, multiple organ samples
were collected postinjection to evaluate the safety and toxicity of
direct intraovarian inoculation of adenoviral vectors. Adenoviral-
specific DNA was only detected in the injected ovary and the adja-
cent oviduct, but not the contralateral ovary or other organs [23].
This evidence supports our observation that the contralateral ovary
injected with the NTC shRNA-vector maintained its AMH produc-
tion in granulosa cells of the preanral and small antral follicles. The
circulating levels of AMH were not significantly altered by AMH
knockdown in one of the two ovaries, which avoided any systemic
effects via alterations in binding and activation of the AMH-specific
type II receptor in multiple brain regions including the hypothala-
mus [14]. Therefore, this model provides a tool to study the function
of follicular cell-specific genes employing local manipulation of gene
expression in the ovary in vivo.

Knocking down AMH expression in macaque preantral folli-
cles negatively impacted follicle survival as demonstrated by the
reduced survival rates in vitro following AMH shRNA-vector ex-
posure, which was recovered by AMH protein replacement, and by
the abnormal morphology associated with follicular atresia in vivo
following AMH shRNA-vector inoculation in the ovary. The data
are consistent with the previous study in which AMH treatment
enhanced the survival of small growing follicles in cultured human
ovarian cortex [5]. Mice heterozygous for the Amh null mutation
also revealed an increased number of atretic small follicles within
their ovaries, which became more significant in the Amh null mice,
compared with wild types [24]. However, this positive effect of AMH
on preantral follicle survival was not observed in either the current
study or in other studies employing follicle culture in mice [8] and
nonhuman primates [4] by simply administering a consistent dose
of AMH protein to the culture media. The limited exogenous AMH
actions may be due to the increased endogenous AMH production
by the growing follicles and/or the already high survival rates of in-
dividually cultured follicles under the control conditions. Previous
research indicated that AMH treatment reduced apoptosis of follicles
in the cryopreserved mouse ovary in a dose-dependent manner [25].
Therefore, AMH may act as a survival factor in preantral follicles
via its antiapoptotic actions to prevent follicular atresia. Studies are
warranted to further corroborate the mechanisms of programmed
cell death in follicles that are related to AMH signaling, including
apoptosis, autophagy, and necroptosis. Notably, primordial follicle
atresia was not evident following AMH knockdown in vivo in the
current study. Since neither AMH nor AMH specific type II receptor
is expressed in primordial follicles, as suggested by in situ hybridiza-
tion in the rat ovary [2] and by IHC in the macaque ovary [3], AMH
may not play a major role in primordial follicles via direct actions in
adult animals.
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Knocking down AMH expression in macaque preantral folli-
cles also negatively impacted follicle growth as demonstrated by
the reduced antrum formation in vitro following AMH shRNA-
vector exposure and by the increased granulosa cell p21 expres-
sion in vivo following AMH shRNA-vector inoculation in the ovary.
The activation of p21 expression sustains cell cycle arrest, which
prohibits cell proliferation [26]. The data are consistent with the
previous study in which vitrification of human ovarian tissue down-
regulated AMH mRNA levels in granulosa cells of preantral fol-
licles, compared with those of fresh control tissue by single-cell
mRNA analysis, with delayed growth during the subsequent folli-
cle culture [27]. Interestingly, the detained follicle growth caused by
AMH knockdown was not significantly improved by AMH protein
replacement in the current study, which warrants further investi-
gation via a dose-response experiment. Nevertheless, addition of
rhAMH alone during the preantral stage promoted follicle growth
in vitro as indicated by increased follicle diameters relative to con-
trols. It appeared that the advanced granulosa cell proliferation
and follicle growth proceeded to the early antral stage with cor-
related ovarian steroid (E2 and A4) and paracrine factor (VEGF
and activin A) production, as well as oocyte maturation. The data
support the previous notions that AMH promoted the growth of
preantral follicles in rats during the serum-free culture [28], in
macaques during the alginate-encapsulated three-dimensional cul-
ture [4], and in humans during the ovarian cortex culture [5].
Therefore, it is suggested that AMH plays a stimulatory role during
preantral follicle development in vitro by promoting granulosa cell
proliferation.

An rhAMH protein used in this study is a disulfide-linked
C-terminal homodimer. Endogenously, AMH is synthesized as the
prepropeptide precursor and is processed into the mature C-terminal
dimer. The proregion remains associated with the mature ligand in
a noncovalent complex after proteolytic cleavage. Proregion disso-
ciation generates mature ligand, which contributes to the assembly
of a fully active receptor complex, though dissociation of the prore-
gion from the mature C-terminal dimer is not required for the initial
interaction with the receptor complex [29]. Previous research indi-
cated that binding affinity of the noncovalent complex and the C-
terminal dimer for specific AMH receptor II appeared to be similar.
The mature C-terminal dimer was more active than the noncova-
lent complex in stimulating downstream SMAD phosphorylation,
which suggested that the proregion attenuated the activity of the
C-terminal dimer [29]. The biological activity of the same commer-
cial AMH product as what was used in the current study was re-
ported previously in in vitro studies using rat ovary organ culture
[30], monkey ovarian follicle culture [4], and human endometrial
stromal cell culture [31], as well as in in vivo studies of AMH effects
on the hypothalamic-pituitary-gonadal axis via intracerebroventric-
ular administration [14]. Besides recombinant human protein sup-
plementation, overexpression of macaque AMH mediated by viral
vectors could be performed in future studies using the current matrix-
free follicle culture system.

In summary, the current study developed a molecular approach
that now provides a tool to study the intraovarian/intrafollicular
effects of AMH both in vitro and in vivo. This study also accentuates
the critical local regulatory role of AMH during preantral follicle
development in the primate ovary. Endogenous AMH production
appears crucial for granulosa cell health and proliferation, and thus,
preantral follicle survival and growth. Subsequent studies are on-
going, using the current experimental models with increased sample
sizes, to investigate AMH-regulated follicular cell proliferation,

differentiation, and function during the antral follicle development
in primates.
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