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Knockout studies in mice have suggested that anti-Müllerian hormone (AMH) modulates primor-
dial follicle recruitment and the response of growing follicles to FSH. Little is known of the phys-
iology of AMH in monovular species, despite intense clinical interest in this factor. Using sheep as
a model, we sought to investigate the functional role of AMH in modulating follicle development
in monovular species. In contrast to the rodent, the results indicate that AMH does not affect the
rate of primordial follicle recruitment but appears to regulate the rate at which follicles progress
through the gonadotropin-responsive phase, during which it is maximally expressed. Thus, knock-
down of AMH bioactivity by active immunization lead to a decline in the population of gonado-
tropin-responsive preantral and small antral follicles (P � 0.01) and increases in both the number
of gonadotropin-dependent antral follicles (P � 0.01) and ovulation rate (P � 0.05). These in vivo
findings were consistent with the results of other studies examining the pattern of expression of
AMH, which was negatively correlated with aromatase (P � 0.001), and in vitro supplementation
experiments, which supported an inhibitory role for AMH in modulating the response of both theca
and granulosa cells to LH and FSH, respectively. The elucidation of a functional relationship be-
tween AMH and LH-stimulated thecal androgen production may be significant in terms of the
etiology of common forms of anovulatory infertility in women. Furthermore, the observed increase
in both the number of recruitable antral follicles and ovulatory quota in response to AMH knock-
down may have therapeutic value in women who respond poorly to ovarian stimulation.
(Endocrinology 153: 4533–4543, 2012)

There is now strong evidence that ovarian folliculogen-
esis is regulated by the stage-specific expression of lo-

cally produced hormones and growth factors, derived
from both the somatic and germ cell elements, which in
addition to oocyte maturation control somatic cell prolif-
eration, metabolism, angiogenesis, and differentiation as
the follicle progresses from a primordial to preovulatory
structure (1–3). The ability to knockout specific local fac-
tors in mice has allowed identification of anti-Müllerian
hormone (AMH) as a potentially important local control-

ler of both primordial follicle initiation and the terminal
stages of ovulatory follicle development (4) in this poly-
ovular species. Relatively little is known, however, of the
biology of AMH in monovular species despite the adop-
tion of circulating AMH concentrations in human assisted
conception as an index of so-called “ovarian reserve” (5)
and a suggested link with AMH in the etiology of poly-
cystic ovarian disease (5, 6).

AMH was first identified as the factor responsible for
the regression of Müllerian ducts in the male fetus (7). The
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highly conserved AMH molecule is a 140-kDa dimeric
glycoprotein composed of identical 70-kDa monomers.
AMH cleavage gives rise to a 110-kDa N-terminal ho-
modimer (formed by two 57-kDa subunits) and a biolog-
ically active 25-kDa C-terminal homodimer (formed by
two 12.5-kDa identical monomers) (8). A particular fea-
ture of AMH is that its N-terminal domain enhances the
activity of the C terminus (7). Although AMH can be ex-
perimentally cleaved using plasmin (8), two members of
the proprotein convertase (PC) family, PC5 and furin,
have been reported to be able to process AMH in embry-
onic rat testes (9). Like other TGF-� superfamily mem-
bers, AMH signals via a heteromeric receptor complex
consisting of a type I and a type II receptor serine/threonine
kinase. The type II AMH receptor is unique and does not
bind other TGF-� superfamily members. In contrast, de-
pending on the cell context, different type I receptors that
are shared by other TGF-� superfamily members have
been implicated in AMH signaling [including activin RIA/
activin-like kinase (ALK) 2, bone morphogenetic protein
(BMP) RIA/ALK3, and BMP RIB/ALK6]. Upon ligand
binding, type II AMH receptor recruits the nonligand
binding type I receptor into the complex, resulting in phos-
phorylation of the BMP-like signaling pathway effector
proteins Smad1, Smad5, and Smad 8 (7).

Although AMH was first identified in relation to its
regulatory role in male sex differentiation, after birth, this
sexually dimorphic expression pattern is lost, and AMH is
also expressed in granulosa cells of growing follicles in the
ovary (5). In both rodents (4) and humans (10), AMH
expression starts in the columnar granulosa cells of pri-
mary follicles, is highest in granulosa cells of preantral and
small antral follicles, and gradually diminishes in the sub-
sequent stages of follicle development so that AMH is no
longer expressed during the gonadotropin-dependent ter-
minal stages of follicle development. In addition, AMH
expression disappears when follicles become atretic.
AMH null mice have increased rates of primordial follicle
recruitment, and this results in premature ovarian failure.
Further, AMH has been shown to inhibit gonadotropin-
dependent growth of cultured mouse preantral follicles (4,
5), and in rat and pig granulosa cell cultures, AMH atten-
uates the FSH-dependent increase in aromatase activity
and LH receptor expression (11). Thus, the available ev-
idence supports a functional role for AMH in modulating
both the early and terminal stages of follicle development
in polyovular species. However, the evidence is more
equivocal for monovulatory species, in that the literature
contains two reports that support a role for AMH in the
suppression of primordial follicle initiation in the human
(12) and bovine (13), whereas another study reports the
opposite (14).

The objective of the current experimental series is there-
fore to increase our knowledge of the functional role of
AMH in modulating follicle development in monovular
species in which the ovulatory quota is rigorously con-
trolled, using sheep as a model species. Because so little is
known about AMH in this species, an initial series of ob-
servational experiments were conducted to characterize
the molecular forms of AMH and its pattern of expression
throughout folliculogenesis before moving on to more in-
terventionist studies designed to elucidate the putative role
of AMH as a local regulator of follicle development.

Materials and Methods

These experimental procedures were carried out under the terms
of a license for Animal Scientific Procedures from the Home
Office of the United Kingdom awarded following local ethical
committee approval for this program of work.

Molecular forms and pattern of expression of
AMH after stimulation with FSH

This experiment examined the effect of FSH stimulation on
AMH protein expression and used 17 crossbred ewes randomly
allocated to two groups: 1) untreated controls (n � 8) and 2)
recombinant human (rh)FSH (150 IU/12 h; n � 9; Gonal-F,
Serono, Feltham, Middlesex, UK) administered for 5 d from 4 d
before luteal regression to the time of killing on d 1 of the fol-
licular phase. At the time of killing, the ovaries were recovered
with both ovaries from the FSH-treated group and one ovary
each from the control group being fixed in 4% paraformalde-
hyde in PBS (pH 7.4) (PFA) and processed for histological and
immunohistological assessment. The remaining ovary from each
untreated control had all visible antral follicles greater than 2 mm
in diameter dissected free of the ovarian stroma. The diameter of
each follicle was determined and the follicle burst in 1 ml of
Dulbecco’s PBS (DPBS). The follicle shells were then transferred
to a sterile Eppendorf tube and snap frozen in liquid nitrogen.
The DPBS containing the dilute antral fluid was transferred to
another tube and stored frozen at �20 C for assay.

Functional assessment of AMH on ovarian
function

Cultured ovarian somatic cells
Unless otherwise stated, all reagents were purchased from

Sigma-Aldrich plc (Public Liability Company) (Poole, Dorset,
UK). Ovine ovaries were obtained from a commercial abattoir.
Follicles between 1 and 3 mm in diameter were dissected from a
number of ovaries to negate any individual animal effects, and
granulosa (15) and theca (16) cells were isolated and cultured
under serum-free conditions using the procedures described pre-
viously. The effect of addition of rhAMH (0.005–50 ng/ml;
R&D Systems, Inc., Minneapolis, MN) on cell proliferation and
FSH-induced estradiol (granulosa cells) and LH-induced andro-
stenedione (theca cells) production was determined. Typically,
the gonadotropin-induced differentiation of theca and granulosa
cells results in maximal androstenedione and estradiol produc-
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tion after 6 and 8 d of culture, respectively (15, 16). Each dose of
AMH was replicated in quadruplicate, and the cultures were
maintained for up to 192 h with 175 �l (70%) of the media being
exchanged every 48 h with equivalent fresh media. Spent media
were retained, stored at �20 C, for subsequent analysis for ste-
roid concentrations. The number of viable cells was estimated
using neutral red staining at the end of the culture (15). Steroid
production per cell was calculated for the final time point, which
is the period of maximal steroid production. Each experiment
was repeated at least three times.

Active and passive immunization

Effect of active immunization on ovulation rate
In this experiment, the effect of active immunization against

two synthetic peptides on ovulation rate was determined. The
experimental groups were: 1) keyhole limpet hemocyanin
(KLH)-immunized controls (n � 10); 2) immunization against
peptide Webb1 (n � 9), which was the first 25 amino acids from
the amino terminus of the N-terminal domain of bovine AMH;
and 3) immunization against peptide Webb2 (n � 10), which was
the consensus sequence spanning the monobasic cleavage site at
the N termini of the C-terminal domain (Table 1). The immu-
nization strategy involved a primary immunization against 100
�g of the 25- to 26-amino acid peptides that had been conjugated
to KLH and administered in nonulcerative Freund’s adjuvant
(NUFA) (Sigma-Aldrich plc). Ewes were subsequently boosted at
approximately 6-wk intervals with 50 �g of conjugate in NUFA.
Controls animals were actively immunized against KLH alone.
Samples of jugular venous blood were collected around 7 d after
primary and booster immunizations for determination of anti-
body titers. Laparoscopy, to determine ovulation rates, was car-
ried out by the midventral route as previously described (17).

Effect of active immunization on the follicle
population

This experiment used 14 ewes, nine immunized and five con-
trols, and examined the effect of active immunization against
AMH on both preantral and antral follicle development. The
immunogen for this experiment was a third synthetic peptide
(Pept3) (Table 1), specific for a region of the N terminus of AMH
between those targeted by Webb1 and Webb2. The immuniza-
tion strategy was similar to that described above for Webb1 and
Webb2 apart from the fact that the primary immunization used
Titermax gold (Sigma-Aldrich plc) as an adjuvant. The titer re-
sponse to this immunization was, however, poor and was re-
peated after 6 wk with 100 �g of conjugate with NUFA as an
adjuvant. Three subsequent booster injections were given over a
6-month period, which used 50 �g of conjugate with NUFA as
described above. All animals were killed 1 wk after the final
booster injection, and after recovery of the ovaries, these were

processed as described above with the right ovary being fixed for
histology, whereas the left ovary had all visible antral follicles
dissected and measured before collection of antral fluid and fol-
licle shells as described above.

Before killing, under general anesthesia, each of the high titer
immunized animals and four of the controls had 300 ml of jug-
ular venous blood collected, from which plasma was obtained
for passive immunization infusion studies.

Effect of passive immunization on FSH-mediated fol-
licular recruitment

This experiment used 11 mature crossbred ewes with ovarian
autotransplants (18), in which the surgery was performed at least
10 yr previously. This preparation facilitated the ovarian arterial
infusion of AMH antisera and allowed assessment of the effect
of treatment on antral follicle number and the secretion of ovar-
ian steroids. The ovarian arterial infusion of anti-AMH was con-
ducted as previously described (18) over a 12-h period on d 2 of
the estrous cycle at the time of recruitment of the first follicular
wave (19). The two treatment groups were: 1) nonimmune sheep
plasma (n � 5) and 2) anti-AMH sheep plasma (n � 6). The
anti-AMH infusate had a titer of 1:3200. Over the period of the
ovarian infusion and for 18 h thereafter, samples of ovarian
venous blood (5 ml) were collected at 2-h intervals. At the end of
this period, the animals were killed by lethal injection and the
autotransplanted ovary recovered for histological assessment, as
described above.

Immunohistochemistry (IHC) for aromatase and
AMH

Serial 10-�m sections were cut from ovarian tissue blocks and
IHC performed on a BondMax Automated Immunohistochem-
istry System (Vision BioSystems Ltd., Newcastle-Upon Tyne,
UK), which uses a biotin-free, polymer detection system. The
primary antibodies used were specific for cytochrome P450 aro-
matase (clone H4; AbD Serotec Ltd., Oxford, UK) or AMH.
Three AMH antibodies were tested: 1) a polyclonal goat anti-
body directed against the 25-kDa form of human AMH
(SC34833; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 2)
a mouse monoclonal directed against the 25-kDa form of human
AMH (Serotec clone 5/6), and 3) an in house monoclonal di-
rected against the N-terminal region of bovine AMH (Pept3 in
Table 1; clone 14C1). The specificity of staining was confirmed
by inclusion of negative control slides processed in the absence of
primary antibody on tissue from the same animal. Positive con-
trols consisted of sections of ovarian tissue from another animal,
which were included in each run to be used as a reference for the
estimation of the intensity of staining. The slides were observed
using a stereo microscope (Olympus SZ 40, Hamburg, Germany)
and the position and size of all follicles visible in the section

TABLE 1. Details of peptide sequences corresponding to bovine AMH used for active immunization of sheep

Designation Region AMH directed against Peptide sequence

Webb1 N terminus (1–25) reevfstsalpreqatgsgalifqq-y
Webb2 Cleavage site (427–451) aewrgrersgsaraqrsagaaaadg-y
Pept3 N-terminal domain (120–146) lvvlhleevtweptpllrfqepppgga-y

Webb1 and Webb2 were synthesized by Agriculture and Food Research Council (Babraham, Cambridge, UK) and Pept3 by Sigma-Aldrich. Each
peptide was also supplied as a conjugate to KLH by the suppliers.
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determined using an ocular graticule (Pyser-SGI Ltd., Kent, UK).
These follicles were then examined using a Leica DMRB micro-
scope (Leica, Heerbrugg, Switzerland) for assessment of evi-
dence of specific staining for aromatase and AMH in consecutive
sections. The intensity of staining was assessed by two indepen-
dent observers on a scale of 1–4 with 1 being no staining, 2 light
staining, 3 medium staining, and 4 strong staining, with the mean
value from the two observers being used for subsequent analysis.

Western blot analysis
Antral follicles were dissected from sheep ovarian tissue as

described above and burst in 0.5 ml of DPBS before transfer of
follicular fluid and follicle shells to sterile Eppendorf tubes,
which were snap frozen in liquid nitrogen. Follicle shells were
dispersed mechanically and then dissolved directly in sodium
dodecyl sulfate gel-loading buffer. Follicular fluid was boiled for
5 min in lithium dodecyl sulfate sample buffer (Invitrogen, Pais-
ley, UK) and electrophoresed on a NuPAGE 4–12% Bis-Tris gel
(Invitrogen). The protein was subsequently transferred onto ni-
trocellulose membrane and probed with AMH antibody
SC34833 (1:400 dilution). After incubation with biotinylated
rabbit-antisheep IgG secondary antibody (Vector, Salford, UK),
the membrane was incubated with avidin-biotinylated horserad-
ish peroxidase complex (Vector). Finally, the membrane was
revealed with chromogenic horseradish peroxidase substrate
3,3�-diaminobenzidine (Vector) and visualized by a brown re-
action product.

Hormone assays
Estradiol (18), LH (20), FSH (18), and androstenedione (18)

in follicular fluid and ovarian and jugular venous plasma were
determined by RIA as previously described with limits of detec-
tion of 15 pg/ml, 0.2 ng/ml, 0.1 ng/ml, and 20 pg/ml, respectively.
Culture media and diluted follicular fluid were assayed without
extraction. All assays had intra- and interassay coefficients of
variation of less than 10 and 15%, respectively.

Antibody titers
AntibodytitersforWebb1andWebb2weredeterminedusingpep-

tide that had been iodinated by chloramine-T method and antibody
titers expressedasproportionboundofa1:5000dilutionofplasmaas
previously described (21). For Pept3, antibody titers were determined
byELISA.Plateswerecoatedwith2�g/ml solutionbeforedilutionsof
sheepplasma (1:10 to1:5120)wereaddedand incubated for1hat37
C before addition of secondary antibody (1:2000; peroxidase-conju-
gateddonkeyantisheep),3,3�,5,5�-tetramethylbenzidine solution,and
visualization at 450 nm. The titer was defined as the initial antiserum
dilution that resulted in 50% binding of the maximum binding value.

Statistical analyses
Data presented are least squares means and SEM unless oth-

erwise stated. Hormone data were analyzed using repeated mea-
sures ANOVA with log transformed data (Systat SSI, San Jose,
CA). Each cell culture experiment was repeated at least three
times, and the significance of treatment effects was determined
on data from the final time point by two-way ANOVA adjusted
for multiple comparisons after Bonferroni post hoc test, using
SPSS (SPSS UK Ltd., Surrey, UK). Follicle number data from
histological analysis were classified on a functional basis into
primordial, gonadotropin-independent (50–150 �m in diame-

ter), and gonadotropin-responsive (151–1000 �m in diameter)
follicles and expressed as a proportion of the total number of
follicles counted by histology for each animal. These data were
compared by �2 analysis. Antral follicle number data derived
from dissection of the contralateral ovary were subdivided at the
diameters in sheep that antral follicles become gonadotropin
dependent (2.5 mm) and the diameter above which gonadotro-
pin-dependent antral follicles develop granulosa cell LH recep-
tors and aromatase activity (3.5 mm) (22). These and ovulation
rate data were subjected to square root transformation before
analysis by ANOVA. Data on the proportion of aromatase pos-
itive small antral follicles after passive immunization against
AMH were compared by Fisher’s exact test.

Results

Molecular forms and patterns of ovarian
expression in sheep

Western blot analysis of forms of AMH in follicular
fluid and granulosa cells

This analysis showed that the predominant form of
AMH in both sheep follicular fluid and granulosa cells
across the size range from gonadotropin-responsive small
(�2.5 mm) antral follicles to gonadotropin-dependent
medium (2.5–3.5 mm) and large (�3.5–8 mm) antral fol-
licles was the full-length 140-kDa form (Fig. 1). This pat-
tern of expression was consistent with antibodies directed

FIG. 1. Western blot analysis showing gradient nonreducing gel for
ovine follicular fluid (A) and granulosa cells (B) from a number of
different large (L1 and L3–L5, �3.5 mm), medium (M1–M7, 2.5–3.5
mm), and small (S1–S5, �2.5 mm) antral follicles. Antiserum SC34833
directed against 25-kDa C-terminal bioactive form AMH. High
molecular mass form is predominant in all follicles, but some follicles
(M1 and L1) also express the 25-kDa low molecular mass form. Gels
shown used the SC34833 antibody but identical patterns observed for
other monoclonal antibodies specific for human 25-kDa (Cl 5/6) and
bovine N-terminal region (14C1).
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against both the human 25-kDa form (Serotec Cl 5/6;
SC34833) and the N terminus of the bovine 140-kDa form
(14C1; data not shown). Some estrogenic follicles (�100
ng/ml) also expressed the lower molecular mass bioactive
25-kDa form (e.g. follicles M1 and L1 in Fig. 1), but this
was not a consistent feature of all estrogenic follicles. As
expected, when Western blot analysis was performed on
samples that had been subjected to reducing conditions,
the 25-kDa-directed antibodies detected only the 12.5-
kDa form, and the N-terminal-directed antibodies de-
tected the 56-kDa form (data not shown).

Pattern of AMH expression in ovarian follicles in re-
lation to aromatase

As with other species, AMH protein expression was
restricted to the granulosa cells during all growing stages
of follicle development (Fig. 2A). Expression was first de-
tected in secondary follicles (Fig. 2Ai) with high levels of
expression being maintained in preantral and early antral
follicles less than 0.5 mm in diameter (Figs. 2A, ii–iv; and
3). Thereafter, AMH expression exhibited a marked de-
cline with increasing follicle size (P � 0.001) (Fig. 3), and

this decline was inversely related to a corresponding in-
crease in aromatase expression (Fig. 3). Correlation anal-

ysis showed a very highly significant
negative relationship (Spearman’s r �
�0.44; P � 0.001). This inverse rela-
tionship was notable in large estrogenic
follicles, in which the cumulus sur-
rounding the oocyte had high levels of
AMH staining and low aromatase,
whereas the membrana granulosa layer
displayed the inverse pattern of expres-
sion (Fig. 2, B and C). Treatment with
FSH had no significant effect on the
pattern of AMH expression or the in-
tensity of staining in individual size
classes, but when data were combined
for all gonadotropin-responsive folli-
cles less than 2 mm, FSH resulted in a
small but significant (P � 0.05) decline
in staining intensity (2.71 � 0.2 vs.
1.95 � 0.25 for controls and FSH, re-
spectively). FSH treatment resulted in
recruitment of follicles into the gonad-
otropin-dependent phases with a 37%
(P � 0.05) decline in the number of
gonadotropin-responsive follicles less
than 2 mm in diameter, a 6-fold increase
(P � 0.001) in the number of gonadotro-
pin-dependent follicles greater than 2
mm in diameter and a 2-fold increase in
the number of large follicles expressing
aromatase.

FIG. 2. IHC showing AMH (A and B) and P450 aromatase (C) expression in ovarian follicles of
different sizes. A, i–vi, Specific AMH expression in the granulosa cells of secondary (i), early
preantral (ii), late preantral (iii), early antral (iv), antral (v), and small antral (vi) follicles,
respectively. B and C, Consecutive sections from the same estrogenic large antral follicle
showing that AMH expression is absent from the granulosa cell layer but present in the
coronal and cumulus cells surrounding the oocyte. Note that aromatase expression is inverse
to AMH expression. Antiserum for AMH SC34833, but all other AMH antisera gave same
expression pattern. Scale bar, 100 �m.
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Functional assessment of AMH on ovarian
function

Cultured granulosa and theca cells
The effect of AMH on FSH-induced granulosa cell dif-

ferentiation was generally inhibitory, especially for higher
doses, but the shape of the dose-response curve varied
according to the level of IGF-I stimulation (P � 0.001). In
the presence of low doses of IGF-I, AMH resulted in an
approximately linear inhibition curve (P � 0.001) (Fig.
4A). In contrast, the higher dose of IGF-I stimulated a
10-fold increase in estradiol production with the AMH
response curve being bimodal, with the two lowest doses
of AMH resulting in a stimulation in FSH-induced estra-
diol production (P � 0.05), whereas only the highest dose
was markedly inhibitory (P � 0.05) (Fig. 4B). AMH had
no significant effect on either granulosa cell number or

progesterone production after 192 h of culture (data not
shown).

The effect of AMH on LH-induced theca cell differen-
tiation was strongly inhibitory across the same dose range
(P � 0.001) with doses greater than 0.5 ng/ml resulting in
a highly significant depression in androstenedione pro-
duction (Fig. 5). AMH had no significant effect on theca
cell number after 144 h of culture.

The effect of active AMH immunization in vivo

Ovulation rate
After the second booster injection, active immunization

against Webb2 (monobasic cleavage site) led to an in-
crease (P � 0.05) in ovulation rate (1.9 � 0.3) compared
with control group (1.3 � 0.2) and Webb1 (N terminus)
group (1.3 � 0.2). Six months after a third booster injec-
tion that was administered during seasonal anestrus, ovu-
lation rates were again increased (P � 0.05) in the Webb2
group (1.9 � 0.2) relative to controls (1.2 � 0.1), with the
Webb1 group being intermediate (1.6 � 0.2). Antibody
titers in these animals were maintained in the majority of
ewes (25 � 8 and 21 � 6% binding at 1:5000 dilution for
Webb1 and Webb2, respectively). For Pept3, similar small
but statistically significant (P � 0.05) increases in ovula-
tion rate were observed (1.2 � 0.1 vs. 2.0 � 0.3 for control
and high titer immunized, respectively; see below).

Follicle population and physiological characteristics
The antibody response to Pept3 was variable, and for

analysis of the effect of immunization on the follicle pop-
ulation, ewes were retrospectively divided into low
(�3500; n � 3) and high (�1:3500; n � 6) titer groups.
Histological analysis of the growing follicle population
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(Fig. 6A) from one ovary of each animal revealed that
relative to controls, immunization had a marked effect on
the numbers of follicles in each size class, with more
marked differences being observed in high titer (P � 0.01)
than low titer animals (P � 0.1). Both high and low titer
groups had similar numbers of primordial and gonado-
tropin-independent (23) small preantral follicles (50–150
�m) as controls, but unexpectedly, high titer ewes had
markedly less gonadotropin-responsive preantral and

small antral follicles (150–1000 �m; P � 0.01), with low
titer ewes being intermediate. Conversely, analysis of the
visible antral follicle population more than 1 mm in di-
ameter in the contralateral ovary by direct follicle dissec-
tion revealed a marked increase in the number of gonad-
otropin-dependent medium (2.5–3.5 mm; P � 0.05) and
large (�3.5 mm; P � 0.01) antral follicles in ewes with
high anti-AMH titers (Fig. 6B). There was no significant
effect of immunization in high titer animals on the number
of gonadotropin-responsive small antral follicles between
1 and 2.5 mm in diameter, but overall, immunization re-
sulted in a highly significant (P � 0.01) increase in the total
number of visible antral follicles greater than 1 mm in
diameter (Fig. 6B). In low titer AMH-immunized ewes, the
number of medium and large follicles did not differ from
controls, but the number of small follicles and the total
number of antral follicles were intermediate between con-
trols and high titer animals.

Antral fluid steroid concentrations and mean
diameter

Antibody titer did not significantly affect mean follicle
diameter or antral fluid steroid levels, and therefore, data
from low and high titer groups were pooled for this anal-
ysis. Within follicle size classes, AMH immunization had
no effect on the mean diameter (Fig. 7A) or follicular fluid
concentrations of estradiol (Fig. 7B) but significantly (P �
0.01) increased antral fluid levels of androstenedione in
small- and medium-sized follicles (Fig. 7C). There was no
effect of immunization on androstenedione levels in large
follicles (Fig. 7C).

The effect of passive AMH immunization in vivo
Ovarian infusion of AMH antiserum in sheep with

ovarian autotransplants had no significant effect on the
pattern or level of ovarian steroid secretion (data not
shown). Immunohistological evaluation of ovarian tissue
confirmed the presence of at least one large aromatase
positive follicle in each animal from each treatment group,
and there were no differences between treatment groups in
the number of these large estrogenic follicles (control,
1.6 � 0.2; immunized, 1.7 � 0.2). Short-term exposure to
AMH antiserum did, however, result in an increased pro-
portion (P � 0.01) of small follicles less than 2.5 mm in
diameter, which had high levels of aromatase expression
(control 2/86, 2%; immunized 8/48, 17%).

Discussion

The results of the current series of experiments confirm
and extend our understanding of the physiological role of
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AMH during ovarian follicle development inferred from
studies in polyovular rodents, to indicate that AMH plays
a key local role in modulating follicle development in a
monovular species. In contrast to previous findings in ro-
dents, the current results indicate that knockdown of
AMH bioactivity does not affect the rate of primordial

follicle recruitment but appears to result in an increase in
the rate at which follicles progress through the gonado-
tropin-responsive phase, leading to significant increases in
both the number of gonadotropin-dependent antral folli-
cles and the ovulatory quota. These in vivo findings were
consistent with the results of other studies examining the
pattern of expression and effects of supplementation in
vitro, supporting the concept that AMH has an inhibitory
role in modulating the response of both theca and gran-
ulosa cells to LH and FSH, respectively. These findings are
consistent with the etiology of common causes of ovarian
dysfunction in humans known to be associated with ab-
normal patterns of AMH secretion (6).

Initial observational studies confirmed that, as in other
species (4, 10), AMH is strongly expressed by the granu-
losa cells of preantral and small antral follicles in sheep.
This finding is also supported by another recent publica-
tion in sheep (24). These stages of follicle development are
gonadotropin-responsive in this (23) and many other spe-
cies (25, 26), and it is significant that the proportion of
small antral follicles expressing high levels of AMH was
increased by FSH treatment. However, FSH did not mark-
edly change the pattern or intensity of AMH protein ex-
pression in the gonadotrophin-responsive cohort, and
more work is required to define these relationships over
this stage of follicle development. In contrast, the marked
inverse relationship between AMH expression and ex-
pression of aromatase as a marker of granulosa cell dif-
ferentiation as follicles grow into the gonadotropin-de-
pendent phase is consistent with an inhibitory effect of
AMH on this FSH-dependent process. The extent of the
relationships between local factors in controlling granu-
losa cell differentiation is exemplified by the observation
that the cumulus cell layer of occytes within large antral
estrogenic follicles, presumably under the influence of
oocyte secreted factors, such as growth differentiation fac-
tor and BMP15 (27), exhibited a nondifferentiated ex-
pression profile with high AMH and no aromatase ex-
pression, whereas the surrounding differentiated
granulosa cell layer had no AMH expression and high
levels of aromatase (Fig. 2). Overall, the expression data
therefore provide compelling observational evidence for
AMH playing a key modulatory role in the control of the
gonadotropin-responsive and gonadotropin-dependent
stages of follicle development.

Although the pattern of AMH expression during folli-
cle development is relatively well described in many spe-
cies, the molecular nature of the predominant forms of
AMH secreted is not well described. Our data indicate that
the predominant form of AMH in sheep follicular fluid is
the high molecular mass 140-kDa dimeric form composed
of 70-kDa monomers (Fig. 1), and the fact that immuni-
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zation against peptides specific for the N-terminal subunit
of AMH perturbed ovarian function strongly suggests that
the 140-kDa form is the predominant biologically active
form in sheep. This finding is consistent with the fact that
the N-terminal domain of AMH is known to enhance the
activity of the C terminus (7). The presence of small
amounts of the biologically active 25-kDa C-terminal ho-
modimer in some follicles suggests that cleavage does oc-
cur in vivo, but the trigger for this conversion remains
unclear, as this divergent pattern of expression was not
related to follicle size, atresia, or intrafollicular steroid
concentrations.

The results of studies using physiological serum-free
cell culture (15, 16) to examine the role of AMH in con-
trolling gonadotropin-induced differentiation of ovarian
somatic cells, although confirming a general inhibitory
role, yielded some surprising and novel results, which dif-
fer markedly from similar studies conducted in polyovular
species (4, 11, 28). The granulosa cell culture results in-
dicate that the shape and magnitude of the inhibitory re-
sponsive to AMH is modulated by the dose of IGF-I. Thus,
culture with high levels of IGF-I, known to induce maxi-
mal responses to FSH stimulation (15), resulted in a bi-
phasic response to AMH with stimulatory effects on es-
tradiol production at low doses and an inhibitory effect at
the maximum dose (Fig. 4B). It is possible that this inter-
action represents a mechanism to explain the stimulatory
effect of increasing circulating IGF-I concentrations on the
small antral follicle population (25, 29). Further, because
intrafollicular IGF-binding protein 2 concentrations are
known to decline as follicles progress into the gonado-
trophin-dependent phase in cattle (30), increased IGF-I
bioavailability may represent a mechanism whereby
growing follicles “break free” from the inhibitory in-
fluence of intrafollicular AMH on gonadotropin-in-
duced differentiation.

To our knowledge, this is the first study to also report
that AMH exerts a dose-responsive inhibitory effect on
LH-stimulated androgen production by theca cells. Be-
cause low levels of type 2 AMH receptor expression in
theca cells have been reported in rats (31) and the theca in
sheep express at least two of the type 1 receptors thought
to be used by AMH (Alk3 and Alk6) (32), it is feasible,
therefore, that AMH does exert paracrine effects on thecal
function in vivo, and it is notable that theca cells were far
more sensitive to AMH than the granulosa cells (Fig. 5).
The physiological veracity of this finding is supported by
the observation that knockdown of AMH by active im-
munization led to marked increases in androstenedione
concentrations of antral fluid from small antral follicles
(Fig. 7C). Further, fetal androgen supplementation has
been showntoperturb thenormalpatternof granulosa cell

AMH expression in adults animals (24). Because Leydig
cell-derived testosterone is a powerful down-regulator of
AMH expression by Sertolli cells in the testis (28), it is
therefore possible that a similar paracrine local inhibitory
loop exists in the ovary between the granulosa and theca
cells to regulate AMH expression and ovarian steroido-
genesis. This idea would be consistent with the observa-
tion that AMH levels and ovarian androgen production
are disregulated in women with polycystic ovary syn-
drome (PCOS) (6, 33), and this hypothesis is worthy of
further investigation.

In polyovular rodents, it has been observed that knock-
out of AMH or AMHRII (4) expression results in an in-
creased rate of primordial follicle recruitment, an in-
creased number of preantral and small antral follicles but
no increase in ovulation rate. In the current study, by using
active immunization to regulate AMH bioactivity, al-
though confirming that AMH also plays a major role in the
control of folliculogenesis in a monovulatory species, we
have revealed numerous differences in the ovarian re-
sponse to AMH knockdown. Thus, we have shown no
marked effect of immunization on the proportion of fol-
licles in the primordial follicle pool, a decrease in the pop-
ulation of gonadotropin-responsive preantral and small
antral follicles, an increase in the number of gonadotro-
pin-dependent medium and large antral follicles, and an
approximate doubling in ovulation rate. Many of these
differences can be explained by differences in reproductive
physiology (33–36) between the polyovular rodent and
monovular species. However, in terms of primordial fol-
licles, perturbation of AMH for 6 months in a species with
a long reproductive lifespan and hence large reserve of
primordial follicles (37) may not be sufficient, and much
longer periods of immunization and careful morphomet-
ric analysis would be required to confirm that AMH does
not regulate primordial follicle initiation in sheep. In con-
trast, from the rodent data, the decline in the proportion
of preantral and early antral follicles in AMH-immunized
ewes was unexpected, but it is likely, from the histological
and dissection data combined (Fig. 6, A and B), that this
fall is due to an increase in the rate of progression of fol-
licles through these gonadotropin-responsive stages to re-
sult in a marked increase in the number of gonadotropin-
dependent medium and large antral follicles, which were
then available for selection and induction of ovulation.
This hypothesis is consistent with the increased level of
AMH expression observed in gonadotropin-responsive
preantral and small antral follicles, and it appears likely
that the major role of AMH is to negatively regulate the
sensitivity of this cohort of follicles to gonadotrophic stim-
uli. There was no evidence, however, that AMH immu-
nization resulted in changes to the follicular hierarchy dur-
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ing normal cycles, as shown by the similarity in mean
follicle diameter and estradiol concentrations of the go-
nadotropin-dependent cohort (Fig 7, A and B). It is there-
fore likely that the effects of AMH knockdown are distinct
from those observed in the FecB prolific strain of sheep,
which carry a mutation to an AMH type 1 receptor (Alk6),
and exhibit marked precocious maturation of preovula-
tory follicles (38).

The results of this experiment have important implica-
tions in terms of the potential therapeutic value of manip-
ulation of AMH bioactivity and the etiology of common
forms of infertility in women. The fact that depressing
AMH bioavailability resulted in an increase in the popu-
lation of gonadotropin-dependent follicles and an increase
in ovulation rate indicates that this intervention may be of
potential value to enhance response to ovarian stimulation
(39, 40). In terms of anovulatory infertility, it is well es-
tablished that the primary physiological characteristic of
PCOS is a failure of the mechanism which results in the
selection of one member of the gonadotropin-dependent
follicular cohort to undergo final differentiation to be-
come an estrogenic preovulatory-sized follicles (41). The
fact that AMH expression is abnormally high in women
with PCOS (42) could therefore be due to a failure in the
normal mechanism that results in a decline in AMH in
preovulatory follicles. From the present study, the fact that
PCOS is associated with abnormal levels of LH stimula-
tion (33) and differential insulin sensitivity (43) and ab-
normal AMH expression (44) makes understanding of the
mechanisms regulating the depression in AMH expression
a research priority.

In conclusion, the results of the current study provide
strong evidence that in a monovulatory species, AMH
plays a key inhibitory role in the modulation of the re-
sponsiveness of both the granulosa and theca cells to go-
nadotropic stimuli to regulate the rate at which follicles
progress through the gonadotropin-responsive to gonad-
otropin-dependent stage. These data are also of consider-
able clinical interest, because the observed increase in both
the number of recruitable antral follicles and ovulatory
quota in response to AMH knockdown may have thera-
peutic value in women who respond poorly to ovarian
stimulation. Furthermore, the elucidation of a functional
relationship between AMH, IGF-I, and LH-stimulated
thecal androgen production may be significant in terms of
the etiology of common forms of anovulatory infertility.
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