Endocrinology, 2022, 163, 1-10
https://doi.org/10.1210/endocr/bgac 157
Advance access publication 26 September 2022

Research Article ENDOCRINE
SOCIETY

OXFORD

Loss of Anti-Miillerian Hormone Signaling in Mice Affects
Trabecular Bone Mass in a Sex- and Age-Dependent Manner

Christiane van As," Marijke Koedam,' Anke McLuskey,’ Piet Kramer," Najiba Lahlou,?
Bram C. J. van der Eerden,"*® and Jenny A. Visser,"*

'Department of Internal Medicine, Erasmus MC, Erasmus University Medical Center, P.0. Box 2040, 3000 CA, Rotterdam, The Netherlands
2Department of Hormone Biology and Metabolic Disorders, BPR-AS, 45700 Pannes, France

Correspondence: Jenny A. Visser, PhD, Department of Internal Medicine, Erasmus MC, Erasmus University Medical Center, P.0. Box 2040, 3000 CA, Rotterdam,
The Netherlands. Email: j.visser@erasmusmec.nl.
*Both authors share last authorship.

Abstract

Ovariectomy-induced osteoporosis in mice results from an abrupt loss of ovarian sex steroids. Anti-Mdllerian hormone knockout (AMHKO)
mice show a gradual but accelerated ovarian aging, and therefore may better resemble osteoporosis following natural menopause. To
study the impact of AMH signaling deficiency on bone, we compared trabecular and cortical bone parameters in 2-, 4-, 10-, and 16-month-
old male and female wild-type (WT), AMHKO, and AMH type Il receptor knockout (MRKI) mice using micro computed tomography
(microCT). Goldner’s staining was performed to confirm the observed bone phenotype. Both male and female AMHKO and MRKI mice
showed age-dependent loss of trabecular bone (P<0.001). However, reproductive-aged female AMHKO and MRKI mice had higher BV/TV
compared with WT (P<0.001), coinciding with increased growing follicle numbers (P<0.05) and increased estrus inhibin B levels
(AMHKO: P<0.001; MRKI: P<0.05) but normal inhibin A, estrogen, and progesterone levels. In aged female AMHKO and MRKI mice BV/
TV did not differ from WT mice due to greater trabecular bone loss between 10 and 16 months compared with WT mice. At these ages,
AMHKO and MRKI mice had reduced growing follicle numbers (P<0.05) and reduced inhibin B levels (P<0.001). At age 10 months,
female MRKI mice had increased cortical bone parameters compared with WT mice (P<0.01). Bone parameters of male AMHKO and
MRKI mice did not differ from male WT mice. In conclusion, AMH signaling deficiency results in a sex- and age-dependent effect on
predominantly trabecular bone. Our results further suggest that reproductive hormones beyond estrogen may contribute to bone
homeostasis.
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Abbreviations: AMH, anti-Miillerian hormone (aka MIS); AMHKO, anti-Miillerian hormone knockout; AMHR2, AMH type Il receptor; BV/TV, bone volume
fraction; E2, 17p-estradiol; ELISA, enzyme-linked immunosorbent assay; FSH, follicle-stimulating hormone; microCT, micro computed tomography; MRKI,

AMHR2 knockout (MIS receptor knockin); OVX, ovariectomized; RO, region of interest; VCD, 4-vinylcyclohexene diepoxide.

Osteoporosis is characterized by reduced bone mass and wor-
sening of the bone microarchitecture. This leads to increased
bone fragility and fracture risk, especially in the hip, verte-
brae, and wrist (1). Osteoporosis is a well-known disease of
the elderly, and especially postmenopausal women are at
risk to develop osteoporosis (2, 3). Indeed, the estimated life-
time risk of sustaining a fracture is 39.7% in Caucasian wom-
en and only 13.1% in Caucasian men at the age of 50 years,
and above 50 years of age the fracture incidence in women
is almost twice as high as in men (3, 4). Although bone loss oc-
curs gradually throughout life in both men and women, wom-
en experience accelerated bone loss during the menopausal
transition period (5, 6). The decline in estrogen levels is con-
sidered a major driver of postmenopausal osteoporosis (7).
In bone metabolism, estrogen stimulates bone formation and
inhibits bone resorption. Loss of estrogens disrupts this bal-
ance, leading to increased bone turnover due to accelerated
bone resorption by osteoclasts and diminished bone formation
by osteoblasts. In cortical bone, the increased endocortical

resorption combined with reduced periosteal apposition results
in cortical thinning and increased cortical porosity. In trabecu-
lar bone, the increased bone resorption results in loss of tra-
becular connectivity (8-11).

Ovariectomy (OVX) of rodents to induce estrogen
deficiency is a common model to study osteoporosis (12).
In mice, OVX results in reduced cortical thickness, in-
creased porosity, and loss of trabecular bone, thus showing
features resembling postmenopausal osteoporosis (13, 14).
Furthermore, OVX-induced osteoporosis in mice provides
the possibility to apply this method in genetic mouse mod-
els. However, OVX results in an abrupt loss of ovarian
sex steroids and growth factors, whereas during natural
menopause in women this occurs more gradually (15).
Furthermore, postmenopausal ovaries still produce andro-
gens (16, 17). Therefore, a model that shows a more gradual
decline in ovarian function might limit these drawbacks.

In women, natural menopause results from exhaustion of
the primordial follicle pool. From this resting pool, follicles
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are continuously recruited to grow, from which ultimately per
cycle only one follicle will ovulate in women and several in fe-
male mice. This process continues throughout reproductive
life until the number of follicles has become too low to support
menstrual cyclicity in women and menopause ensues. The de-
cline in follicle number is paralleled by a decline in estrogen
levels and loss of negative feedback on gonadotropins
(15, 18). Ovarian aging in mice also shows this decline in fol-
licle number and mice become anovulatory (19). We have pre-
viously shown that anti-Millerian hormone knockout
(AMHKO) mice display gradual but accelerated ovarian
aging. AMH, also known as Miillerian inhibiting substance
(MIS), is a member of the transforming growth factor p family
and known for its role in Miillerian duct regression in male fe-
tuses. It signals through a complex of a sole AMH type I re-
ceptor (AMHR2) with shared BMP type I receptors and
male AMHR2 deficient mice are a phenocopy of male
AMH-deficient mice (20, 21). In the ovary, AMH is expressed
by the granulosa cells of preantral and small antral follicles
and acts as a gatekeeper of follicle growth (22). In the absence
of AMH, more primordial follicles are recruited, leading to a
larger growing follicle pool at early reproductive age. Despite
this increased recruitment, the number of ovulatory follicles is
not different between AMHKO and wild-type mice. But as a
consequence, the size of both the primordial follicle and grow-
ing follicle pool is exhausted at a younger age compared with
wild-type mice (23). Since ovarian aging in AMHKO mice oc-
curs at an earlier age than in wild-type mice but still gradual,
in contrast to OVX mice, female AMHKO mice may serve as a
suitable mouse model for osteoporosis following natural
menopause. To study the impact of this accelerated ovarian
aging on bone, we have analyzed various bone parameters
in female AMH and AMHR?2 deficient mice at various ages.
We also included male mice deficient in AMH signaling in
our studies.

Material and Methods

Mice

Wild-type (WT), AMHKO, and AMHR2 knockout (MRKI)
mice were generated as described previously (20, 21, 23).
The MRKI mice (MIS receptor knockin, in which
4.4 kb of the receptor locus that includes the first 6 exons is
replaced with a LacZ cassette) were kindly provided by
Dr. R. Behringer. AMHKO and MRKI mice and WT litter-
mates on a C57Bl/6 background were housed at standard ani-
mal housing conditions at the Animal Facility of the Erasmus
MC, which operates in compliance with the “Animal Welfare
Act” of the Dutch government. The experiments were per-
formed with permission of the local ethics committee. Mice
were sacrificed at 2, 4, 10, and 16 months of age (n=8-12
mice per genotype and sex) as described previously (24). For
steroid hormone measurements, 4-month-old female mice
were sacrificed on each day of the ovarian cycle (n=35 per
cycle day). Daily vaginal smears were taken for a period of
at least 2 weeks as described previously to determine the day
of the cycle (23). Cycle length and regularity was determined
by analyzing 2 complete cycles.

Body weight and weight of testes and ovaries were deter-
mined. Femurs were collected and a blood sample was taken.
The left testis and left ovary were fixed in Bouin’s fixative. The
left femurs were fixed in 10% formalin for 48 hours followed
by preservation in 70% ethanol.

Endocrinology, 2022, Vol. 163, No. 11

Follicle Counting

The number of growing follicles was determined as described
previously (n=35 mice per genotype) (24), using 8-um sec-
tions, mounted on glass slides and stained with hematoxylin
and eosin. Nonatretic growing follicles were counted in every
fifth section. The number of small preantral (20-170 pum),
large preantral (171-220 um), small antral (221-310 pum),
and large antral (>311 um) was combined to yield the total
number of nonatretic growing follicles.

Hormone Measurements

Estradiol was measured by immunoassay. After ethyl
ether extraction, serum mouse 17B-estradiol (E2) was meas-
ured by enzyme-linked immunosorbent assay (ELISA) kit in
duplicate according to the manufacturer recommendations
(Cat# SE 120084, RRID:AB_2827635, Sigma-Aldrich,
Saint-Quentin Fallavier, France). The standard range was
as follows: 0, 3, 10, 30, 100, and 300 pg/mL. The antibody
is a polyclonal anti-estradiol antibody, coated on microwells
(25). Anti-E2 antibody coated wells were incubated with E2
standards, controls, samples, and E2 enzyme conjugate.
During the incubation, a fixed amount of HRP-labeled E2
competes with the endogenous E2 in the standards, samples,
or control sera for a fixed number of binding sites of the spe-
cific E2 antibody. E2 Peroxidase Conjugate immunologically
bound to the well progressively decreases as the concentra-
tion of E2 in the specimen increases. Then unbound E2
Peroxidase Conjugate was removed and the wells were
washed. After a second incubation with a solution of TMB,
the color development was stopped and the absorbance
was measured spectrophotometrically at 450 nm. Quality
control samples were provided by Probioqual (Lyon,
France) and as “blank” control we used serum from pre-
pubertal mice. Accuracy did not differ from 100%. The de-
tection limit was 1 pg/mL. Intra- and inter-assay precision
were, respectively, 15% and 20% at the concentration of
1 pg/mL, 8% and 10% at 4 pg/mL, and 5% and 8% at
7 pg/mL.

Other steroid hormones were characterized using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as
described previously (26). One hundred pL of serum (sample
or quality control) were vortex-mixed with 20 pL of the in-
ternal standard solution (a mix of testosterone-1a,2a-D2
and progesterone-1a,2a-D2) and 1.5 mL ethyl ether for 3
minutes. The solutions were then allowed to stand for 20 mi-
nutes, when the supernatants were separated and evaporated
to dryness at room temperature under a stream of nitrogen.
The dried extracts were reconstituted in 100 u. MeOH/water
(55/45; V/V). The samples were injected into an Acquity
UPLC system (Waters, Manchester, UK), equipped with an
Acquity UHPLC HSST3 column (Waters, Guyancourt,
France). The mobile phase consisted of a mixture of water
and MeOH. It was operated with a flow rate of 0.5 mL/min
in gradient mode, at a temperature of 40 °C. Mass
spectra were recorded using a Quattro Premier triple quadru-
pole mass spectrometer (Waters, Manchester, UK).
Measurements were performed using positive electrospray
ionization (ESI) in Multiple Reaction Monitoring (MRM)
data-acquisition mode. The parameters of the electrospray
interface were optimized as follows: capillary voltage 4 kV,
source temperature 120 °C, desolvation temperature 350 °C,
desolvation gas 900 L/hour.
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Steroid identification was based on an identical retention
time and 2 identical mass transitions with authentic reference
compounds (testosterone from Sigma-Aldrich, and progester-
one from Vetranal). Quantification was performed relative to
a calibration series (0, 0.1 to 100 ng/mL of each steroid) with
an appropriate internal standard steroid. All measurements
were performed in duplicate. Data processing was ensured us-
ing MassLynx software (V 4.1, SCN 805, Waters,
Manchester, UK). A QuantLynx (V 4.1, SCN 803, Waters)
was used to detect and integrate the peaks. Accuracy checked
in our unit did not differ from 100%. Detection limits were
0.06 nmol/L for testosterone and 0.1 nmol/L for progester-
one. Intra-assay coefficients of variation for these steroids
were < 10% at detection level, and < 8% throughout the
range of observed values. Inter-assay coefficients of variation
were < 12% throughout the range of observed values.

Serum levels of inhibin A and B were measured using the
multi-species Ansh Lab’s ELISAs (Ansh Labs Cat# AL-161,
RRID:AB_2783699; Ansh Labs Cat# AL-163, RRID:
AB_2783700).

Micro Computed Tomography Analysis

Femurs were scanned at a resolution of 9 um, using a SkyScan
1076 system (Bruker, Kontich, Belgium) in a blinded fashion.
According to the published guidelines (27), the following set-
tings were used: x-ray power and tube current were 40 kV and
250 pA, respectively. Beam hardening was reduced using a
1-mm aluminum filter, exposure time was 2.3 seconds, and
an average of 3 pictures was taken at each angle with steps
of 0.8° to generate final images. Segmentation of the recon-
structed images was done on basis of global thresholding.
Using software packages from Bruker (NRecon, CtAn, and
Dataviewer), bone microarchitecture parameters were as-
sessed in trabecular and cortical bones of all mice (n=8-12
mice per genotype and sex). The trabecular bone parameters
trabecular bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N), trabecular separ-
ation (Tb.Sp), trabecular patterning factor (Tb.Pf) and
structure model index (SMI; 0=plate-like, 3 =rod-like)
were determined in the distal metaphysis of the femur (region
of interest [ROI] of 0.9 mm from distal growth plate toward
diaphysis). For 16-month-old femurs, the trabecular compart-
ment was manually selected due to the porous nature of the
bones. In the mid-diaphysis (ROI of 0.45 mm), tissue area
(Tt.Ar), cortical area (Ct.Ar), marrow area (Ma.Ar), cortical
thickness (Ct.Th), periosteal perimeter (Ps.Pm) and moment
of inertia (MOI) were analyzed. All ROIs were corrected for
length of the femurs.

Histomorphometry of Femurs

Femurs of 10-month-old female mice (n=4-7 mice per geno-
type) were routinely embedded in methylmetacrylate as de-
scribed before (28). Sections of 6 um were deacrylated,
hydrated, and subjected to Goldner’s Masson Trichrome
staining. Briefly, sections were subsequently stained in hema-
toxylin/ferric chloride, ponceau de xylidine/acid fuchsin, or-
ange G, and Light green solutions as described previously in
detail (29). The sections were dehydrated and embedded in
Entellan (Electron Microscopy Sciences, Hatfield, PA, USA).
Images were taken using a NanoZoomer system and analyzed
using NDP viewer (Nanozoomer 2.0 HT, Hamamatsu).
Categorized bone marrow adiposity measurements based on

the amount of bone marrow fat cells were performed in a
blinded fashion. The following score system was used: 0=
near or complete absence of bone marrow fat cells; 1= pres-
ence of bone marrow fat cells occupying less than half of the
bone marrow cavity; 2 = presence of bone marrow fat cells oc-
cupying more than half of the bone marrow cavity; and 3=
presence of bone marrow fat cells filling nearly the entire
bone marrow cavity.

Statistical Analysis

Steroid hormone levels during the estrous cycle were ana-
lyzed by two-way analysis of variance (ANOVA) followed
by Bonferroni post hoc analysis. All other parameters were
analyzed by one-way ANOVA followed by Tukey HSD
post hoc test. To determine an effect of aging linear regres-
sion analysis was performed. Analyses were performed using
GraphPad Prism 9 (GraphPad Software, Inc.). A P value
<0.05 was considered significant. Data are expressed as
mean + SEM.

Results

General Characteristics of Mice

At 2 months of age, female AMHKO mice were slightly, but
significantly, heavier than WT mice (P <0.05). However, at
subsequent ages, the analyzed body weight of female
AMHKO and MRKI mice did not differ from WT mice
(Fig. 1A). In agreement with our previous studies (23, 24), fe-
male AMHKO mice had an increased number of growing fol-
licles at 2 and 4 months of age (P<0.001 and P<0.01,
respectively) and a reduced number or no growing follicles
at 10 and 16 months of age compared with WT mice (P <
0.001 and P < 0.01, respectively) (Fig. 1A). Ovaries of female
MRKI mice showed a similar pattern as AMHKO mice, with
increased follicle numbers at 2 and 4 months (P < 0.05) and se-
verely reduced numbers at the older ages (P <0.001 and P <
0.05 at 10 and 16 months, respectively) (Fig. 1A). In line
with this, the ovarian weight of AMHKO and MRKI mice
was significantly increased at 2 and 4 months of age and sig-
nificantly reduced at 10 and 16 months of age compared
with WT mice (Fig. 1A). Given the increased follicle number
in AMHKO and MRKI mice at the reproductive ages, we
also determined estradiol and progesterone levels throughout
the estrous cycle at 4 months of age. Both estradiol and pro-
gesterone levels showed the expected estrous variation but
did not differ between genotypes. Also, testosterone levels
did not significantly differ between the genotypes during the
estrous cycle (Fig. 1B). In agreement, and confirming previous
results in AMHKO mice (23), no difference in length or regu-
larity of the cycle was observed between the genotypes.

For male mice, body weight of AMHKO and MRKI mice
did not differ from WT mice (Fig. 1C). Testes of AMHKO
and MRKI mice were significantly heavier compared with
WT mice at all ages analyzed. Gross morphological analysis
confirmed the previously reported presence of all stages of
spermatogenesis and the appearance of empty seminiferous
tubules with increasing age due to focal atrophy of the germi-
nal epithelium (20)(results not shown). However, testosterone
levels did not significantly differ between genotypes, although
large variation in levels was observed within the groups
(Fig. 1D).
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Figure 1. General characteristics and sex steroid hormone levels in WT and AMH signaling deficient mice. (A) Body weight, ovarian weight, and
number of growing follicles in 2-, 4-, 10-, and 16-month-old female WT (white bars), AMHKO (gray bars), and MRKI (black bars) mice (n=28-10). (B)
Estradiol, progesterone, and testosterone levels during the estrous cycle in 4-month-old WT (dotted black line), AMHKO (solid gray line), and MRKI
(solid black line) mice (n=5 per cycle day). Abbreviations: P, pro-estrus; E, estrus; M, metestrus; D, di-estrus. $p< 0.05, vs pro-estrus of same
genotype. (C) Body weight and testis weight in 4-, 10-, and 16-month-old male mice (n=8-10). (D) Testosterone levels in 4-month-old male WT (white
bars), AMHKO (gray bars), and MRKI (black bars) mice (n=6-7). Data are presented as mean + SEM, *P<0.05, **P<0.01, ***P<0.001 vs WT mice of
the same age. *P<0.05, #P<0.01, ¥ P<0.001 vs 2-month-old mice of the same genotype.

Micro Computed Tomography Analysis

Aging effects were examined, and WT mice showed the ex-
pected age-dependent changes in bone parameters. Both fe-
male and male WT mice showed an age-dependent decline
in BV/TV (linear trend: P <0.001). Further, in both female
and male knockout models, trabecular bone was lost with in-
creasing age (linear trend: both P<0.001 [females:
Supplementary Fig. 2A and males: Supplementary Fig. S1]
(30)). However, female MRKI mice had a higher BV/TV com-
pared with WT mice at the age of 2 months (P <0.001). This
increased value could be explained by a significant increase in
both trabecular thickness and number (both P<0.001)
(Fig. 2B and 2C). The higher BV/TV in MRKI mice compared
with WT mice persisted at the age of 4 and 10 months. At the
age of 10 months, this increase was explained by a significant
higher trabecular thickness in both knockout models (P <
0.05 and P <0.001 in AMHKO and MRKI mice, respectively)
(Fig. 2B). At 16 months of age, BV/TV in female AMHKO and
MRKI mice was similar to that of WT mice due to a greater
decrease in trabecular bone between 10 and 16 months of
age in both AMHKO and MRKI mice compared with WT
mice (Fig. 2A). The decrease in trabecular bone was more pro-
nounced in AMHKO mice, leading to a significantly different

BV/TV between AMHKO and MRKI mice (P <0.05). This
difference between genotypes was best explained by a signifi-
cantly lower trabecular thickness in AMHKO mice compared
with both WT and MRKI mice at 16 months of age (P <0.05
and P <0.01, respectively) (Fig. 2B).

Concerning cortical bone, we observed an age-dependent in-
crease in marrow area in both female and male WT mice (linear
trend: both P <0.001). A gradual increase of the periosteal per-
imeter was observed in female WT mice between 2 and
16 months of age (linear trend: P<0.001) and also in male
WT mice between 4 and 16 months of age (linear trend: P <
0.001). Both knockout models showed a similar pattern of aging
as the WT mice (female: Fig. 3 and male: Supplementary Fig. S2
(30)). However, differences between female WT and knockout
mice were observed at 10 months of age. At this age, female
MRKI mice had a significantly higher cortical area and marrow
area compared with WT mice (both P <0.01). As a result, the
periosteal perimeter and moment of inertia of MRKI mice was
also higher (both P <0.001) (Fig. 3 and Table 1).

The bone phenotype of both male knockout models re-
sembled that of WT mice at all ages studied. There were no sig-
nificant differences between the genotypes for any of the
trabecular bone parameters (Supplementary Fig. S1 and
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Figure 2. Trabecular bone parameters in WT and AMH signaling deficient female mice. Trabecular bone microarchitecture in 2-, 4-, 10- and
16-month-old female WT (white bars), AMHKO (gray bars) and MRKI (black bars) mice analyzed using microCT (n=8-10). (A) Trabecular bone volume
fraction, (B) Trabecular thickness, (C) Trabecular number. Data are presented as mean + SEM, *P<0.05, ***P<0.001 vs WT mice of the same age,

$P<0.05 vs AMHKO mice, P <0.01 vs AMHKO mice.

Supplementary Table S1 (30)). Regarding cortical bone pa-
rameters, we only observed a significantly smaller cortical
area in AMHKO mice at the age of 10 months compared
with WT mice (P<0.05) (Supplementary Fig. S2 and
Supplementary Table S1 (30)).

Inhibin A and B Levels in Female AMH Signaling
Deficient Mice
The increased trabecular bone at reproductive age combined
with enhanced loss of trabecular bone at older ages in
AMHKO and MRKI mice correlates with the change in grow-
ing follicle number at these ages. Therefore, we measured se-
rum levels of inhibin A and B, since these gonadal growth
factors have been shown to have regenerative effects on bone.
Throughout the estrous cycle at 4 months of age, inhibin A
levels showed the expected estrous variation but did not differ
between genotypes (Fig. 4A). At 2 and 10 months of age in
samples randomly collected throughout the cycle, inhibin A
levels were similar between genotypes, although large vari-
ation within genotypes may have masked potential differen-
ces. However, at 16 months of age, inhibin A levels were
significantly lower in AMHKO and MRKI mice compared

with WT mice (P <0.05). Furthermore, in AMHKO mice, in-
hibin A levels in the aged mice were significantly lower com-
pared to young mice (P <0.001) (Fig. 4B).

For inhibin B levels, we observed that at 4 months of age,
levels were increased at estrus in AMHKO and MRKI (P <
0.001 and P <0.05 respectively), while no differences were
observed at the other days of the estrous cycle (Fig. 4C). In
samples collected randomly throughout the cycle, inhibin B
levels did not differ between genotypes at 2 months of age.
However, at 10 and 16 months of age, inhibin B levels were
significantly lower in AMHKO and MRKI mice compared
with WT mice (P <0.001). In all 3 genotypes, inhibin B levels
declined with increasing age. However, in AMHKO and
MRKI mice significantly lower levels were already observed
at 10 months of age (P <0.05 and P <0.001, respectively),
while in WT mice a significant difference was only observed
at 16 months of age (P < 0.01) when compared with 2-month-
old mice of the same genotype (Fig. 4D).

Histomorphometry of Femurs

Goldner’s staining of femurs from 10-month-old female mice
confirmed the observed differences in trabecular bone volume
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Figure 3. Cortical bone parameters in WT and AMH signaling deficient female mice. Cortical bone microarchitecture in 2-, 4-, 10-, and 16-month-old
female WT (white bars), AMHKO (gray bars), and MRKI (black bars) mice analyzed using microCT (n=8-10). (A) Cortical area, (B) Marrow area, (C)
Periosteal perimeter. Data are presented as mean + SEM, *P<0.05, **P<0.01, ***P<0.001 vs WT mice of the same age, $33p 2 0.001 vs AMHKO

mice.

between the genotypes (Fig. SA). Interestingly, clear differen-
ces were observed in bone marrow adiposity between geno-
types: 4 out of 7 femurs of female AMHKO mice contained
very few bone marrow adipocytes in the bone marrow cavity,
while none of the WT or MRKI mice displayed this phenotype
(Fig. SB).

Discussion

In this study, we investigated the effect of AMH signaling de-
ficiency on bone. Female AMHKO and MRKI mice had in-
creased trabecular bone compared with WT mice up to the
age of 10 months, but this difference disappeared at
16 months of age. As shown by an increased marrow area
and periosteal perimeter, MRKI mice displayed advanced cor-
tical aging at 10 months of age compared with WT mice.
Furthermore, we observed that female AMHKQO mice of
10 months of age had remarkably few bone marrow adipo-
cytes in their bone marrow cavity compared with the other
genotypes.

Previously, we demonstrated that AMH deficiency results in
a gradual but accelerated ovarian aging (23). In this study, we

observed that MRKI mice, an AMHR2 deficient model, dis-
play a similar ovarian aging phenotype. Therefore, we hy-
pothesized that mice lacking AMH signaling could serve as
a model for osteoporosis following natural menopause.
Postmenopausal osteoporosis is characterized by a reduced
trabecular bone mass and cortical thinning (8, 11). Despite ad-
vanced depletion of the ovarian follicle pool compared to WT
mice, at 16 months of age, bone parameters of female
AMHKO and MRKI mice did not largely differ from female
WT mice. In contrast, young female AMHKO and MRKI
mice had more trabecular bone than WT mice. Combined
with the relatively normal bone parameters at advanced age,
this suggests that deficiency in AMH signaling causes acceler-
ated bone loss after a critical age. Indeed, both female knock-
out models displayed a greater decrease in trabecular bone
between 10 and 16 months of age compared with WT mice.

In OVX mice, which constitute the most commonly used
model for postmenopausal bone loss, trabecular bone archi-
tecture and cortical bone area decline soon after ovariectomy
(12). Chemically induced menopause by 4-vinylcyclohexene
diepoxide (VCD) in mice also resulted in a decrease in trabecu-
lar bone parameters. However, in contrast to OVX mice,
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Figure 4. Inhibin Aand B levels in WT and AMH signaling deficient mice. (A) Inhibin A and (C) Inhibin B levels during the estrous cycle in 4-month-old WT
(dotted black line), AMHKO (solid gray line), and MRKI (solid black line) mice (n =5 per cycle day). Abbreviations: P, pro-estrus; E, estrus; M, metestrus;
D, di-estrus. Data are presented as mean + SEM. *P<0.05, ***P<0.001 vs WT mice of same cycle day; *P<0.05, $¥P< 0.01 vs pro-estrus day of the
same genotype. (B) Inhibin A and (D) inhibin B levels in 2-, 10-, and 16-month-old female WT (white bars), AMHKO (gray bars), and MRKI (black bars)
mice (n=8-10). Data are presented as mean + SEM. *P<0.05, ***P<0.001 vs WT mice of same age. *P<0.05, #P<0.01, ¥ P<0.001 vs

2-month-old mice of same genotype.

trabecular bone at reproductive age and accelerated bone loss
with increasing age in AMHKO and MRKI mice remains to
be determined. However, our results support findings of a
cross-sectional age-stratified study of pre- and postmenopausal
women, in which it was shown that serum inhibin A and in-
hibin B levels inversely correlated with bone turnover markers
and had better predictive value than follicle-stimulating hor-
mone (FSH) and E2, particularly in pre- and perimenopausal
women (36). Other reproductive hormones may also contrib-
ute to the regulation of bone metabolism. As reviewed by
Mills et al (37), hypothalamic and pituitary hormones, such
as kisspeptin, gonadotropin-releasing hormone, and FSH,
have been implicated. The recent discovery that AMH may
regulate GnRH pulsatility (38) suggests that the effect of
AMH signaling deficiency on bone could potentially also be

mediated via regulation of the hypothalamic-pituitary-gonadal
axis. Unfortunately, we were unable to measure FSH and estra-
diol levels in the aged mice due to insufficient serum volume.
However, changes in FSH and estradiol occur relatively late
during reproductive aging (39), suggesting that changes in cir-
culating levels of gonadal growth factors may contribute to al-
tered bone turnover during the early phase of reproductive
aging.

The observed effect of AMH signaling deficiency on bone
appeared to be sex-dependent, since in male AMHKO and
MRKI mice the trabecular and cortical bone parameters
were comparable to WT mice. This sex-specific effect supports
an indirect effect of AMH on bone homeostasis through other
ovarian growth factors or hypothalamic/pituitary hormones.
However, in a recent study, AMH was shown to inhibit

T

WT AMHKO MRKI

Figure 5. Histomorphometry in WT and AMH signaling deficient female mice. (A) Histomorphometry in 10-month-old female WT and AMH signaling
deficient mice performed using Goldner's staining. (B) Categorized bone marrow adiposity measurements. WT (white bars), AMHKO (gray bars), and

MRKI (black bars) (n=4-7). Data are presented as mean + SEM.
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TRAP-positive multinuclear osteoclast differentiation in
osteoclast precursor cells, derived from mouse bone marrow
cells (40). Thus, further research is required to elucidate these
differences between in vivo and in vitro effects of AMH on
bone cells.

Histomorphometric analysis revealed differences in bone
marrow adiposity between the genotypes. At 10 months of
age, in more than 50% of the female AMHKO mice analyzed,
very few bone marrow adipocytes were present in the bone
marrow cavity of their femurs. Thus, female AMHKO mice
seem to have increased osteogenesis and decreased adipogen-
esis. This phenotype was only observed in AMHKO mice and
not in the MRKI mice. This phenotype is also remarkable,
since during and after menopause normally a transition
from osteogenesis to adipogenesis occurs (41-43), and thus
further studies are required. The finding that AMH and
AMHR?2 deficiency differentially affect mesenchymal stem
cell differentiation may imply that AMHR2 can signal inde-
pendent from AMH. However, this is highly speculative as
AMHKO and MRKI mice are phenocopies concerning
Miillerian duct regression and ovarian phenotype.

In conclusion, loss of AMH signaling resulted in an ad-
vanced loss of trabecular bone. However, due to an increased
bone mass at early reproductive life, which coincided with an
increased number of growing follicles, bone parameters of
aged female AMHKO and MRKI mice did not largely differ
from aged WT mice despite advanced ovarian aging.
Although the bone phenotype in mice lacking AMH signaling
does not directly resemble menopause-related osteoporosis in
humans, our results suggest that mice deficient in AMH sig-
naling may be an interesting model to identify reproductive
hormones and their mode of action beyond estrogen that con-
tribute to bone homeostasis.
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