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Abstract

Androgens via the androgen receptor (AR) are required for optimal male bone health. The target
cell(s) for the effects of androgens on cortical bone remain(s) incompletely understood. In females,
estrogen receptor alpha in neurons is a negative regulator of cortical and trabecular bone. Whether
neuronal AR regulates bone mass in males remains unexplored. Here, we inactivated AR in neurons
using a tamoxifen-inducible CreERT2 under the control of the neuronal promoter Thyl. Tamoxifen
induced a 70-80% reduction of AR mRNA levels in Thyl-CreERT2 positive brain regions cerebral
cortex and brainstem as well as in the peripheral nervous tissue of male neuronal AR knockout (N-
ARKO) mice. Hypothalamic AR mRNA levels were only marginally reduced and the hypothalamic-
pituitary-gonadal axis remained unaffected, as determined by normal levels of serum testosterone, LH
and FSH. In contrast to orchidectomy, deletion of neuronal AR did not alter body weight, body
composition, hindlimb muscle mass, grip strength or wheel running. MicroCT analysis of the femur
revealed no changes in bone accrual during growth in N-ARKO mice. However, 36- and 46-week-old
N-ARKO mice displayed an accelerated age-related cortical involution, namely a more pronounced
loss of cortical thickness and strength, which occurred in the setting of androgen sufficiency. Neuronal
AR inactivation decreased the cancellous bone volume fraction in L5 vertebra but not in the
appendicular skeleton of aging mice. MicroCT findings were corroborated in the tibia and after
normalization of hormonal levels. Serum markers of bone turnover and histomorphometry parameters
were comparable between genotypes, except for a 30% increase in osteoclast surface in the trabecular
compartment of 36-week-old N-ARKO mice. Cortical bone loss in N-ARKO mice was associated
with an up-regulation of Ucpl expression in brown adipose tissue, a widely used readout for
sympathetic tone. We conclude that androgens preserve cortical integrity in aging male mice via AR in

neurons. This article is protected by copyright. All rights reserved

Keywords: aging, bone-brain-nervous system interactions, genetic animal models, neuroendocrine

and sex steroids
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Androgens are crucial regulators of skeletal health in males V. Male hypogonadism is a well-
established cause of decreased BMD in both humans and rodents whilst testosterone (T) replacement
normalizes and maintains BMD @, Although several effects of T on bone result from aromatization
to estradiol (E2) and subsequent activation of estrogen receptor alpha (ERa), it is now clear from
studies in transgenic mice that androgens also act directly on the androgen receptor (AR) to stimulate
bone mass . In particular, AR activation in osteoblasts inhibits bone resorption in the cancellous
compartment ©®. However, the cellular targets mediating the well-established effects of T on cortical
bone formation and maintenance remain elusive. Neither osteoblast- nor osteoclast-lineage conditional
deletions of AR impair cortical mass in male mice ©7), suggesting that androgens act on other target

cells outside bone to stimulate periosteal bone formation.

Bone mass starts declining progressively in men during the third decade of life, before any decay in
sex steroid levels, and continues at a constant relative rate until accelerating around 75 years of life ®.
In elderly men, low androgens and estrogens concentrations have been associated with higher rates of
BMD loss @, suggesting a role for sex steroids slowing the age-associated bone involution in men.
The onset of bone loss in male rodents also occurs during early adulthood but, unlike men, their
androgen bioactivity levels remain stable with aging . Nevertheless, AR actions might still be
important for post-pubertal bone health in male mice %, even when mechanisms other than sex

steroid deficiency drive age-related bone loss in rodents.

The central nervous system (CNS) participates actively, along with autocrine, paracrine and endocrine
factors, in bone mass control. The first evidence of a central regulation of bone mass was provided by
Karsenty’s group, showing that intracerebroventricular infusion of leptin completely reversed the high
bone mass phenotype of ob/ob mice !, Similarly, in female rodents, normal skeletal mass is
determined by the balance between peripheral stimulatory and central inhibitory actions of ERa (314,
Also in female rodents, an increase in the sympathetic nervous system (SNS) outflow appears to
mediate, at least in part, the bone loss resulting from ovariectomy (OVX). In particular, treatment with

B-adrenergic receptor blockers prevents trabecular deterioration in OVX rats . Moreover, female
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mice with a genetic deletion of beta 2 adrenergic receptor (Adrb2) are protected from bone resorption

after estrogen depletion 9,

Since sympathetic projections in bone are located in close vicinity to
osteoblasts and are anatomically linked to the CNS “2!7_ it is conceivable that the SNS acts as a

downstream mechanism through which central ERa inhibits bone formation in females.

Despite the substantial amount of evidence showing that estrogen actions on the CNS determine bone
mass in females, similar data supporting a central component in AR regulation of male skeleton are
not available. We hypothesized that androgen signaling through AR expressed in neurons would
mediate, at least partly, the effects of AR on cortical acquisition and/or contribute to maintain post-
pubertal cortical health in male mice. To this end, we generated and characterized mice with AR
deletion in neurons and analyzed their cortical and trabecular phenotype both at peak bone mass and in
aging. This neuronal ARKO (N-ARKO) mouse line targets AR actions outside the hypothalamus and
thereby avoids potential confounding effects induced by AR hypothalamic insensitivity and altered
negative feedback in the hypothalamic-pituitary-gonadal (HPG) axis. Our findings show for the first
time that AR in neurons maintains bone mass and strength in aging mice by restraining bone

resorption and the consequent cortical thinning associated with aging.
Materials and Methods
Study design

All experiments involving animals were conducted with approval of the KU Leuven ethical committee
(P041/2014). Mice with a neuronal-specific knockout of the AR (N-ARKO) neurons were generated
as previously described ® and maintained on a C57B1/6J background. Thyl-CreERT2 transgenic
mice display a high recombination efficiency in projecting neurons in both the peripheral and central
nervous systems, except for the hypothalamus, caudate putamen, ventral striatum and basal forebrain
19 Noteworthy, hypothalamic neurons could be indirectly affected through nerve projections from
other brain areas. Male mice expressing Thy1-CreERT2 were crossed with female mice carrying a
heterozygous floxed exon 2 of the AR ©@?, At 6 weeks of age, both male N-ARKO (AR™Y; Thy-

CreERT2"") and their wild-type (AR"Y), hemizygous exon 2 floxed (AR"Y) and hemizygous Thy1-
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CreERT2 (AR*Y; Thy-CreERT2*") control littermates were gavaged with tamoxifen (190 mg/kg body
weight; Sigma-Aldrich) once daily for 2 consecutive days. This shortened tamoxifen protocol has been
described previously to efficiently induce CreER-mediated gene deletion in male mice without off-
target effects on bone !®. A group of ARYY; Thy-CreERT2 mice were gavaged with vehicle (ethanol:
sunflower seed oil; 1:9) to control for potential tamoxifen-independent CreERT2 activity. Animals
were euthanized by pentobarbital anesthesia followed by cardiac puncture at 8, 16, 36 or 46 weeks of

age.

All mice were group-housed (3—5 animals/cage) at 20 °C with a 12h-dark/light cycle in conventional
animal facilities. Mice had ad libitum access to a standard rodent diet (R/M-H; Ssniff Spezialdidten

GmbH) and to water.
Surgical procedures

A cohort of N-ARKO mice and hemizygous Thyl-CreERT2 control littermates underwent
orchidectomy (ORX; abdominal approach) under isoflurane anaesthesia followed by buprenorphine
analgesia (60 ug/’kg SC) at 16 weeks of age. Implants of medical-grade silicone tubing (Silclear®,
Degania Medical, Degania, Israel) sealed with medical adhesive silicone (Silastic®, Biesterfeld,
Germany) were implanted in the nuchal region, either filled with T or DHT (both from Sigma-Aldrich,
St. Louis, MO, USA). In our previous work, we calculated that the daily dose of T administered in
vivo by 1 cm SILASTIC implant is 23 pg " whereas the 1.50 cm DHT SILASTIC implant has a
release of 45 pg ??. In male mice, this androgen dosage is slightly supraphysiological, as indicated by
the higher seminal vesicle weight following implantation of T or DHT pellets in ORX mice compared
with sham surgery group ®. Mice with the same treatment were group-housed (3—5 animals/cage) in
the same conditions as described above. Bone phenotype was determined 20 weeks post-ORX. The
effectiveness of hormone replacement was demonstrated by determining the weight of the androgen-

sensitive seminal vesicle and levator ani/bulbocavernosus (LA/BC) muscle complex.

Grip strength
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Total-limb maximal grip strength was evaluated by means of a grid connected to an isometric force
transducer (Chatillon DFIS-2 Digital Force Gauche, Ametek, Paoli, PA, USA). Mice grasping a metal
grip with all limbs were pulled horizontally by their tails until they lost their grip. Measurements were

registered in Newtons (N) and the result was set as the average of six attempts.
Wheel running

Animals were introduced into individual cages equipped with computerized running wheels (Linton
Instrumentation Inc., Diss, Norfolk, UK). Revolutions were measured electronically in 10-min bins of

activity for 19 days and afterwards the running distance was calculated “°.
Body composition

Lean and fat mass were analyzed in vivo using the PIXImus mouse densitometer (Lunar Corp) with an
ultrahigh resolution (0.18 x 0.18 pixels, 1.6 line pairs/mm) and software version 1.45. In addition,

individual limb muscles (gastrocnemius and soleus) were dissected ex vivo and wet weight measured.
Liquid chromatography- tandem mass spectrometry

Total T was measured at the University Hospitals Leuven without derivatization using a two-
dimensional liquid chromatography system and an AB/Sciex QTrap 5500 tandem mass spectrometer

in atmospheric pressure chemical ionization positive mode @¥.
Serum analyses

Leptin (90030, Crystal Chem), noradrenaline and adrenaline (BA E-5400, LDN®, Nordhorn,
Germany) levels in mouse serum were determined using commercially available kits following the
manufacturers' instructions. Osteocalcin was measured using an in-house radioimmunoassay (RIA) as
described previously “». LH and FSH were determined by ELISA and RIA, respectively, at the
University of Virginia Center of Research in Reproduction Ligand Assay and Analysis Core

(Charlottesville, VA).

MicroCT
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Ex vivo microCT analysis on femur, tibia and L5 vertebra was performed with a SkyScan 1172
microCT (Bruker) using 5 pm pixel size, 0.5 mm Al filter, 50 kV, 200 pA, 180° angular rotation at
0.4° steps and 590 ms integration time. All images were reconstructed using NRecon and analyzed by
CTAn software as described . For long bones, the trabecular regions of interest started at 0.5 mm
from the proximal (tibia) and distal (femur) growth plates in the direction of the metaphysis and
extended for 1.5 (tibia) and 2 mm (femur). Cortical measurements were performed in the diaphyseal
region starting at a distance of 0.5 mm proximally from the tibia-fibula junction or 4.5 mm proximally
from the distal femoral growth plate and extending 0.25 mm. For vertebra L5, the entire trabecular
bone within the vertebral body was analyzed. Parameters included trabecular bone volume fraction
(BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm), trabecular
separation (Tb.Sp, mm), total cross-sectional tissue area (Tt.Ar, mm?), cortical bone area (Ct.Ar,
mm?), medullary or marrow area (Ma.Ar, mm?), medullary area fraction (Ma. Ar/Tt. Ar, %), cortical
thickness (Ct.Th, mm) and polar moment of inertia (J, mm*). Nomenclature of all microCT data

follows the guidelines of the American Society for Bone and Mineral Research (ASBMR) @7,

Bone histomorphometry

Bone formation rate (BFR) at the periosteal and endosteal surfaces of the cortical bone in the
middiaphyseal region of the femur was evaluated by dynamic histomorphometric analyses. Mice were
injected i.p. with calcein (15 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) 12 and 1 day(s) before
euthanasia. Femurs were fixed in Burckhardt’s fixative (overnight, 4°C), kept in ethanol, and
embedded in methyl methacrylate. Cross-sections of the undecalcified femur perpendicularly to the
long axis were prepared at 200 um thickness in the middiaphyseal region using the contact-point
precision band saw (Exakt, Norderstedt, Germany). Sections were ground to a final thickness of 25 um
using a grinding system (Exakt, Norderstedt, Germany), left unstained, and subjected to dynamic
histomorphometry. Three sections in the middiaphyseal region were measured by fluorescence
microscopy, and the BFR (square micrometers per micrometer per day) was assessed at both the
endocortical and periosteal bone surfaces. The BFR was obtained by the product of mineral apposition

rate (um/day) and mineralizing perimeter per bone perimeter (%). The mineralizing perimeter was
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calculated as follows: mineralizing perimeter = [dL + (sL/2)]/bone perimeter, where dL represents the
length of the double labels, and sL is the length of single labels along the entire endocortical or
periosteal bone surfaces. The mineral apposition rate (um/day) was calculated as the mean width of
double labels divided by interlabel time. Osteoclast and osteoblast counts were determined in 4-pum-
thick tartrate-resistant acid phosphatase (TRAcP)- and H&E-stained longitudinal sections of the
femur, respectively. All images were acquired and analyzed using a Zeiss Axiovert microscope with
an Axiovision (v6.1.0) image analysis system using in-house software ?%2%. All histomorphometric

data are described according to ASBMR nomenclature ©?.
Mechanical testing

The femora of 46-week-old N-ARKO and controls were tested in three-point bending on a Bose
ElectroForce testing system (TestBench LM1, EnduraTEC Systems Group, Bose Corp., Minnetonka,
MN, USA). Span length and radius of curvature of the supports were 7 mm and 2 mm, respectively.
Until testing, the femora had been stored in PBS at —20°C. The bones were placed with the anterior
surface pointing downward and were subjected to a small stabilizing preload (1 N) and two
conditioning cycles before loading until failure at a rate of 0.1 mm/second. The following parameters
were derived from the load-displacement curve: (1) ultimate bone strength (N), representing the
strength of bone; (2) stiffness (N/mm), calculated as the slope of the linear portion of the load-
displacement curve, representing the elastic rigidity; and (3) work-to-failure (mJ), determined as the

area under the load-displacement curve, representing the energy absorbed by the bone before breaking.
Quantitative PCR

Total RNA was extracted from tissue samples by homogenization in Trizol reagent (Invitrogen,
Carlsbad, CA, USA) followed by isopropanol precipitation. For cDNA synthesis, a superscript 11
RNaseH— reverse transcriptase kit was used (Invitrogen). The primer sequences are described in
Supplemental Table 1. The PCR mixtures (10 pl) contained 5 ul Fast SYBR green Master Mix
(Applied Biosystems, Foster City, CA, USA) and 0.03 uM of each primer. For quantification of gene

expression, the StepOnePlus™ sequence detector PCR detection system (Applied Biosystems) was
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used. All primers were designed to hybridize to different exons, and generation of single amplicons
was checked in melting curve assays. The housekeeping gene hypoxanthine guanine phosphoribosyl
transferase (Hprt) served as an endogenous control and expression levels were analyzed by the

2—AACT method.

Statistics

Statistical analysis was performed using Graphpad Prism v6.05. Student t-test and one- way ANOVA
followed by Bonferroni’s post-hoc test were used to analyze differences between two groups or more,
respectively. When two independent variables were included in the analysis, two-way ANOVA was
performed. All statistical tests were performed two-tailed. Data are expressed as mean + SEM and P

values < 0.05 were considered statistically significant.

Results

N-ARKO mice show normal hypothalamic-pituitary-gonadal function

We previously showed that tamoxifen administration induces the excision of floxed AR exon 2 in
neural tissues of N-ARKO mice, whereas non-neural tissues, including bone, do not show CreERT2-
mediated recombination 1®. Here, tamoxifen but not vehicle at 6 weeks of age resulted in a 70-80%
reduction in AR expression in Thyl-CreERT?2 positive brain regions cerebral cortex and brainstem
(P<0.01 and P<0.001 vs. control, respectively; Fig. 1A) as well as in the peripheral nervous system,
namely dorsal root ganglia (P<0.01 vs. control; Fig. 1A) in 8-week-old mice. As expected %),
hypothalamic AR mRNA levels were only marginally affected (-20% vs. control; P <0.05; Fig. 1A),
as also confirmed at 16 weeks of age (Supplemental Fig. 1). In accordance, the HPG function seemed
unaltered in N-ARKO mice, with no changes in serum T, LH or FSH levels (P> 0.05, Fig.1B-D).
However, the weight of androgen-sensitive seminal vesicles was increased in 36- and 46 week-old N-
ARKO mice [genotype: F(1,142)=83.51, P<0.0001; age: F(2,142)=85.63, P <0.0001; interaction:
F(2,142)=10.79, P<0.0001; Fig. 1E]. To investigate whether this was due to an intrinsic genotype-
dependent mechanism or secondary to an altered hormonal milieu, we determined the weight of
seminal vesicles following ORX with or without hormone replacement. The differences in seminal
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vesicle weight between genotypes disappeared in ORX mice receiving placebo or a fixed amount of T
or DHT (Supplemental Fig. 2A), suggesting that the cause of larger seminal vesicles in N-ARKO mice

was a higher peripheral androgen bioactivity, despite normal serum T.

Deletion of AR in extrahypothalamic neurons does not affect body weight or body composition

The evolution of body weight during the 9-week period after tamoxifen administration (6 weeks of
age) was comparable between N-ARKO and control littermates (Supplemental Fig. 2B). In addition,
body weight at 16, 36 and 46 weeks of age was indistinguishable between genotypes (Fig. 1F). Body
composition, as assessed by DXA scan, was also similar between N-ARKO and control mice,
regardless of age (Fig. 1G). Deletion of neuronal AR did not reproduce the decrease in muscle mass
and strength observed after ORX (Table 1). The mass of hindlimb (gastrocnemius and soleus) and
perineal LA/BC muscles were comparable between genotypes at 46 weeks of age (Table 1).
Accordingly, N-ARKO mice performed as well as control mice in the grip strength (Table 1) and

wheel running tests (Supplemental Fig. 2C).

Deletion of AR in extrahypothalamic neurons accelerates age-related loss of cortical bone

N-ARKO mice had normal femur length compared with control littermates at both 16 and 36 weeks of
age (data not shown). MicroCT analysis of the femur revealed that deletion of neuronal AR did not
affect the acquisition of cortical bone at 16 weeks of age (Fig. 2A-E). As expected ©V, cortical
thickness decreased from 16 to 36 weeks of age, but this decline was more pronounced in N-ARKO
mice compared to controls [genotype: F(1,96)=14.19, P=0.0003; age: F(2,96)=24.24, P <0.0001;
interaction: F(2,96)=3.476, P <0.05; Fig. 2B and E]. In addition, N-ARKO mice showed a loss of
cortical area [genotype: F(1,96)=7.68, P<0.01; age: F(2,96)=8.22, P<0.001; interaction:
F(2,96)=1.7, P >0.05; Fig. 2C and E] associated to an increased medullary area fraction [genotype:
F(1,96)=7.96, P <0.001; age: F(2,96)=23.74, P <0.0001; interaction: F(2,96)=1.15, P >0.05; Fig.
2D], whilst periosteal circumference remained unaffected (data not shown). These findings were

further confirmed in the tibia (Supplemental Fig. 3A-D).
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To rule out the possibility that the previous observations were confounded by subtle alterations in the
hormonal status of N-ARKO mice, we examined femoral cortical bone microstructure following ORX
with T or DHT replacement (Table 2). In accordance to findings in gonadally intact animals, 36-week-
old ORX N-ARKO mice treated with hormone replacement displayed a decline in cortical thickness
and area compared to treatment-matched controls, although post hoc analysis only revealed significant

differences in the setting of T, but not DHT (Table 2).

Deletion of neuronal AR did not alter the acquisition or maintenance of trabecular bone mass in the
femur (Table 3). In contrast, N-ARKO mice displayed a decrease in cancellous bone volume fraction
and trabecular number in L5 vertebra with aging, which reached statistical significance at 36 weeks of
age [genotype: F(1,60)=5.69, P <0.05; age: F(2,60)=2.316, P> 0.05; interaction: F(2,60)=4.382,

P<0.05; Table 3].

N-ARKO mice display reduced bone strength.

Mechanical properties of the femur were determined by three-point bending test. Inactivation of AR in
neurons reduced maximum load and energy to failure in 46-week-old gonadally intact mice, whilst
stiffness was unaffected (P <0.05 and P <0.01, respectively; Fig. 3A-C). The decrease in bone
strength in N-ARKO mice was comparable to that observed in age-matched ORX mice, regardless of

genotype (Fig. 3A-C).

Bone formation and resorption in N-ARKO mice

To determine whether the accelerated cortical thinning in N-ARKO mice was due to a decrease in
bone formation and/or an increase in bone resorption, we performed histomorphometric, gene
expression and biochemical analyses at 36 or 46 weeks of age. Bone apposition parameters (MS/BS,
MAR, BFR) at the endocortical and periosteal surfaces of the mid-diaphyseal femur were
indistinguishable between genotypes (Fig. 4A-H). Similarly, the number of osteoblasts in the femoral
trabecular bone (Fig. 4K), transcription of osteoblast-related genes in the tibia and serum osteocalcin -
a marker for bone formation- were not significantly altered in N-ARKO mice (Supplemental Table 2).
Osteoclast-covered bone surfaces, as determined by TRAP-staining, were increased by 30% in N-
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ARKO mice in the femoral trabecular but not endocortical compartment (Fig. 4I-M). Osteoclast-
specific transcripts in tibia and serum CTX, a marker for bone resorption, remained unaffected

(Supplemental Table 2).

We next examined whether the cortical thinning in N-ARKO mice was associated to an increased SNS
outflow. The expression of the thermogenic gene Ucp! in brown adipose tissue (BAT), an extensively
used surrogate marker of SNS peripheral outflow ¢, was indistinguishable between genotypes at 16
weeks of age whereas it was up-regulated in 46-week-old N-ARKO mice compared to controls (Fig.
5A). Control mice undergoing ORX at 16 weeks of age displayed a similar but non-significant
increase in Ucpl expression at 46 weeks compared to gonadally intact controls [genotype:
F(1,25)=7.09, P=0.01; ORX: F(1,25)=3.10, P=0.09; interaction: F(1,25)=1.24, P> 0.05; Fig. 5A].
However, androgen deficiency did not further increase Ucpl transcript levels in BAT of N-ARKO
mice. Serum leptin (data not shown), serum and urine catecholamine levels as well as norepinephrine

content in the tibia showed no significant differences between genotypes (Fig. SB-F).
Discussion

The osteoanabolics effects of androgens on male bone have been extensively characterized but the
target cell(s) particularly mediating their actions on cortical bone compartment remain(s) incompletely
understood. Our findings reveal that AR signaling in neurons is dispensable for bone acquisition at
puberty but it plays a critical role protecting cortical thickness and strength in aging. These results

provide the first direct evidence that androgens act on male bone via the AR in neurons.

Androgens play a major role in the gain of bone mass during puberty . Androgen actions via AR in
osteoblasts inhibit bone resorption in the cancellous compartment and are essential for trabecular bone
accrual during growth ¢33 On the other hand, the presence of AR in murine osteoclasts is doubtful
and certainly does not exert antiresorptive actions . Regarding the cortical compartment, the full
action of androgens on periosteal formation requires ERa in addition to AR signaling, as evidenced in
studies using AR-ERa double-knockout male mice . Intriguingly, the loss of ERa in mesenchymal

progenitors leads to a delay in cortical bone accrual during puberty, suggesting that AR activation can
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compensate the lack of ERa signaling in these cells ©*. Also in young male mice, androgen actions
on neurons do not mediate the key effects of AR on periosteal formation, as shown in this study.
Clearly, this stands in contrast to the well-established role of central ERa inhibiting cortical
acquisition in growing females 1>, The striking differences between our findings and those observed
in N-ERaKO female mice could be explained by the persistence of hypothalamic expression in our
model. Indeed, ERa signaling in arcuate neurons was identified as the mechanism behind the central
effects of E2 on female bone 1439, Nevertheless, N-ARKO male mice with an AR hypothalamic
insensitivity showed normal whole-body BMD, as assessed by DXA scan ©7. Notwithstanding the
technical limitations of the last study, these findings suggest that sex steroid actions on neurons are
only determinant for bone mass acquisition in females. Overall, although our study shows a role for
neuronal AR in age-related cortical thinning, the cellular targets mediating the essential effects of

androgens on male pubertal periosteal bone expansion remain unknown.

Cortical thinning of long bone diaphyses starts at approximately 5.5 months of age and slowly
progresses with aging in C57BL/6J male mice ©V. It therefore came as no surprise that 36- and 46-
week-old-mice exhibited losses in cortical thickness and area compared to 16-week-old controls.
However, inactivation of AR in neurons accelerated this age-related decay in cortical integrity as well
as strength. Importantly, this was not secondary to a defect in bone accrual since cortical parameters
were not affected in N-ARKO mice right after puberty. The observation that normal age-related bone
loss in male mice occurred in the setting of sex steroid sufficiency, as assessed by SV weight and
serum T, makes our findings even more intriguing. Previous studies already indicated that sex steroid
bioactivity remains stable in elderly rodents ©-*®. Noteworthy, Ucer et al. ®® proved that the molecular
and cellular mechanisms implicated in the loss of murine cortical bone by sex steroid deficiency and
aging were independent. Thus, we conclude that a decreased androgen bioactivity is not a primary
mechanism for age-related bone loss in male mice but, still, an intact neuronal AR function is required

to preserve cortical integrity.

The loss of cortical bone induced by ORX is mechanistically different in growing and non-growing

rodents . Androgen deficiency blunts periosteal expansion at peripubertal ages “° whilst an
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increased endocortical resorption is the main cause of cortical loss following ORX in adulthood ©?.
Similarly, cortical thinning in 36- and 46-week-old N-ARKO mice was secondary to an augmented

endocortical expansion (Fig.2).

Neuronal AR deletion reduced the trabecular bone volume fraction in the axial but not appendicular
skeleton of N-ARKO mice with aging. The available evidence so far indicates that osteoblasts are the
main target cells for the stimulatory effects of AR on trabecular bone compartment . Our data extend
the current understanding by showing that neurons also contribute to AR-protective effects on

trabecular bone mass in male axial skeleton with aging.

The negative feedback regulation of serum sex steroids was profoundly disturbed in previous models
of hypothalamic AR ©¢7#1 and ERa **? inactivations in male and female mice, respectively. In this
study, N-ARKO generated using Thy1-CreERT2 displayed normal levels of serum T, LH and FSH. In
agreement, wheel running activity, which we have previously established as a sensitive marker of
androgen activity ***, remained unaltered following AR inactivation in neurons. However, seminal
vesicle weight, a frequently used readout for androgen levels ?¥, was increased in N-ARKO mice,
despite less than in previous N-ARKO mouse models with a complete neuronal AR inactivation in the
hypothalamus “Y.  Since seminal vesicle weight might be more sensitive than serum T reflecting
changes in androgen activity in male rodents “Y, we determined the bone phenotype of N-ARKO mice
following ORX and hormone replacement in order to rule out potential confounding from subtle
alterations in sex steroid levels. N-ARKO mice receiving a fixed amount of T displayed a similar
accelerated cortical thinning to that observed in gonadally intact animals, demonstrating that a
disturbed HPG axis was not interfering with our observations. In fact, a slightly higher circulating
androgen bioactivity in N-ARKO mice would be expected to maintain rather than accelerate cortical

bone loss as shown here.

A growing body of evidence supports a role for SNS acting as a downstream mechanism whereby
CNS neurons regulate the activity of bone cells %1949 Stimulation of beta 2 adrenergic receptor
(Adrb2) in osteoblasts following sympathetic activation reduces bone formation and increases

resorption via stimulation of Rankl '%. Ucpl expression in BAT was the only marker of SNS activity
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increased in N-ARKO mice. However, we cannot exclude the possibility that Ucp! increase took place
once the bone phenotype was established and/or that it was secondary to non-SNS signals. Thus,
unfortunately, our data does not allow us to determine conclusively the implication of the SNS in the

observed changes in bone.

Bone homeostasis is influenced by muscle-bone interactions “9. It is unclear if androgens may have
indirect effects on bone mass by stimulating muscle mass and strength ). We recently showed that AR
deletion in the myogenic lineage “” accelerated age-related trabecular bone loss but did not influence
cortical bone or the severity of trabecular disuse osteopenia in male mice . Here, inactivation of AR
in neurons did not recapitulate the detrimental effects of androgen deficiency on hindlimb muscle
mass, grip strength and wheel running activity, thus excluding the possibility that the bone phenotype
of N-ARKO mice was secondary to a loss of muscle function. Our results differ from those obtained
by Davey et al. “V showing that AR signaling in brain, including hypothalamic regions, positively
regulates hind-limb muscle mass. Whether differences between studies reflect a role for hypothalamic

AR remains to be determined.

The term extrahypothalamic is used here to differentiate our N-ARKO mice from prior N-ARKO
models showing a profound disturbance of the HPG axis ¢’ even though we acknowledge that this
is a simplified view since we observed a marginal but significant decrease in hypothalamic AR
expression. Be that as it may, hypothalamic AR might still play a role modulating the peripheral
effects of androgens on trabecular bone. Finally, due to the complexity of characterizing slow
imbalances in endocortical remodeling, we could not conclude whether the accelerated cortical

thinning in N-ARKO mice was secondary to a decreased formation or an increased resorption ¢,

In conclusion, our study highlights that neuronal AR exerts age- and compartment-specific actions on
male bone. In particular, we showed that androgen signaling through AR expressed in neurons protects
cortical bone from age-related involution, restraining the loss of cortical thickness due to medullary
expansion. Further studies are warranted to identify the specific pool of AR-positive neurons

implicated in the observed effects.
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Figure legends

Fig. 1. Neuronal inactivation of AR in extrahypothalamic brain regions does not disturb the normal
hypothalamic-pituitary-gonadal axis. (A) AR mRNA levels in hypothalamus, cerebral cortex,
brainstem and dorsal root ganglia in 8-week-old mice (n=4-9/group). (B) Serum testosterone in 16-
and 36-week-old mice (n=9-11/group). (C) LH (D) and FSH levels in 46-week-old mice (n=12-
13/group). Longitudinal evolution of (E) seminal vesicle and (F) body weights (n=12-53/group). (G)
Percentage of lean and fat mass by DXA (n=10-38/group). Data in panels B-D were analyzed using
Student t-test and those in panels A and E-F were analyzed by one and two-way ANOVA with
Bonferroni correction, respectively. Data are mean + SEM. *, ** *#x kxkk p < ().,05, 0.01, 0.001,
0.0001 vs. age-matched controls. BS brainstem, CTX cerebral cortex, DRG dorsal root ganglia, HYP

hypothalamus, SV seminal vesicles.

Fig. 2. N-ARKO display an accelerated age-related cortical thinning. (A-D) Cortical bone
measurement in the midshaft femur (n=6-49/group). (E) Representative 3D models of cortical regions
of interest. Data were analyzed using two-way ANOV A with Bonferroni correction. Data are mean +
SEM. ** **#%% P < (.01, 0.0001 vs. age-matched controls; # P=0.05 vs. age-matched controls. a,b P <

0.05 vs. genotype-matched 16-week-old mice. ¢ P < 0.05 vs. genotype-matched 36-week-old mice.

Fig. 3. Inactivation of neuronal AR decreases bone strength with aging (A-D) Mechanical properties
(three-point bending test) of femur in gonadally intact and ORX 46-week-old mice (n=5-12/group).
Data were analyzed using two-way ANOVA with Bonferroni correction. Data are mean £ SEM. * **

P <0.05, 0.01 vs. controls. A < 0.05 vs. genotype-matched gonadally intact controls.

Fig. 4. Effects of neuronal AR inactivation on bone formation and resorption. Representative
fluorescent micrographs of midshaft femur sections showing calcein double labels (Ps.S, periosteal
surface; Ec.S, endocortical surface; scale bar, 100 um) in (A) control and (B) N-ARKO mice. (C,F)
Mineralizing surface per bone surface, (D,G) mineral apposition rate and (E, H) bone formation rate in
(C-E) periosteal and (F-H) endocortical surfaces of the midshaft femur in 46-week-old mice
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(n=10/group). Representative microphotographs of TRAcP staining of femoral trabecular bone of (I)
control and (J) N-ARKO mice (scale bar, 100 um). Number of osteoblasts per bone surface (K) and
osteoclast surface per (L) trabecular and (M) endocortical surface in the femur of 36-week-old mice

(n=6/group). Data are mean = SEM. ** P < 0.01 vs. controls.

Fig. 5. Cortical bone loss in N-ARKO mice is associated with an increased Ucpl expression in brown
adipose tissue. (A) Ucpl mRNA levels in brown adipose tissue (n=5-11/group). (B,C) Serum, (D,E)
urine and (F) bone levels of (B,D) epinephrine and (C,E,F) norepinephrine in 46-week-old mice (n=7-

13/group). Data are mean + SEM. * P < 0.05 vs. controls.
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Table 1. Muscle parameters of 46-week-old N-ARKO mice

Gonadally intact ORX
control (n=13) N-ARKO n=12) control (n=5) N-ARKO (n=6)
Skeletal mass (mg)
LA/BC 93.5+3.36 95.13£2.73 16.63£1.69###* 15.744£2 5] ##k*
GASTR 136.3£2.81 134.94£2.31 118.443.84** 114.14£3.11#**
SOL 7.69+0.29 7.12+£0.42 7+0.53 8+1.28
Grip strength (N) 3.06+0.1 2.94+0.05 2.55+0.17%* 2.7+0.05

Data are mean + SEM. **, ##* #*¥% P < (.01, 0.001, 0.0001 vs. gonadally intact genotype-matched controls. GASTR

gastrocnemius, LA/BC levator ani/bulbocavernosus, SOL soleus.

Table 2. Cortical bone measurements in the midshaft femur of 36-week-old ORX+T/DHT-

treated mice

ORX+T ORX+DHT
control (n=13)  N-ARKO n=15) control (n=13) N-ARKO (n=11)
Tt. Ar (mm?) 2.051+0.07 1.928+0.06 1.859+0.06 1.851+0.04
Ct. Th (mm) 0.1801 0.1661** 0.1572 0.151
Ct. Ar (mm?) 0.8442+0.03 0.757+£0.02%%* 0.702+0.01 0.678+0.01
Ma. Ar/Tt. Ar 0.587 0.605 0.620 0.6328

Data are mean + SEM. ** P < 0.01 vs. treatment-matched controls. DHT dihydrotestosterone, T testosterone.

control N-ARKO
16 weeks 36 weeks 46 weeks 16 weeks 36 weeks 46 weeks
(n=8-13) (n=13-48) (n=13) (n=6-8) (n=10-13) (n=12)
Femur
BV/TV (%) 15.19+0.48 12.49£0.39 2 11.14£0.52° 16.28+1.04 10720352 10.0820.48 °
Tb.N (I/mm)  3.71+0.08 2.6620.06 * 2.420.11° 3.840.28 2.43+0.08 2 2.27+0.1°
Tb.Th(mm)  0.041+0.001  0.04820.0005%  0.046+0.0009° | 0.043£0.0009  0.044+0.0007%* 0.044+0.0006
Tb. Sp (mm) 0.18+0.002 0.22+0.003 2 0.230.005 ° 0.17+0.009 0.22+0.003 2 0.238+0.005 °
LS5 vertebra
BV/TV (%) 18.36+0.72 19.08+0.85 18.17+0.76 18.74+0.67 15.39+0.47* 16.73+0.44
Tb. N (1/mm) 5.4620.16 5.71+0.19 4.93+0.18 ¢ 5.59+0.12 4.95+0.09%% & 4.69+0.13°
Tb. Th (mm)  0.034£0.0013  0.033+0.0006  0.037+0.0015° | 0.034+0.0009 0.031+0.0006 0.036+0.0012
Tb. Sp (mm) 0.16+0.004 0.170.004 0.170.005 0.1620.006 0.18+0.003 0.1820.003

Table 3. Trabecular bone measurements in the distal femoral metaphysis and LS5 vertebra

Data are mean + SEM. ** P < 0.01 vs. age-matched controls. a,b P < 0.05 vs. genotype-matched 16-week-old mice. ¢ P <
0.05 vs. genotype-matched 36-week-old mice.
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