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Abstract

Androgens are steroid hormones that play a critical role in brain development and sexual
maturation by acting upon both androgen receptors (AR), and estrogen receptors (ERa./p) after
aromatization. The contribution of estrogens from aromatized androgens in brain development and
the central regulation of metabolism, reproduction, and behavior is well defined, but the role of
androgens acting on AR has been unappreciated. Here we map the sex specific expression of Ar
in the adult and developing mouse brain. Postnatal days (PND) 12 and 21 were used to target

a critical window of prepubertal development. Consistent with previous literature in adults, sex-
specific differences in Arexpression were most profound in the bed nucleus of the stria terminalis
(BST), medial amygdala (MEA), and medial preoptic area (MPO). Arexpression was also high

in these areas in PND 12 and 21 of both sexes. In addition, we describe extra-hypothalamic

and extra-limbic areas which show moderate, consistent, and similar Arexpression in both sexes
at both prepubertal time points. Briefly, Arexpression was observed in olfactory areas of the
cerebral cortex, in the hippocampus, several thalamic nuclei, and cranial nerve nuclei involved

in autonomic sensory and motor function. To further characterize forebrain populations of Ar
expressing neurons and determine whether they also coexpress estrogen receptors, we examined
expression of Ar, Esr1, and Esr2in prepubertal mice in selected nuclei. We found populations of
neurons in the BST, MEA, and MPO that coexpress Ar, but not £sr or £sr2, while others express
a combination of the three receptors. Our findings indicate that various brain areas express Ar
during prepubertal development and may play an important role in female neuronal development
and physiology.
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Introduction

Gonadal steroids, including androgens and estrogens, play a dominant role in the
development of sex differences in the brain. During male embryonic development,
expression of the Sry gene located on the Y chromosome leads to differentiation of
bipotental gonads into testes, which begin secreting testosterone 14, Embryonic testosterone
is locally converted to estradiol by the enzyme P450 aromatase (CYP19A1) >~7, which acts
to masculinize and defeminize specific brain nuclei via estrogen receptor alpha (ERa) and
estrogen receptor beta (ERB) &-11. Both effects take place during the organizational window
of development 12-14, when the bipotential brain is most sensitive to the organizational effect
of gonadal steroids. Developing females, which lack Sry, do not develop testes or produce
testosterone, and are protected from maternal estradiol by the presence of alpha-fetoprotein
in utero, and therefore differentiate toward a feminized brain 116, As a result, several adult
brain sites display gonadal steroid-dependent sexual dimorphism 17-20,

During puberty, increased activity of hypothalamic gonadotropin releasing hormone
(GnRH) neurons drives pituitary synthesis and release of gonadotropins, which induce
gonadal steroid secretion and production of mature gametes 21. Testosterone activates
developmentally programmed brain circuits to generate male specific behaviors, while
cyclical ovarian steroids have a similar role in females 22. Circulating levels of androgens
are higher in males during and after completion of puberty 2325 while very low levels of
androgens are detected during the prepubertal stage in both sexes. In the hypothalamus,
however, androgen receptor immunoreactivity (AR-ir) is observed throughout postnatal
development in rodents. AR-ir is higher in male mice at postnatal day 5, but comparable
at 15 days of age, when increasing numbers of female neurons show AR-ir 26, This is
highly relevant as the prepubertal window between postnatal days 12 and 22 accounts

for the greatest differences in temporal gene expression 2728 indicating that active
neurodevelopmental changes occur prior to puberty and the activation of the hypothalamic-
pituitary-gonadal (HPG) axis, when circulating gonadal steroids are low, particularly in
females.

The requirement of gonadal steroids and sexual dimorphism in specific brain nuclei

for reproduction has been widely demonstrated 2%:30, put the same cannot be said of
nonreproductive sex-dependent or sex-associated brain responses and function. Among
them, emotion, motivation, addiction, and energy balance are well-defined 31. Notably, sex
is one of the most relevant risk factors for a variety of psychiatric and neurologic disorders,
most of which show clinical onset in peripubertal stages 32. Whether this is a direct effect
of developmental testosterone is not clear. In both sexes, many adult brain areas outside
reproductive centers are androgen sensitive and express AR 33, but the distribution of Ar
expression in male and female brain during the prepubertal time window has been poorly
defined.

In this study, we performed a comprehensive analysis of Arexpression in the mouse
brain, expanding upon previous descriptions 26:34-37 to include all main subdivisions (e.g.,
neocortex, thalamus, brainstem, circumventricular organs) in both sexes. In addition, we
mapped the distribution of Arexpression in the developing brain, specifically at postnatal
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days 12 and 21, which frame a critical window of pubertal development 27:28, Finally, we
evaluated whether Aris coexpressed with £srZ and/or Esr2in prepubertal forebrain neurons
to gain insight into the nuclei that express Arbut not genomic acting ERs. Our data provides
a greater in-depth anatomical map of reproductive and non-reproductive sites of androgen
action in the male and female mouse brain during pubertal transition.

Animal Ethics

Animals

All research animals were acquired, used, and maintained in accordance with the National
Research Council Guide for the Care and Use of Laboratory Animals 38, the US Public
Health Service’s Policy on Humane Care and Use of Laboratory Animals, and Guide for the
Care and Use of Laboratory Animals, as well as federal, state, and local laws. Procedures
and protocols were approved by the University of Michigan Committee on Use and Care of
Animals (IACUC, Animal Protocol: PRO8712).

C57BL/6J (JAX® mice, stock #000664), mice were housed in an Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited facility
at the University of Michigan Medical School. Mice were housed in a 12:12 light/

dark cycle environment with controlled temperature (21-23°C) and humidity (30-70%).
Mice were provided water ad libitum and were fed a phytoestrogen-reduced diet (16%
protein, 4.0% fat, 48.5% carbohydrate, Teklad 2916 irradiated global rodent diet, Envigo)
or a phytoestrogen-reduced, higher protein and fat diet (19% protein, 9% fat, 44.9%
carbohydrate, Teklad 2919 irradiated global rodent diet, Envigo) for breeding and lactating
females. Phytoestrogen-reduced diets were used to avoid any effects of exogenous dietary
estrogens on AR expression in experimental mice. Adult male mice were single housed
at least one week prior to euthanasia to control for housing status, which may impact
testosterone levels 39, and androgen-regulated AR expression 36:37. Adult female mice
(group housed) were euthanized during diestrus, after completing at least two estrous
cycles. Cycle stage was determined by vaginal lavage with predominately leukocytes 40
and confirmed by uterine weight below 100 mg 41.

Sample size was 5-9 animals per sex and per age group (PND 12, PND 21, and adult).

Tissue preparation

Adult (postnatal day (PND) 56-70) and PND 21 mice were deeply anesthetized with
isoflurane and transcardially perfused with diethyl pyrocarbonate (DEPC)-treated 0.1M PBS
until liver and lungs cleared (about 1 minute), followed by 10% neutral buffered formalin
(NBF) for 10 minutes. Brains were dissected and postfixed for 2 h, then transferred to

20% sucrose in DEPC-treated 0.1M PBS overnight for cryoprotection. PND 12 mice were
anesthetized with isoflurane and euthanized by decapitation. Brains were dissected and fixed
in 10% NBF for 4 h, then transferred to 20% sucrose in 10% NBF for 48-72 h at 4°C. PND
12 and PND 21 brains were embedded in optimal cutting temperature (OCT) compound,
frozen on dry ice, and stored at —80°C. Brains from PND 12 and 21 mice were sectioned
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at 30 pum thickness on the frontal plane into 4-5 series on a cryostat (Leica CM 3050S).
Sections were directly collected onto SuperFrost Plus slides (Fisher Scientific) and stored at
—20°C. Adult brains were sectioned at 30 pm thickness on the frontal plane into 5 series on
a freezing microtome (Leica SM 2010R). Sections were stored at —20°C in DEPC-treated
cryoprotectant.

Immunohistochemistry

AR immunoreactivity was visualized using a modified tyramide signal amplification (TSA)
method previously described #2. Brain sections were rinsed with 0.1M PBS, incubated

in 0.6% hydrogen peroxide for 30 min, rinsed with 0.1M PBS, then blocked with 3%
normal donkey serum with 0.25% Triton-X-100 for 1 h at room temperature. Sections

were incubated overnight with rabbit anti-AR antibody (1:200, AbCam [EPR1535(2)], Cat
#ab133273, RRID: AB_11156085). A series with no primary antibody was included as a
negative control (Figure 1A-B). Sections were rinsed with 0.1M PBS and then incubated for
1 h with biotinylated donkey anti-rabbit 19gG (1:500, Jackson ImmunoResearch Laboratories,
Cat #711-065-152, RRID: AB_2340593), followed by incubation in avidin-biotin (AB)
solution in 0.1M PBS (1:1000, Vector Laboratories) for 1 h. Next, sections were incubated
in biotinylated tyramide (1:250, Perkin Elmer) with 0.009% hydrogen peroxide for 10 min,
followed by incubation with streptavidin-conjugated AlexaFluor 594 (1:1000, Invitrogen,
ThermoFisher) for 1 h. Sections were mounted onto gelatin-coated slides and coverslipped
with ProLong Gold Antifade mounting medium (Invitrogen, ThermoFisher).

In situ hybridization

Adult brain sections were mounted onto Superfrost Plus slides (Fisher Scientific) in DEPC-
treated 0.1M PBS, air dried overnight at room temperature, and stored at —20°C. For
pretreatment, slides were thawed at room temperature for 15-20 min, then fixed with

10% NBF for 15 min. Slides were rinsed with DEPC-treated PBS, then dehydrated with
increasing concentrations of ethanol and cleared with xylene. Slides were rehydrated, boiled
in sodium citrate (0.01M sodium citrate, pH 6.0 in DEPC-H,0) in a microwave for 10 min,
dehydrated, and air dried for 30 min at room temperature.

To generate a 3°S-labelled ArcRNA riboprobe, a cDNA template was first generated

by RT-PCR amplification using cDNA obtained from whole mouse hypothalamic

RNA (TRIzol Reagent, Ambion, Life Technologies) and the primer pairs FOR 5’
CAACCAGATTCCTTTGCTGCC 3’ and REV 5 GAGCTTGGTGAGCTGGTAGAA 3’
(NCBI accession number NM_013476.4, M. musculus androgen receptor (A7), mRNA,
target region 3042-3551, product length 510 bp). Linear template PCR products were gel
purified according to the manufacturer’s protocol (QIAquick Gel Extraction Kit, 28706,
Qiagen). To generate an antisense cRNA 3°S-Arriboprobe by /in vitro transcription,

the linear template was incubated with 3°S-UTP (UTPasS, Perkin Elmer) and T7 RNA
polymerase according to the manufacturer’s protocol (Promega). A control sense cRNA
353- Arriboprobe was generated with T3 RNA polymerase using the same protocol (Figure
1C-D). Riboprobes were diluted to 108 cpm/mL in hybridization buffer (50% formamide,
10mM Tris-HCI, pH 8.0 (Invitrogen), 5mg tRNA, 10mM dithiothreitol (DTT), 10% dextran
sulfate, 0.3M NaCl, ImM EDTA, 1x Denhardt’s Solution, 0.1% SDS, 0.1% sodium
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thiosulfate). Hybridization solution was applied to slides, which were coverslipped and
incubated overnight at 57°C. The following morning, slides were treated with RNAse A
(Roche Applied Bioscience) for 30 min, then treated with a series of high stringency washes
in sodium chloride-sodium citrate buffer (SSC). Slides were dehydrated, air dried, then
placed into an X-ray film cassette with Biomax MR film (Carestream) for 1-2 days. Slides
were dipped in NTB autoradiographic emulsion (Kodak, VWR), dried, and stored at 4°C in
foil-wrapped slide boxes for 5 days per 1 day of film exposure. Slides were developed with
GBX (Carestream Dental) developer and fixer, then dehydrated with graded ethanol, cleared
with xylene, and coverslipped with DPX mounting media (Electron Microscopy Sciences).

To generate neuroanatomical references, slides with adjacent sections of PND 12 and 21
male and female brains were dipped in 0.25% thionin for 45 s, quickly rinsed in water,
dehydrated in increasing concentration of ethanol, and cleared in xylene. Slides were
coverslipped with DPX mounting media.

Fluorescent In Situ Hybridization

For fluorescent ISH, PND 12 and PND 21 mice were deeply anesthetized with isoflurane
and euthanized by decapitation. Brains were rapidly removed, embedded in optimal cutting
temperature (OCT) compound, frozen on dry ice, and stored at —80°C. Brains were
sectioned at 16 pm thickness on the frontal plane into 5 series on a cryostat (Leica CM
3050S). Sections were directly collected onto SuperFrost Excell slides (Fisher Scientific)
and stored at —80°C. Tissue sections were fixed in 10% NBF for 15 min and then dehydrated
with graded ethanol. An RNAscope™® Multiplex Fluorescent Assay v2 (Advanced Cell
Diagnostics, ACD) kit was used for blocking, hybridization, and amplification steps,
following manufacturer’s instructions. Briefly, endogenous peroxidase activity was blocked
with H,05 for 10 min, washed in DEPC-treated water, and then sections were gently
digested with Protease IV for 30 min at room temperature. Sections were then incubated
with probes targeting M. musculus Ar (ACD Cat #316991-C2, NCBI Accession #
NM_013476.3, target region: 1432-2422), Esr1 (ACD Cat # 478201-C3, NCBI Accession

# NM_007956.5, target region: 678-1723), and E£5r2 (ACD Cat # 316121, NCBI Accession
# NM_207707, target region: 424-1875) for 2 h at 40°C. Following hybridization, probes
were labelled via tyramide signal amplification with fluorescent dyes (Opal520, OpalCy3, or
OpalCy5, Akoya Biosciences). Sections were counterstained with DAPI, then coverslipped
with Prolong Gold antifade mounting media. Probes have been validated by ACD, but we
performed an additional control by analyzing previously described distribution of all three
genes, and our own /n situ hybridization using radioisotopes.

Microscopy and Image Acquisition

Digital images were acquired using an Axio Imager M2 (Carl Zeiss) with a digital camera
(AxioCam, Zeiss) using Zen Pro 2 software (Zeiss). Digital images of fluorescent ISH were
acquired using a Nikon Alsi inverted confocal microscope and Nikon Elements software

at the University of Michigan BRCF Microscopy Core. Photomicrographs of films were
acquired using a SteREO Discovery.V8 stereomicroscope with a digital camera (AxioCam,
Carl Zeiss), using the same magnification, illumination, and exposure time for each image.
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Dark field photomicrographs for silver grains (hybridization signal) were acquired using the
same illumination and exposure time for each section, at 10x magnification.

Adobe Photoshop software (Adobe Creative Cloud) was used to prepare digital images,
including adjusting resolution to 300 dpi, adjustment of image size, addition of annotation
and labels, conversion to greyscale, unsharp mask, and levels. Uniform adjustments were
made to every image. Mouse brain coordinates were estimated from Paxinos and Franklin’s
Mouse Brain in Stereotaxic Coordinates atlas 43. Abbreviations are based on the Allen
Mouse Brain Atlas (postnatal day 56, coronal reference atlas, Allen Institute for Brain
Science, Allen Mouse Brain Atlas, http://mouse.brain-map.org/static/atlas).

Data Analysis

Statistics

Results

Estimation of hybridization signal was obtained by analysis of integrated optical density
(10D) using ImageJ software (NIH, http://rsh.info.nih.gov/ij) as previously described 4445,
Briefly, 10D values were calculated as the total 10D of a constant region of interest

(ROI) after subtracting background intensity. Quantification of Arsilver grain 10D was
performed in one 30-um thick section, on one hemisphere of each animal (7= 5-9/group),
at approximately the same rostrocaudal level. Qualitative analysis was subjective based on
relative expression (e.g., highest expression = ++++, and lowest expression = +), and was
performed by two independent evaluators. Co-expression of Ar, Esr1, and Esr2in male

and female PND 12 and PND 21 mice was evaluated in one 16-pum thick section, on one
hemisphere of each animal. Due to the punctate nature of the fluorescent signal and lack of
definition of cellular borders, the quantification reflects only an estimation of co-expression
relative to total number of Arexpressing cells. Only forebrain sites with clear expression of
all three genes were quantified.

Data are reported as mean + standard error of the mean (SEM). Analysis was performed
using GraphPad Prism software (Version 8). Normal distribution of data was analyzed using
Shapiro-Wilk test (significance alpha 0.05). Unpaired #test with Welch’s correction was
used for normally distributed data, and Mann-Whitney nonparametric test was used for
non-normally distributed data, to analyze 10D. Exact Pvalues are reported and statistical
significance is defined as A< 0.05.

Distribution of Ar mRNA in adult mouse brain

ArmRNA expression was visualized using in situ hybridization histochemistry.
Hybridization signal on autoradiographic film was evaluated in male and female brain
sections (7= 5-9/sex, Figure 2A). Adult brains were systematically examined and compared
with published data as an initial control 26:36:37 Analysis of AR immunoreactivity (AR-ir)
was also performed as a control for areas that had not been fully described in previous
publications (7= 3-4/sex, Figure 3).
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Patterns of hybridization signal were similar between sexes in several subdivisions of the
cerebral cortex, including the motor (MO), piriform (PIR), and anterior cingulate (ACA)
(Table 1). In the hippocampal formation, highest expression was observed in Field CA1

and CA2 (Figure 2A, Bregma —1.34 through —3.52mm), and lowest expression in the
entorhinal area (ENT). As previously described for AR-ir 3537 several cortical subplate and
cerebral nuclei displayed apparent sex differences. The lateral septal nucleus (caudodorsal
and rostroventral subdivisions, LSc and LSr) (Figure 2A, Bregma +0.62, +0.14, —0.22mm),
bed nucleus of the stria terminalis (principal, BSTpr) (Figure 2A, Bregma —0.22mm),
posterodorsal medial amygdalar nucleus (MEApd, Figure 2A, Bregma —1.34mm), and
posterior amygdala (PA, Figure 2A, Bregma —-2.46mm) showed higher Ar mRNA levels

in males. The cortical amygdalar area (COA) displayed high ArmRNA in both sexes (Table
1).

The thalamus and subthalamus contained low to moderate Ar hybridization signal.
Conspicuous expression was observed in the paraventricular (PVT), medial geniculate
(MG), and subthalamic nuclei (STN) in both sexes (Figure 2A, Bregma —1.34 to —3.52,
Table 1).

Hypothalamic AR-ir expression is fairly well characterized in adult mice, and Ar
hybridization signal was consistent with previous descriptions 26:34:3537_|n brief, highest
expression was seen in the medial preoptic area (MPO, Figure 2A, Bregma +0.14mm),
arcuate nucleus (ARH), ventrolateral subdivision of the ventromedial hypothalamic nucleus
(VMHuvI, Figure 2A, Bregma -1.34mm), and ventral premammillary nucleus (PMyv, Figure
2A, Bregma —2.46mm). Sex differences were apparent in the suprachiasmatic nucleus
(SCH) and ARH, with expression higher in male mice. Higher Arhybridization signal

was also apparent in the periventricular (PV) and dorsomedial (DMH) nuclei of the
hypothalamus in males. The tuberal nucleus (TU) displayed low Arexpression, and the
paraventricular hypothalamic nucleus (PVVH) displayed very low expression in both sexes
(Table 1). The supramammillary nucleus (SUM) was observed to have an apparent sex
difference, with females exhibiting very low expression, and males with higher but still low
ArmRNA (Table 1).

In the midbrain, ArmRNA was low in both sexes, and mainly observed in the
periaqueductal gray (ventrolateral column, PAGvI) and dorsal raphe nucleus (DR, Figure
2A, Bregma —3.52 and —5.02mm). Very low expression was also observed in the ventral
tegmental area (VTA) and red nucleus (RN) (Table 1).

In the pons and medulla, low ArmRNA expression was observed in the dorsal tegmental
(DTN), facial motor (VI1), hypoglossal (XI1), and dorsal motor nucleus of the vagus nerve
(DMX) in both sexes (Figure 2A, Bregma —5.02mm). Very low hybridization signal was
observed in the parabrachial nucleus (PB) and pontine reticular nucleus (PRN, Table 1). Ar
MRNA was also detected in the nucleus ambiguus (AMB, Figure 2A, Bregma —7.08mm),
and nucleus of the solitary tract (NTS, Figure 1A, Bregma —7.48mm) of both sexes, while
the cochlear (CN) and vestibular nuclei (VNC) displayed very low signal in males, but not in
females (Table 1).
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In circumventricular organs, we observed very low to low Arhybridization signal in the
subfornical organ (SFO) and area postrema (AP) of both sexes (Table 1).

AR-immunoreactivity in adult mouse brain

In the adult brain, our findings thoroughly replicate previous reports by different groups
26,34,36.37 |n prief, high AR-ir was observed in the BSTpr, MPO, VMHvI, PMv, and
MEApd. In addition, and in agreement with Ar mRNA distribution, we found moderate to
low AR-ir in the PIR, ACA (Figure 3A), CA1 and CA2 (Figure 3B), septohippocampal
nucleus (SH), LSc (Figure 3C), PVT (Figure 3D), subparaventricular zone (SBPV, Figure
3E), PA, PAGVI (Figure 3F), DTN (laterodorsal), and many nuclei of the cranial nerves,
including the principal sensory nucleus of the trigeminal nerve (PSV), VII, and medial
vestibular nucleus (MV, Figure 3G). Scattered AR-ir was also observed in the SFO (Figure
3H) and AP.

Prepubertal distribution of Ar mRNA

ArmRNA expression was analyzed in two developmental prepubertal stages, PND 12 and
21 (n=5-9/sex/age, Figure 2B-C). In the cerebral cortex, both male and female mice at
PND 12 and PND 21 showed consistent and similar expression between sexes (Table 1).

The anterior olfactory nucleus (AON) displayed moderate Arhybridization signal, while the
taenia tecta (TT), PIR, and ACA displayed low Arhybridization signal (Figure 4A-D). The
endopiriform (EP) and MO showed very low Arhybridization signal in PND 12 and PND 21
mice (Table 1).

In the hippocampal formation, expression level of ArmRNA in prepubertal mice was similar
to that observed in adults. Briefly, expression of ArmRNA in both male and female mice
was detected in the induseum griseum (IG, Figure 4E-F), CAl, CA2 (Figure 4G-H), and
presubiculum/subiculum (PRE/SUB). Higher expression was observed in CA1 and CA2,
while lower expression was found in Field CA3 (CA3, Table 1). In the dentate gyrus (DG),
lower expression was observed in PND 12 of male and female mice. The ENT displayed
moderate expression at PND 12 in male and females, but expression decreased by PND 21.

Cortical subplate and cerebral nuclei also exhibited consistent Arhybridization signal in
prepubertal mice in the SH (Figure 4E-F) and PA. The LSc displayed moderate expression
in PND 12 (Figure 5A-C), and PND 21 (Figure 5D-F). Arhybridization signal was not
different between sexes at PND 12 or PND 21 in the LSc (Figure 5C,F). The BSTpr showed
similar levels between sexes at PND 12 and PND 21 between sexes (Figure 5G-L). The
MEApd showed similar pattern of Arexpression in between sexes at PND 12 and PND 21
(Table 1). ArmRNA in the COA was also similar between sexes, with low expression at
PND 12, increasing to high expression by PND 21 (Table 1).

In thalamic nuclei, moderate to high levels of Arhybridization signal was observed in
the PVT (Figure 6A-B), the nucleus of reuniens (RE, Figure 6C-D), the ventral posterior
complex nuclei (VP, Figure 6E-F), the STN (Figure 6G-H) and the MG (Table 1). No
difference between sexes and prepubertal ages was apparent.
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In the hypothalamus, the MPO and anteroventral periventricular nucleus (AVPV) showed
similar levels of Arin both sexes at PND 12 and PND 21 (Table 1). The SCH had similar
levels of Arat PND 12 in both sexes (Figure 7A-C, E-G), however, expression increased
in male mice at PND 21 (Figure 7G). The SBPV, although apparently higher in males, was
not significantly different when comparing sexes at both prepubertal ages (Figure 7D, H).
The PMv showed no difference between sexes at PND 12 or PND 21 (Figure 71-K, M-O).
In the dorsal premammillary nucleus (PMd), ArmRNA levels were low to moderate, and
no difference between sexes or ages was observed (Figure 7L, P). The SUM displayed low
ArmRNA expression in both sexes at PND 12, and low expression in males and very low
expression in females at PND 21 (Table 1). The TU exhibited no detectable Arhybridization
signal at PND 12, but low signal was detected at PND 21 (Table 1). The PVH had no
detectable Arhybridization signal at either PND 12 or 21 (Table 1).

In the midbrain, expression of Arhybridization signal was low to very low. The PAG
showed low expression, which was consistent between sexes, particularly in the caudal
ventrolateral column (PAGvI, Figure 8A-B, Table 1). The DR also showed a low to very low
level of ArmRNA expression in PND 12 and PND 21 mice (Table 1).

In the pons and medulla, the DTN showed consistent, moderate expression in both sexes and
in both prepubertal ages (Figure 8A-B, Table 1). Low ArmRNA expression was detected

in the superior olivary complex (SOC, Figure 8C-D), the VII (Figure 8E-F), the VNC, and
the CN (Table 1) in both prepubertal stages of both sexes. Low to moderate Arexpression
was observed in the AMB (Figure 8G-H), the DMX and the XII (Figure 81-J) in males and
females. Very low to low levels of ArmRNA were detected in the PRN and the PSV (Table
1).

In circumventricular organs, Ar mRNA expression was low to very low in the SFO and AP
of both sexes at PND 12 and PND 21 (Table 1).

Ar mRNA expression overlaps with Esrl and/or Esr2 in specific forebrain nuclei of
prepubertal mice

We further mapped forebrain sites expressing Ar, Esr1, and Esr2. Because this prepubertal
window shows high activity of gene transcription 2728, we focused on sex steroid receptors
with well-defined genomic actions. We examined co-expression of Arwith £srZ and/or Esr2
also due to their well described role in masculinization of the male brain during development
46-48 and the major role they play in female pubertal development 4°. Patterns of Ar
hybridization signal using a commercial probe (ACD) for fluorescent /in situ hybridization
were similar to our 3°S-Arriboprobe. Anatomical distribution of £srZ and £sr2was
consistent with previous reports in adults 9265051 Briefly, we observed a heterogenous

mix of subsets of cells expressing either all three receptors, a combination of two, or only
Ar, Esrl, or Esr2in the BSTpr, the MEApd, and the MPO.

In the BSTpr (Figure 9A-D) of PND 12 males, about 20% of Ar positive cells co-expressed
Esrl, ~8% co-expressed £sr2, and ~3% expressed all three transcripts. The BSTpr of

PND 12 females had ~6% co-expression of Arand £sr1, ~12% Arand EsrZ, and ~1%
co-expression of all three transcripts. At PND 21, there was an increase in the approximate
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co-expression of Arwith £srland Esr2in both sexes. PND 21 males and females showed
about 93% co-expression of Arand EsrZ. PND 21 males had ~98% co-expression of Arand
Esr2, and ~90% of Arpositive cells expressing all three transcripts in the BSTpr. PND 21
females, however, displayed about 50% co-expression between Arand Esrl, and both Esr1
and Esr2.

In the MEApd (Figure 9E-H) of PND 12 males, overlap of Arwith £srZ was abundant
(~92%), but co-expression of Arwith only £sr2, or both Esrland Esr2was more limited
(~5%). PND 12 females displayed lower co-expression compared to males in the MEApd,
with ~30% co-expressing Arand £sr1, ~5% co-expressing Arand £sr2, and only ~2%
expressing all three transcripts. At PND 21, both sexes displayed high co-expression of Ar
and £sr1 (about 90%). PND 21 males had lower co-expression between Arand £sr2and all
three transcripts (~15%) compared to PND 21 females (~35% between Arand £sr2, and all
three transcripts).

The MPO (Figure 91-L) displayed a higher percentage of overlap between Arand £Esr1

in males compared to females. In PND 12 males, about 80% of Arexpressing cells co-
expressed Esr1, compared to about 45% in PND 12 females. At PND 21, males displayed
~92% of co-expression between Arand Esr, while about 80% of Arpositive neurons in
females co-expressed £sr1. Co-expression between Arand Esr2, and Arwith both Esrl

and £sr2was much lower in both sexes at both developmental time points. Co-expression
between Arand £sr2, and all three transcripts at PND 12 was approximately 10% in males,
and 5% in females. At PND 21 in both sexes, co-expression was between 2—3% between Ar
and £sr2, and all three transcripts.

In the SCH (Figure 9M-P), however, very little £sr1 expression was observed, and therefore,
Arneurons co-expressing £sr1 were rare. Co-expression between Arand £sr1 was around
15% in males. Additional experiments will be necessary to define the specific subsets of
neurons and their role in postnatal development in each brain nucleus expressing all three
receptors.

Discussion

In this study, we describe the expression of ArmRNA in the brain of adult and two
prepubertal time points of male and female mice. We show that at PND 12 and 21, before
the activation of the HPG axis, many brain nuclei express high levels of Arin both sexes.
Additionally, we highlight specific forebrain nuclei and subpopulations of Arexpressing
neurons that co-express £5r1 and/or Esr2. We focused on the genomic actions of sex
steroid receptors due to their well described role in masculinization of the male brain
during prenatal development 4647 and in female pubertal development and fertility 4952,
Further studies will be necessary to evaluate the co-expression of the three nuclear receptors
in the entire brain and if the identified brain sites express alternative estrogen receptors
(e.9., G protein-coupled ER), or the enzyme aromatase during this window of prepubertal
development.
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Systematic characterization of AR expression during prepubertal development is essential
for understanding how androgens can shape brain organization and activation of neural
circuits. While circulating androgens are low in the prepubertal period, we show that Aris
highly expressed in many areas of the brain in both sexes during this time window. The
exact role of AR in brain development in general, and in specific neuronal subpopulations
is not well described. It has been demonstrated that gonadal hormones during puberty can
further organize and refine neural circuits 5354, During puberty, pruning and remodeling of
synapses, morphology, density, and sexual dimorphism of dendritic spines occurs throughout
the brain. In many brain sites, this fine remodeling is orchestrated by gonadal hormones,
particularly androgens °5-59, Thus, increased Arexpression during the prepubertal window
in both sexes plays a key role in the continuous developmental process towards the adult
brain. Sex differences in circulating steroids during pubertal transition would ultimately
determine the circuitry, morphology, and neurochemical fate of the subpopulations of
neurons.

Sex differences in Arexpression are most apparent in areas related to male sexual behavior
and reproduction, including the well characterized BSTpr, MPO, MEApd, and LS 26.35.60.61,
However, during development, Arexpression was similar at PND 12 between males and
females in those sites, but apparently higher in males at PND 21, in agreement with previous
reports showing greater hypothalamic AR-ir in prepubertal male mice 26, Specifically, we
found higher Arexpression in the SCH of PND 21 males. In adults, SCH AR expression

is key for circadian regulation and sex differences in locomotor activity. Orchidectomy
feminizes night patterns of activity in males, and androgen replacement restores male-
specific patterns of activity 263, Our findings suggest these differences are established
during pubertal development around PND 21. The role of £sr2and co-expression with Aris
not yet known.

Although at lower levels, Aris still prevalent in the female brain and is expressed in a
multitude of different brain nuclei. The role that AR plays in the prepubertal and adult
female brain is not fully understood, but models of female androgen excess demonstrate
that prenatal and prepubertal androgen exposure has the potential to heavily impact female
physiology. For example, polycystic ovary syndrome (PCOS) is partly characterized by
female androgen excess, and can significantly impact fertility, body weight and insulin
sensitivity 64-66. PCOS-like features can be replicated in mice, with one prepubertal model
inducing androgen excess beginning at PND 19 67 and another at PND 21 %8, This
peripubertal androgenization model induces changes upon multiple tissues, including the
brain, eliciting well described effects on reproduction and metabolism 6970, The exact brain
sites associated with the consequences of hyperandrogenism in females have not been fully
determined. Defining selective and non-selective brain sites responsive to androgens is an
important first step for a better mechanistic understanding of the pathological origins of
diseases of androgen excess.

Brain AR expression and distribution have been previously characterized in the rat 61,71,
hamster 72, musk shrew 73, and monkey 74. These findings, however, are not directly

translatable to the mouse due to species differences. For example, AR is abundant in the
dorsomedial VMH (VMHdm) of adult male rats 20.61.71 put much less so in adult male
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mice. A direct comparative analysis will be necessary, but the VMHdm is highly associated
with glucose homeostasis and metabolic control in mice 776, Whether AR in VMHdm
neurons has similar metabolic effects in the mouse versus rat requires further investigation.
It is important to be aware of species differences, particularly in the mouse, which is a
frequently used model organism in studies using genetic and molecular tools. Furthermore,
because the number of neurons necessary for a specific function may not be determined

a priori, moderate and low AR expression in extra-hypothalamic and extra-limbic areas is
not irrelevant or less important. Consistent with this concept, Arexpression in cranial nerve
nuclei of both sexes during pre-pubertal development is particularly interesting. Many nuclei
along the olfactory and auditory pathways express AR, but studies exploring the role of
androgenic signaling in cranial nerve nuclei have been limited 7778, Androgens promote
neuronal survival and axon regeneration in cranial nerve motor nuclei in male and female
rats 7980, In the spinal cord, however, androgens acting on AR protect against motor neuron
death in the spinal nucleus of the bulbocavernosus (SNB) during postnatal development

in males, resulting in a male-biased sex difference in cell number and morphology 81:82,

It remains to be determined as to why circulating androgens induce sexual dimorphism

in some areas of the brain, but not others, and why specific cell populations respond to
androgens, rather than estrogens, to promote neuronal survival, and if these events occur
before puberty when androgens are low but AR expression is present in many nuclei of
both sexes. Answers to these questions may require a closer look into the regulation of

AR signaling complexity, including the role of alternative ligands and ligand-independent
signaling properties 83,

While this study examines the distribution of AR in male and female prepubertal mice, we
have not systemically mapped estrogen receptors in the same experimental groups. Instead,
we have examined the expression of two estrogen receptors (ERa/p) in select nuclei which
express Arduring development. It is highly possible however, that subpopulations of cells in
these areas only transiently express AR, ERa and/or ERB during development as observed
in the forebrain 84:85, Furthermore, AR and ERs can interact with each other to modulate
transactivation or signaling activity 86. For example, ERB can down-regulate AR in the
ventral prostate 87, while AR can either inhibit or support ERa activity in breast cancer
cells 88:89 Additional studies will be necessary to define specific time points of prepubertal
development in which subpopulations of neurons are engaged by selective gonadal steroids,
and the interaction of different steroid receptor pathways.

Gonadal hormones are not the only factor that contribute to sex differences in the brain.
Sex chromosome genes, autosome genes whose expression are mediated by sex-steroid
receptors, epigenetics, environmental factors and exposures, factors which regulate the
sensitivity of a brain region to sex steroids, and brain immune cells all contribute to

brain sex differentiation 9. Yet, it is clear that androgens play a very important, arguably
dominant role in sex differentiation in rodents via AR or ERs, and their unknown role in
female brain remains to be fully determined. In the attempt to decrease this gap, we focused
our analysis on both sexes. Our findings indicate that in various brain areas androgens, in
addition to neuroestrogens or circulating estrogens, may also contribute to female neuronal
development and physiology. They also highlight the need for greater investigation into the
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variety of actions of androgens throughout the male and female brain, particularly during

p

repubertal development. Future studies targeting specific brain sites are warranted.
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Figure 1: Validation of AR immunohistochemistry and Ar in situ hybridization probe.
A-B, fluorescent images showing AR-immunoreactivity (AR-ir) in the adult female mouse

brain (postnatal day/PND 56-70). AR-ir was observed in sections incubated in primary
antibody (A), but not in sections without primary antibody (B). C-D, darkfield images
showing silver grain deposition corresponding to Arhybridization signal in adjacent sections
from the same brain (PND 12 male mouse). Signal was observed in sections hybridized with
an antisense probe (C), but not with a sense probe (D). Abbreviations: V3, third ventricle,
PMy, ventral premammillary nucleus. Scale bar = 100 pm (A-B), 200 um (C-D).
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Figure 2: Ar mRNA hybridization signal expression in male and female prepubertal and adult

brain.

Images from scanned autoradiographic film of adult (postnatal day/PND 56-70, A), and
prepubertal (PND 12, B, and PND 21, C) male and female mouse brain. Select coronal
sections are shown in rostral to caudal order. Darker signal indicates higher expression of Ar
MRNA. Approximate distance from bregma (left column) derived from adult mouse brain

(Paxinos and Franklin atlas). Scale bar = 4000 pm.
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Figure 3: AR immunoreactivity (AR-ir) in adult mouse brain.
A-H, fluorescent images showing AR-ir in the adult female mouse brain (postnatal day/PND

56-70). AR-ir was observed in virtually all areas where we observed ArmRNA. Selected
areas from (A) cerebral cortex (dorsal and ventral anterior cingulate area, ACAd, ACAV),
(B) hippocampal formation (pyramidal layer or sp field CA1 and CA2), (C) cerebral

nuclei (lateral septal nucleus, caudodorsal, LSc), (D) thalamus (paraventricular nucleus

of the thalamus, PVT), (E) hypothalamus (subparaventricular zone, SBPV), (F) midbrain
(periaqueductal gray, PAG), (G) pons/medulla (medial vestibular nucleus, MV), and (H)
circumventricular organs (subfornical organ, SFO) are shown. Abbreviations: AHN, anterior
hypothalamic nucleus, alv, alveus, AQ, cerebral aqueduct, IG, induseum griseum, MS,
medial septal nucleus, PRP, nucleus prepositus, PT, parataenial nucleus, V3, third ventricle,
V4, fourth ventricle. Scale bar = 100 um.
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PND 21

Figure 4: Ar mRNA expression in cerebral cortex in prepubertal male and female mice.
Images showing thionin staining for neuroanatomical reference (left column), silver grains

corresponding to ArmRNA (right column). Low Arexpression was observed in the piriform
area (PIR, A-B), dorsal and ventral anterior cingulate area (ACAd and ACAv, C-D),
induseum griseum, septohippocampal nucleus (IG and SH, E-F), and CA3, and high in

field CAl and CA2 (G-H). Abbreviations: ACB, nucleus accumbens, ccg, genu of corpus
callosum, DG, dentate gyrus, lot, lateral olfactory tract, LS, lateral septal nucleus, MOs,
secondary motor area, OT, olfactory tubercle. Scale bar = 200 um.
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Figure 5: Ar mRNA expression in cerebral nuclei of male and female prepubertal mice.
Silver grain deposition corresponding to ArmRNA hybridization signal in prepubertal

(postnatal day (PND) 12 (A-B, G-H), and PND 21 (D-E, J-K) male (A, D, G, J) and female
(B, E, H, K) mice. (A-F) Lateral septal nucleus, caudodorsal (LSc) and (G-L) bed nucleus of
the stria terminalis, principal nucleus (BSTpr). Bar graphs showing mean + SEM integrated
optical density (10D) of silver grains (C, F, I, L). 10D was analyzed by #test with Welch’s
correction for LSc male vs female PND 12 (P=0.16, n= 7-8/sex), PND 21 (P=0.96, n= 8/
sex), BST male vs female PND 12 (P= 0.39, n=5-7/sex), and BST male vs female PND 21
(P=0.75, n= 8/sex). Abbreviations: cc, corpus callosum, LSr, lateral septal nucleus, rostral
(rostroventral), MS, medial septal nucleus, PVT, paraventricular nucleus of the thalamus,
RE, nucleus of reuniens, VL, lateral ventricle. Scale bar = 200 um.
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Figure 6: Ar mRNA expression in thalamic nuclei of male and female prepubertal mice.
Images showing thionin staining for neuroanatomical reference (left column), silver grains

corresponding to ArmRNA (right column). (A-B) Low silver grain deposition in the
paraventricular nucleus of the thalamus (PVT), (C-D) low to moderate in the nucleus of
reuniens (RE), (E-F) ventral posterolateral and posteromedial nuclei of the thalamus (VPL
and VPM), (G-H) subthalamic and parasubthalamic nuclei (STN and PSTN). Abbreviations:
AD, anterodorsal nucleus of the thalamus, AV, anteroventral nucleus of the thalamus, cpd,
cerebral peduncle, DG, dentate gyrus, em, external medullary lamina of the thalamus, fr,
fasciculus retroflexus, ml, medial lemniscus, PF, parafascicular nucleus, RH, rhomboid
nucleus, sm, stria medullaris, VM, ventral medial nucleus of the thalamus, ZI, zona incerta.
Scale bar = 200 pm.
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Figure 7: Ar mRNA expression in hypothalamic nuclei of male and female prepubertal mice.
Silver grain deposition corresponding to ArmRNA hybridization signal in prepubertal

(postnatal day (PND) 12 (A-B, I-J), and PND 21 (E-F, M-N) male (A, E, I, M) and

female (B, F, J, N) mice. (A-H) Suprachiasmatic nucleus (SCH) and subparaventricular zone
(SBPV), and (I-P) dorsal and ventral premammillary nuclei (PMd and PMv). Note higher
expression of Arin the SCH of males at PND 21 (E). Bar graphs showing mean + SEM
integrated optical density (10D) of silver grains (C-D, G-H, K-L, O-P). IOD was analyzed
by #test with Welch’s correction for SCH male vs female PND 12 (P = 0.38, n = 5/sex),
SCH male vs female PND 21 (P = 0.009, n= 6-7/sex), SBPV male vs female PND 21 (P
= 0.45, n=6-7/sex), PMv male vs female PND 21 (P=0.21, n=8-9/sex), PMd male

vs female PND 12 (P=0.58, n= 7-8/sex) and PND 21 (P=0.19, n= 8-9/sex), and
Mann-Whitney nonparametric test for SBPV male vs female PND 12 (P=0.12, n= 6/sex),
and PMv male vs female PND 12 (P=0.57, n= 8/sex) Abbreviations: fx, fornix, V3, third
ventricle. Scale bar = 200 pm.
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Figure 8: Ar mRNA expression in brainstem nuclei of prepubertal male and female mice.
Images showing thionin staining for neuroanatomical reference (left column), silver grains

corresponding to ArmRNA (right column). (A-B) Very low to low silver grain deposition in
the periaqueductal gray (PAG), and low in the dorsal tegmental nucleus (DTN). (C-D) Low
expression in the superior olivary complex (SOC), (E-F) facial motor nucleus (VI1). (G-H)
Moderate expression in the nucleus ambiguus (AMB). (I-J) Low to moderate expression

in the dorsal motor nucleus of the vagus nerve (DMX) and hypoglossal nucleus (XII).
Abbreviations: VIIn, facial nerve, AP, area postrema, AQ, cerebral aqueduct, ¢, central canal
of the spinal cord/medulla, DR, dorsal nucleus raphe, IRN, intermediate reticular nucleus,
LRN, lateral reticular nucleus, MARN, magnocellular reticular nucleus, PRNc, pontine
reticular nucleus, caudal part, PRNr, pontine reticular nucleus, py, pyramid, sctv, ventral
spinocerebellar tract. Scale bar = 200 pm.
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Figure 9: Ar mRNA expression overlaps with Esrl and Esr2 in specific forebrain nuclei of
prepubertal mice.
A-P, images showing fluorescent /n situ hybridization signal for Ar(magenta, A, E, I, M),

Esrl (yellow, B, F, J, N), and Esr2 (green, C, G, K, O). Merge of all 3 channels shown

in D, H, L, and P. Areas with Arand Esr1 and/or Esr2 co-expression include the bed
nucleus of the stria terminalis, principal nucleus (BSTpr, A-D), medial amygdalar nucleus,
posterodorsal (MEApd, E-H), medial preoptic area (MPO, I-L), suprachiasmatic nucleus
(SCH, M-P). Arrows show dual or triple-labeled neurons. Images shown are from postnatal
day 12 (PND 12) female (BSTpr, MEApd, MPO) and male (SCH) mice. Scale bar = 100
um.
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Table 1:
Qualitative expression of Ar mRNA distribution by nuclei in postnatal and adult mouse

brain.

-, /-, +, ++, +++ and ++++ represent not detected, very low, low, moderate, high, and very high expression
of silver grain deposits corresponding to ArmRNA. The Allen Mouse Brain Atlas was used as a reference for
names, abbreviations, and location of nuclei.
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Adult Prepubertal
PND 56-70 PND 12 PND 21
Brain areas and nuclei Male | Female | Male | Female | Male | Female
Cerebral Cortex
Motor (MO) +/- +/- +/—- +/- +/- /-
Olfactory nucleus (Anterior) (AON) - - ++ ++ ++ ++
Taenia tecta (TT) + +/- + + + +
Piriform (PIR) + + + + + +
Cingulate (Anterior) (ACA) + + + + + +
Endopiriform (EP) +- +- +/- +/- + +/-
Hippocampal Formation
Induseum griseum (IG) + + + + + +
Field CA1 (CA1) +++ +++ +++ +++ +++ +++
Field CA2 (CA2) +++ +++ +++ +++ +++ +++
Field CA3 (CA3) + + + + + +
Dentate gyrus (DG) + + +/- +/- + +
Entorhinal area (ENT) +/- +/- + + +/- /-
Presubiculum / Subiculum (PRE/SUB) + + + + + +
Cortical subplate and cerebral nuclei
Septohippocampal nucleus (SH) + + + + + +
Lateral septal nucleus, caudodorsal (LSc) +++ + + + + +
Lateral septal nucleus, rostroventral (LSr) +++ + + + + +
Bed nucleus of stria terminalis, principal nucleus (BSTpr) ++++ +++ + + +++ +++
Cortical amygdalar area (COA) +++ +++ + + +++ +++
Medial amygdalar nucleus, posterodorsal (MEApd) +++ + + + +4+ +++
Posterior amygdala (PA) +++ + +++ + +++ +
Thalamus and Subthalamus
Ventral posterior complex of the thalamus (VP) + + + + + +
Paraventricular nucleus of the thalamus (PVT) + + + + + +
Nucleus of reuniens (RE) +- +- + + ++ +
Subthalamic/ Parasubthalamic, caudal (STN/PSTN) ++ + + + ++ ++
Medial geniculate complex (MG) + + + + ++ +
Hypothalamus
Medial preoptic area, anterior (MPOa) + + + + + +
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Adult Prepubertal
PND 56-70 PND 12 PND 21
Brain areas and nuclei Male | Female | Male | Female | Male | Female
Medial preoptic area, posterior (MPOp) Sl B e B B e
Suprachiasmatic nucleus (SCH) ++ + +/- +- + +/-
Paraventricular hypothalamic nucleus (PVH) +- +- - - - -
Periventricular hypothalamic nucleus (PV) + +/- - - - -
Subparaventricular zone (SBPV) + + ++ ++ + +
Lateral hypothalamic area (LHA) +- +- - - - -
Arcuate hypothalamic nucleus (ARH) ++ + +/- +- + +
Ventromedial hypothalamic nucleus, ventrolateral (VMHuvI) + ++ + + ++ +
Tuberal nucleus (TU) + + - - + +
Dorsomedial nucleus of the hypothalamus (DMH) + - - - +/- -
Dorsal premammillary nucleus (PMd) + + ++ ++ ++ ++
Ventral premammillary nucleus (PMv) ++++ ++++ +++ +4++ +++ +++
Supramammillary nucleus (SUM) + +/- + + + +/-
Midbrain
Periaqueductal gray, ventrolateral (PAGvI) +/- +/- +/- +/- + +
Ventral tegmental area (VTA) +- - - - - -
Red nucleus (RN) +/- - - - +/- R
Dorsal nucleus raphe (DR) +H- +- +/- +/- + ¥
Pons and Medulla
Pontine reticular nucleus (PRN) +/- +/- +/- +/- +/- +/-
Superior olivary complex (SOC) - - + + + +
Principal sensory nucleus of the trigeminal (PSV) - - + +/- + -
Parabrachial nucleus (PB) +- +- - - - -
Dorsal tegmental nucleus (DTN) + + + + + +
Facial motor nucleus (VI1) + +/- + + + +
Cochlear nuclei (CN) +/- - + + + +
Vestibular Nucleus (VNC) +/- - + + + +
Nucleus ambiguus (AMB) +/- +/— ++ ++ ++ ++
Hypoglossal nucleus (XI1) + + + + ++ ++
Nucleus of the solitary tract (NTS) +- +- +/- +/- +/- +/-
Dorsal motor nucleus of vagus nerve (DMX) + + + + ++ ++
Circumventricular Organs
Subfornical organ (SFO) +- + + + +/- +/-
Area postrema (AP) +/- +/— +/- +/— + +
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