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ERa Signaling in GHRH/Kiss1 Dual-Phenotype Neurons
Plays Sex-Specific Roles in Growth and Puberty
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Gonadal steroids modulate growth hormone (GH) secretion and the pubertal growth spurt via undefined central pathways.
GH-releasing hormone (GHRH) neurons express estrogen receptor o (ERa) and androgen receptor (AR), suggesting changing
levels of gonadal steroids during puberty directly modulate the somatotropic axis. We generated mice with deletion of ERa
in GHRH cells (GHRH"***), which displayed reduced body length in both sexes. Timing of puberty onset was similar in both
groups, but puberty completion was delayed in GHRH*™®* females. Lack of AR in GHRH cells (GHRH***® mice) induced no
changes in body length, but puberty completion was also delayed in females. Using a mouse model with two reporter genes,
we observed that, while GHRH'"™™ neurons minimally colocalize with Kiss 1" in prepubertal mice, ~30% of GHRH neu-
rons coexpressed both reporter genes in adult females, but not in males. Developmental analysis of Ghrh and Kissl expres-
sion suggested that a subpopulation of ERa neurons in the arcuate nucleus of female mice undergoes a shift in phenotype,
from GHRH to Kissl, during pubertal transition. Our findings demonstrate that direct actions of gonadal steroids in GHRH
neurons modulate growth and puberty and indicate that GHRH/Kiss1 dual-phenotype neurons play a sex-specific role in the
crosstalk between the somatotropic and gonadotropic axes during pubertal transition.
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Late maturing adolescents usually show delayed growth and bone age. At puberty, gonadal steroids have stimulatory effects
on the activation of growth and reproductive axes, but the existence of gonadal steroid-sensitive neuronal crosstalk remains
undefined. Moreover, the neural basis for the sex differences observed in the clinical arena is unknown. Lack of ER« in
GHRH neurons disrupts growth in both sexes and causes pubertal delay in females. Deletion of androgen receptor in GHRH
neurons only delayed female puberty. In adult females, not males, a subset of GHRH neurons shift phenotype to start produc-
ing Kissl. Thus, direct estrogen action in GHRH/Kiss1 dual-phenotype neurons modulates growth and puberty and may
orchestrate the sex differences in endocrine function observed during pubertal transition. /

of reproductive capacity and typical longitudinal growth (Sisk and
Foster, 2004). Growth hormone (GH) release is classically regu-
lated at the hypothalamic level by two neuronal populations: one
that releases somatostatin with inhibitory action on GH secretion
and another that synthesizes GH-releasing hormone (GHRH)
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with a stimulatory action mode. GH secretion is regulated periph-
erally by feedback mechanisms from hepatic insulin-like growth
factor-1 (IGF-1) and gastric ghrelin signals (Steyn et al,, 2016).
Circulating GH concentration during development in humans
and mice rises at birth, reduces in the prepubertal phase, and
increases again at puberty when it induces the pubertal growth
spurt (Rosenfeld, 2003). The pubertal increase in GH secretion is
thought to be a direct response to gonadal maturation and
increased circulating levels of gonadal steroids after a period of
quiescence of the hypothalamo-pituitary-gonadal axis (Suter et al.,
2000; Karpati et al, 2002; Kelly et al, 2014). Late maturing
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adolescents and juvenile mice often show reduced pubertal growth
and slow linear growth progression likely because of delayed acti-
vation of the hypothalamo-pituitary-gonadal axis (Palmert and
Dunkel, 2012; Garcia-Galiano et al., 2017).

GH, in turn, also acts as an endocrine signal for the normal
progression of sexual maturation. Women with GH deficiency
or resistance display late timing of puberty onset, lack of sexual
maturation, and infertility (de Boer et al., 1997). GH replacement
for hypogonadotropic GH-deficient women accelerates puberty
and stimulates fertility (Giampietro et al, 2009; Smuel et al,
2015). Studies have shown that GH acts at the gonadal level to
stimulate sex steroid synthesis and follicle development by
increasing ovarian sensitivity to gonadotropins (de Boer et al,,
1999). However, whether gonadal steroids induce GH secretion
during pubertal development by acting directly on GHRH neu-
rons and whether these actions regulate the gonadal axis to facili-
tate pubertal maturation has not been demonstrated.

Changes in gonadal steroid levels modulate Ghrh expression
and neuronal activity (Chowen et al., 1996; Gouty-Colomer et
al., 2010). In rats, a subpopulation of hypothalamic GHRH neu-
rons express estrogen receptor a (ERa), not ERB (Kamegai et
al., 2001; Shimizu et al., 2005). Androgens, including the nonaro-
matizable dihydrotestosterone, also modulate hypothalamic
Ghrh expression (Zeitler et al., 1990). Previous studies, however,
have shown that GHRH neurons do not express detectable levels
of androgen receptor (AR), suggesting that, if a direct effect
exists, it is exerted via ERa (Fodor et al., 2001).

In this study, we used the Cre-loxP system to assess whether
direct actions of estrogens via ERa or androgens via AR in
GHRH neurons are necessary for typical growth, pubertal devel-
opment, and reproductive physiology in mice. Using a dual-gene
reporter mouse model, we further evaluated whether GHRH
neurons constitute an integrative node in the crosstalk between
the somatotropic and the gonadotropic axes in male and female
mice.

Materials and Methods

Mouse models. The Ghrh-Cre (Rupp et al., 2018), Jax stock #031096,
the KissI-Cre (Cravo et al., 2011), Jax #023426, the floxed Esrl (Feng et
al., 2007), the floxed Ar (De Gendt et al., 2004), the KissI-hrGFP (Cravo
et al, 2013), Jax #023425, and the reporters R26-LSL-tdTomato
(Madisen et al., 2010), Jax #007914, R26-LSL-eGFP (Jax #004077) and
R26-LSL-eGFP-L10a (Krashes et al., 2014) mice were housed in an
Association for Assessment and Accreditation of Laboratory Animal
Care-accredited animal facility at the University of Michigan, under con-
trolled light cycle (12 h on/off) and temperature (22 = 1°C) conditions.
Mice were fed with a phytoestrogen-reduced diet (Teklad Diet 2916,
Envigo), or a higher protein and fat phytoestrogen-reduced diet (Teklad
Diet 2919, Envigo) when breeding, and had free access to water. A phy-
toestrogen-reduced diet was used to avoid the exogenous effect of estro-
gen on reproductive physiology. Day of birth was considered as
postnatal day 0 (P0). Mice were weaned at 21 d of age and group-housed
with littermates of the same sex to a maximum of 5 per cage.

For deletion of ERa or AR signaling in GHRH-expressing neurons,
the GHRH®™ mouse was crossed with a mouse carrying the loxP-modi-
fied Esr1 (ERa™) or Ar (AR") alleles. Our experimental mice were
those heterozygous for GHRH-Cre allele (GHRH“"'") and homozygous
for Esr1-loxP allele (GHRH”FR?) in males and females, or Ar-loxP alleles
(GHRH**®) in females, and hemizygous for AR in males. Control
groups were comprised of mice homozygous for the floxed alleles
(ERa™, ARM or ARM) and heterozygous for the Cre allele (GHRH“™'™).
In order to visualize GHRH-expressing neurons, we crossed the GHRH™*
with the eGFP-L10a (GHRH™** -GFP) or tdTomato (GHRH'""*™) mice.
In order to visualize Kiss1-expressing neurons, Kiss1" mice were crossed
with the eGFP (Kiss1“™-eGFP) mice (Frazao et al., 2013). Additionally, we
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crossed GHRH'"™ with the Kiss1"™*"* mice to visualize both GHRH-
and Kiss1-expressing neurons (GHRH'Y"°™::Kiss1™ "), Mice were gen-
otyped at weaning day and at the end of experiments. PCR amplification
of the genomic floxed regions combined with the detection of the Cre
and hrGFP transgenes and coding regions for reporter proteins was
performed (Sigma Millipore, RED Extract-N-Amp Tissue PCR Kit
#XNAT). Kiss1“"-eGFP mice were kept on a C57BL6/] background,
and GHRH*'* -eGFP, GHRH“"'* -tdTomato, GHRH""*, GHRH"*",
and GHRH'"T™.:Kiss 1" strains were kept on a mixed C57BL6;129/Sv]
background.

Experimental design. For phenotypic characterization of mouse mod-
els, metabolic and reproductive phenotypes were monitored. Experimental
and control littermates were obtained from adjusted litter size (6-8 pups/lit-
ter at postnatal day 1) to avoid any metabolic effect during the lactational
period (Caron et al., 2012; Garcia-Galiano et al., 2017). Assessment of the
metabolic phenotype was evaluated by weekly body weight of male
and female littermates. Body length was assessed at postnatal day 60
(P60) by snout-anus distance measurement in lightly anesthetized
animals. Adult (10-week-old) GHRH”PR® (n=7) and control (n=9)
females were weighed and placed into an NMR-based analyzer (Minispec
LF901I, Bruker Optics) for body fat and lean mass measurements in con-
scious animals.

Timing for puberty onset was monitored daily after weaning for vagi-
nal opening (VO), a marker of puberty onset, and timing of the occur-
rence of first estrus, a marker for puberty completion. In males, timing
of balano-preputial separation (BPS) was determined as a marker of pu-
berty onset (Garcia-Galiano et al.,, 2017). Estrous cyclicity was assessed
by daily collection of vaginal cytology in adult (starting at 10 weeks of
age) virgin mice.

To assess changes in transcript levels, the arcuate nucleus (ARH) was
dissected out, as described previously (Garcia-Galiano et al, 2017).
Adult experimental and control males were deeply anesthetized with iso-
flurane (Fluriso, VetOne) and killed by decapitation. Trunk blood was
quickly collected, and peripheral tissues were collected and immediately
frozen on dry ice. Tissues were stored at —80°C until RNA extraction
was performed. Blood samples were allowed to clot for 45 min at room
temperature and then centrifuged for 15 min at 2000 x g and the serum
was collected and stored at —20°C. Additionally, brains and tibias from
control and experimental mice were collected after perfusion with 10%
neutral buffered formalin (Sigma Millipore), and brain coronal sections
were processed for ISH or immunohistochemistry (IHC), as described
below. For AR identification by IHC, GHRH ™" _eGFP males were sin-
gle-housed for 5 d before perfusion to avoid dominance-subordination
effects on androgen levels and AR expression in group-housed mice
(Greenberg et al., 2014).

Bilateral ovariectomy (OVX) was performed on ERa™? (n=10) and
GHRH“FR* (11 = 9) mice under isoflurane anesthesia. A Silastic tube con-
taining 1 pg of 173 -estradiol (E,, Sigma Millipore) suspended in sesame
oil (OVX+E,) or oil (OVX) was implanted under the skin at the time of
the OVX. All animals were given carprofen as an analgesic (5 mg/kg)
before and 12 h after and 24 h after surgery. Mice were killed after 4d
(OVX+E,) or 7d (OVX). Trunk blood was collected and immediately
diluted in assay buffer for detection of circulating luteinizing hormone
(LH).

All experiments were conducted in accordance with the guide-
lines established by the National Institutes of Health Guide for the
care and use of laboratory animals and Institutional Animal Care
and Use Committee/Internal Animal Care and Use Committee
(Protocols #06792 and #08712).

Hormone levels. After decapitation, whole blood was immediately
diluted 1:10 in assay buffer (0.2% BSA, 0.05% Tween 20 in 0.1 M PBS)
and stored at —20°C. Blood samples from diestrus, OVX, and OVX+E,
females of both groups (ERa™ and GHRH“FR®) were sent to the
University of Virginia Ligand Assay and Analysis Core of the Center for
Research in Reproduction (Charlottesville, Virginia) for measurements
of the circulating LH levels. LH levels (in duplicate) were defined using a
sensitive mouse and rat LH ELISA method (Steyn et al., 2013). The cap-
ture monoclonal antibody (anti-bovine LH-$ subunit, 518B7; RRID:
AB_2665514) was provided by Janet Roser, University of California. The
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detection polyclonal antibody (rabbit LH antiserum; RRID:AB_2665533)
was provided by the National Hormone and Peptide Program. HRP-con-
jugated polyclonal antibody (goat anti-rabbit) was purchased from
DakoCytomation (D048701-2). Mouse LH reference prep (AFP5306A;
National Hormone and Peptide Program) was used as the standard assay.
Intra-assay coefficient of variation was 2.2%. Interassay coefficients of var-
iations were 1.3% (low QC, 0.2ng/ml), 2.1% (medium QC, 0.82 ng/ml),
and 3.9% (high QC, 2.58 ng/ml). Functional sensitivity was 0.016 ng/ml.
For quantitative determination of mouse IGF-1 concentrations, a
Quantikine ELISA immunoassay was implemented (#MG100, R&D
Systems, RRID:AB_884569). The sensitivity of the mouse IGF-1 assay
was 3.5 pg/ml, (intra-assay CV 3.3%-5.6%; interassay CV 4.3%-9.1%).

Bone histology. Dissected hind limbs from perfused mice (n=3 or 4/
genotype) at P28 and P60 were immersed in 10% neutral buffered for-
malin for 48 h at 4°C and then transferred to 70% ethanol for 24 h at
4°C. Tibias were dissected and submerged in 20% EDTA for 14d at 4°C
with gentle agitation for decalcification (Mangiavini et al., 2016). EDTA
solution was changed every third day for efficient mineral removal and
then rinsed in PBS for 24 h at 4°C. Specimens were transferred to 70%
ethanol and then paraffin-embedded. Slices of bone at 7 pm thickness
were mounted and H&E-stained for growth plate histology. Growth
plate thickness from tibia proximal metaphysis in both genotypes was
measured using Image]J software (https://rsb.info.nih.gov/ij).

Immunofluorescence. Brains from GHRH® " _eGFP, Kiss1“"-eGFP,
GHRHAPR®, GHRH**R, and GHRH'T°™::Kiss1™°" mice were sectioned
into 30 um coronal sections and stored in cryoprotectant for subsequent
immunolabeling. Sections were incubated overnight at 4°C with primary
chicken anti-GFP (1:10,000, AvesLabs, catalog #GFP-1010; RRID:AB_
2307313) and primary rabbit anti-ERa (1:5000, Millipore, catalog # 06-
935; RRID:AB_310305), primary rabbit anti-AR (1:200, Abcam ab133273;
RRID:AB_11156085), or primary sheep anti-TH (Millipore, catalog
#AB1542, 1:5000; RRID:AB_90755). Sections were rinsed and incubated
with secondary donkey anti-chicken IgG conjugated with AlexaFluor-488
(Invitrogen) and anti-rabbit IgG conjugated with AlexaFluor-594 for
1.5 h. For AR immunodetection, after primary antibody incubation, sec-
tions were previously incubated in 0.6% H,O, and in secondary biotin-
conjugated donkey anti-rabbit IgG (1:1000, Jackson ImmunoResearch
Laboratories). Sections were incubated in ABC solution (1:1000, Vector
Labs) and in biotin tyramide solution for 10 min (1:250, PerkinElmer),
then incubated with streptavidin conjugated with AlexaFluor-594 (1:1000,
Invitrogen), as referenced (Low et al., 2017). Sections then were mounted
on gelatin-precoated slides and coverslipped with ProLong gold antifade
mountant medium (Invitrogen). The tdTomato or the hrGFP fluorescence
did not require additional immunostaining.

IHC. Free-floating sections from adult GHRH“™"-eGFP mice
(n=3) were rinsed in PBS and followed by pretreatment with a solution
of 1% H,0, for 30min to quench the endogenous peroxidases. Tissue
was blocked in 3% BSA, then incubated with a primary chicken anti-GFP
antibody (1:10,000) overnight at 4°C. Sections were incubated for 1 h in
donkey biotinylated anti-chicken IgG (1:1000, Jackson ImmunoResearch
Laboratories), followed by 1 h incubation with avidin-biotin complex
(1:500, Vector Labs). The detection reaction was performed using 0.05%
DAB and 0.01% hydrogen peroxide. Sections were mounted onto gelatin-
coated slides and coverslipped with DPX medium (Electron Microscopy
Sciences).

ISH. Single ISH was performed to determine the hypothalamic distri-
bution of Ghrh mRNA expression in ERa™? (n=3) and GHRHAER
(n=2) in adult males. Briefly, a series of brain sections were mounted
onto SuperFrost plus slides (Thermo Fisher Scientific), fixed in 10% neu-
tral buffered formalin for 20 min, and cleared with xylene for 15min.
Slides were boiled in sodium citrate buffer, pH 6.0, for 10 min. The Ghrh
DNA template was generated from mouse hypothalamic RNA by PCR
amplification, as previously described (Wasinski et al., 2020). The anti-
sense radiolabeled **P-Ghrh riboprobe was generated by in vitro transcrip-
tion using a T7 RNA polymerase (Promega). **P-labeled riboprobe was
diluted in hybridization solution (50% formamide, 10 mm Tris-HCI, pH
8.0, 5mg tRNA, 10 mm dithiothreitol/DTT, 10% dextran sulfate, 0.3 m
NaCl, 1 mm EDTA, and 1x Denhardt’s solution), and brain slices were
hybridized overnight at 57°C. Posthybridization slides were incubated in
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0.002% RNase A followed by stringency washes in SSC (sodium chloride-
sodium citrate buffer). Sections were then dipped in NTB autoradio-
graphic emulsion (Kodak) and stored in light-protected slide boxes at 4°C
for 2 weeks. Signal was developed with developer and fixer (Carestream),
and the slides were coverslipped with DPX (Electron Microscopy
Sciences) mounting medium.

Dual-label ISH and IHC. Dual-label ISH and IHC were performed
to determine the localization of Ghrh mRNA in GHRH'"™™ neurons
during development, as previously described (Garcia-Galiano et al.,
2017). Briefly, free-floating sections from prepubertal (P21), peripubertal
(P28-P36), and adult (P60) females (n=3/age) were treated with 0.1%
sodium borohydride for 15 min and 10 min with 0.25% acetic anhydride
in DEPC-treated 0.1 M triethanolamine (TEA, pH 8.0). Sections were
incubated overnight at 50°C in the hybridization solution containing the
*3P-Ghrh riboprobe. Subsequently, sections were treated with RNase A
for 30 min and submitted to stringency washes in SSC (sodium chloride-
sodium citrate buffer). Sections were blocked (3% BSA in PBS-Triton)
and then incubated with anti-dsRed antibody (1:5000, Clontech
#632496; RRID:AB_10013483) overnight at 4°C. Sections were incu-
bated for 1.5 h in a donkey anti-rabbit AlexaFluor-594 antibody and
mounted onto SuperFrost plus slides. After overnight air-drying, slides
were dehydrated in increasing concentrations of ethanol and dipped in
NTB-2 autoradiographic emulsion (Kodak), dried, and stored in light-
protected boxes at 4°C for 4 d. Finally, slides were developed with D-19
developer (Kodak), dehydrated in graded ethanol, cleared in xylenes,
and coverslipped with DPX mounting medium.

FISH. FISH for Ghrh and Kissl was performed using the RNAscope
fluorescent multiplex detection Kit (Advanced Cell Diagnostics). Brains
from diestrus and OVX (n = 3/group) mice were collected and immedi-
ately frozen on dry ice, then cut into 5 series of 16 jum sections on a cryo-
stat at —20°C, and mounted onto Superfrost Plus slides. Slides were
dried at 60°C and fixed in 10% buffered formalin for 2 h at 4°C, then
dehydrated in increasing concentrations of ethanol, cleared in xylenes,
and rehydrated in decreasing concentrations of ethanol. Slides were
boiled for 10 min in sodium citrate buffer and incubated for 10 min in
0.03% SDS. Slides were dried at room temperature with a hydrophobic
barrier around the sections. Endogenous peroxidase activity was blocked
with H,O, for 10 min and RNAscope protease III was then applied on
slides and incubated for 30 min at 40°C. Hybridization was performed
by applying target probes to sections for 2 h at 40°C. Then, the amplifica-
tion and detection of each probe were performed according to the proto-
col for RNAscope Multiplex Fluorescent v2 assay. Finally, slides were
counterstained with DAPI and coverslipped with ProLong Gold
(Thermo Fisher Scientific) antifade mounting medium.

gPCR. Arcuate punches from adult ERe™" (n=6) and GHRHAF**
(n=5) males were homogenized in Qiazol reagent (QIAGEN), and total
RNA was isolated using an RNA extraction kit (miRNeasy, QIAGEN).
The mRNA from liver samples was extracted with TRIzol reagent
(Invitrogen). Complementary DNA was synthesized using a SuperScriptII
reverse transcriptase and random primers (Invitrogen) according to the
manufacturer’s protocol. Gene expression analyses were performed by
qPCR using a CFX-384 Bio-Rad Real-Time PCR detection system in a
SYBR Green reaction. Changes in the expression of growth axis-related
genes were evaluated using specific oligo primers: Ghrh (forward:
CAACTGTACCCTGTTACTTC; reverse: TTTTTGCAGATGAGAATG
GQ), Sst (forward: TCTGCATCGTCCTGGCTTT; reverse: CITTGGCCA
GTTCCTGTTTCC), Ghr (forward: GATTTTACCCCAGTCCCAGTTG;
reverse: GACCCTTCAGTCTTCTCATCCACA), and Igfl (forward: GA
CAAACAAGAAAACGAAGG; reverse: ATTTGGTAGGTGTTTTCGA
TG). Gapdh (forward: GCTCATGACCACAGTCCATGC; reverse: GTT
GGGATAGGGCCTCTCTTG) expression was used as a housekeeping
gene. Primers were purchased from Sigma Millipore. The mRNA expres-
sion in mutant versus control mice was determined by a comparative cycle
threshold (C,) method, and relative gene copy number was calculated as
274C and presented as the percentage of the relative mRNA expression
of the control group.

Photomicrograph production and quantification of mRNA and pro-
tein expression. Photomicrographs were acquired using an Axio Imager
M2 (Carl Zeiss) and a Nikon inverted Al confocal microscope. The
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Figure 1.

Distribution of hypothalamic GHRH-eGFP neurons expressing TH or ERce immunoreactivity (ir). A, B, Representative darkfield micrographs showing the distribution of Ghrh mRNA

labeled with **P-radioisotope in the ZIm by ISH. C, Brightfield micrograph showing the distribution of GHRHE™ " -eGFP-ir (brown) in ZIm. DG, Fluorescent micrographs showing colocalization
(arrowhead) of TH- (magenta) and GHRH-eGFP-ir (green) in ZIm (28.24 + 4.58% of eGFP™ cells). Higher-magnification micrograph for the selected area in F is shown in G. H—0, Fluorescent
micrographs showing colocalization (arrowhead) of ERa- (magenta) in GHRHY™®'* -eGFP-ir positive cells in the medial POA (18.21 == 6.86%; H-K) and ARH (44.15 = 4.07%; L-0). Higher-mag-
nification micrographs of J and N are shown in K and 0, respectively. P=S, Fluorescent micrographs showing ERce- and GHRH®*-eGFP-ir neurons in the ARH of an adult GHRHA™ female
mouse (4.82 = 2.35% of eGFP™). A higher-magnification micrograph for the selected area in R is shown in . 3v, Third ventricle. Scale bars: B, €, 100 um; G, K, 0, S, 50 m.

number of ARH GHRH“™'"-eGFP™ neurons was determined in one
side of ARH using Image] 2.0 Cell Counter software. GFP™ cells were
counted at three different levels of ARH, using the Allen Brain Atlas
(https://mouse.brain-map.org/static/atlas) for neuroanatomical refer-
ence (rostral [image 68], tuberal [image 73], and caudal [image 77] lev-
els) in GHRH-eGFP males and females at P21 and P60. The number of
ARH Kiss1“-eGFP neurons was determined by counting the total
eGFP™ cells at tuberal and caudal arcuate levels in prepubertal (P15) and
diestrus Kiss1“™-eGFP females, and in prepubertal (P23) and adult
Kiss1“™-eGFP males. To estimate the proportion of ARH Kiss1"""

cells colabeled with GHRH' "™ hrGEP" and double-labeled cells were
counted at three different levels (from rostral to caudal) of ARH. The
proportion of ARH GHRH'T*™:Kiss1""“*” neurons was estimated in
prepubertal (P21) and adult (P56) GHRH ™" and GHRH**** females.
ARH GHRH'T°™::Kiss 1" coexpression was also estimated in males
at different ages (P21, P36, and P84). For quantification of Ghrh mRNA
levels in different groups, all darkfield images were acquired with the
same light intensity and exposure time, and images were quantified
using Image]. Image-editing software (Adobe Photoshop 2020) was used
to integrate graphs and digital images into figures.
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Figure 2.  Mice with deletion of ERa in GHRH cells have altered growth axis. A, Reduced body weight of GHRHAER males (M; n = 14/genotype) and females (F; n = 24-26/geno-
type) versus ERa™" males (F1,26) = 37.79, p << 0.0001) and females (F(1 45 = 30.97, p << 0.0001) by two-way repeated-measures ANOVA with Sidak’s multiple comparisons. B,
Altered lean mass in adult GHRHAE (n=7) versus ERa™™ females (n=9; ta) = 2.75, p=10.017). No differences in fat mass were observed. C, Reduced body length at P60 in
GHRHAPR males (n=11) and females (n = 21) versus ERa™™ males (n=11; ta0) = 4.19, p < 0.0005) and females (n =18; t;37) = 6.78, p << 0.0001). D, E, Representative darkfield
micrographs showing Ghrh mRNA (hybridization signal) in the ARH of ERe™ and GHRHA®'* males. F, Relative mRNA expression levels for Ghrh, Sst, and Ghr genes in ARH punches
(n=6) and hepatic Ghr and Igf1 genes in ERa"™ and GHRHAER males (n = 5/group). G, Reduced circulating IGF-1 levels in adult GHRHA®™ (n = 6) compared with ERa™" (n=8;
taz) = 341, p=0.005) males. H, Representative brightfield micrographs of the tibial growth plate at proximal metaphysis of ER™™ and GHRHAE* mice at P28 (n = 3/group) and
P60 (n =3 or 4/group) stained with H&E. I, Bar graphs represent size of the growth plate in pubertal (P28; t;1, = 2.56, p =0.025) and adult (P60) mice. sp << 0.05; sp << 0.01;
unpaired two-tailed Student’s ¢ test. 3v, Third ventricle. Scale bar, 100 pm.
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Statistical analyses. Data are expressed as
mean * SEM. The unpaired two-tailed Student
parametric and nonparametric f tests were used
for comparison between two groups (e.g.,
ERa™" vs GHRHAPR® mice). When more than
two experimental groups were present in the
analysis, one-way ANOVA followed by Tukey’s
post hoc comparison test was used. For multiple
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analysis, two-way ANOVA followed by Tukey’s
post hoc test was used, unless otherwise noted.
A description of the statistical method used in
each analysis is noted in the figure legends.
Statistical ~analysis was performed using
GraphPad Prism version 8 software. A p value
of < 0.05 was considered significant in all
analyses.
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Results

Distribution of Ghrh and GHRH-eGFP
expression in the hypothalamus

Because gonadal steroid receptors are widely
expressed in the CNS (Merchenthaler et al,
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2004; Brock et al,, 2015), we performed a
systematic evaluation of Cre expression in
GHRH“* mice using the Cre-induced

0 5

GHRHAER(X

-
3
L

10 25
O

o

w
o
.

eGFP-L10a reporter gene (Krashes et al,

©

2014). As expected, the hypothalamic distri-
bution of eGFP™ cells was similar to that of

LH (ng/mL)

-
(6]

LCie L[] &

o
o

Ghrh mRNA (Rupp et al., 2018; Wasinski et
al, 2020). Prominent expression of Ghrh
and eGFP™ was observed in the medial zona

incerta (ZIm) (Fig. 1A-C), dorsomedial nu-  Figure 3.

25 Diestrus OVX OVX+E,

Mice with deletion of ERcr in GHRH cells have delayed pubertal completion. A-F, Bar graphs represent (A) day

cleus of the hypothalamus, and in the dorso-
medial and ventrolateral aspects of the ARH.
A moderate expression of the reporter gene
was also found in the preoptic area (POA),
in the paraventricular nucleus of the hypo-
thalamus, and in the lateral hypothalamic
area.

of VO (tzg) = 1.88, p=0.067), (B) body weight at day of VO (t;35) = 0.39, p=0.69), (€) day of first estrus (fzg) = 2.08,
p=0.044), (D) corporal weight at day of first estrus (f5) = 3.59, p = 0.003), () day of BPS (50 = 1.29, p=10.21), and (F)
corporal weight at day of BPS (f) = 4.35, p =0.0003) comparing genotypes. Females showed a delay in first estrus and
decreased body weight at first estrus, and males showed a decrease in body weight at day of BPS. G, Estrous cycles of 2 rep-
resentative females from each genotype. H, Bar graphs represent LH levels in diestrus (¢g = 0.93, p=0.38), ovariectomized
(OVX; sy = 0.33, p=10.75), and OVX supplemented with 17 3 -estradiol (E;; {7y = 0.30, p=0.77) mice comparing geno-
types. E, Estrus; P, proestrus; M, metestrus; D, diestrus. #p << 0.05; #:p << 0.01; unpaired two-tailed Student’s ¢ test.

The ZIm and ARH house the A13 and
A12 dopaminergic groups, respectively
(Hokfelt et al., 1976), both associated with reproductive physiol-
ogy (MacKenzie et al., 1984; Pasqualini et al., 1988; Sanghera et
al.,, 1991a). Previous studies have shown colocalization of TH,
the rate-limiting enzyme for catecholamine synthesis, with
GHRH immunoreactivity (ir) in rats and in GHRH-eGFP™" neu-
rons of mice (Meister et al., 1986; Phelps et al., 2003; Bouyer et
al, 2007). Using the GHRH™*-eGFP mouse, we found that
coexpression of eGFP- and TH-ir is mainly observed in the ZIm
(~30% of GHRH“"™'*-eGFP* neurons; Fig. 1D-G).

Mice with deletion of ERa in GHRH cells have altered growth
axis

The GHRH-eGFP™ neurons that coexpress ERa were restricted
to the POA, ZIm, and ARH. We found that ~20% of POA, 30%
of ZIm, and 45% of ARH GHRH-eGFP cells coexpress ERa in
adult females (Fig. 1H-0O). In adult males, ~15% of POA and
ZIm, and 48% of ARH GHRH-eGFP cells coexpress ERa.

The mouse model with specific deletion of ERa in GHRH
cells (GHRH*®R® mice) showed a minimal colocalization of
ERa in GHRH-eGFP™ neurons of the POA, ZIm, and ARH
(Fig. 1P-S), indicating that the Cre-LoxP procedure was
successful.

Phenotypically, GHRH**®* males and females showed
reduced body weight compared with littermate controls (Fig.
24). In GHRH*™®* males, a difference in body weight was
observed after 4 weeks of age, and after 5weeks of age in
GHRH*® females. Reduced body weight in GHRH****
females, but not in males, was associated with a significant
reduction in lean mass, but no changes in fat mass (Fig. 2B).
GHRH“*** males and females had reduced body length com-
pared with littermate controls at P60 (Fig. 2C).

Because of the effects on somatic growth, we assessed changes
in the expression of associated genes in adult (P60) male mice. A
reduction in ARH Ghrh expression was detected in GHRHA***
mice by ISH and qPCR from micro-punches (Fig. 2D-F). No
changes in ARH Sst (somatostatin) or Ghr (GH receptor) expres-
sion were observed between genotypes. Similar hepatic Ghr
expression was detected in both genotypes, but reduced hepatic
Igfl expression and circulating IGF-1 levels were observed in
GHRH”*** mice (Fig. 2G).

The GHRH*™ mice displayed an increase in tibia growth plate
thickness at P28 (Fig. 2H), with higher columnar chondrocyte pro-
liferation compared with ERa™ control males, suggesting a delay
in bone age in pubertal GHRH*™* mutant mice (Fig. 2I). No
GHRH-eGFP™ cells were detected in the growth plate, and no dif-
ference in growth plate thickness was observed in adult mice.
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body weight at the day of the first estrus
was reduced in GHRH*™  females (Fig.
3C,D). In males, no differences in age of
puberty onset, revealed by the day of
BPS, were detected comparing geno-
types, although GHRH**®* mice had
reduced body weight at that time point
(Fig. 3E,F). No differences in estrous
cycle length were noticed between
GHRH*™ and control littermates (Fig.
3G). No alterations in feedback actions of
estrogens on circulating LH levels were
observed in OVX or in OVX+E,
GHRH"PR* females (Fig. 3H).

GHRH"R-eGFP
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Figure 4.

Mice with deletion of ERx in GHRH cells have delayed
pubertal completion

Puberty onset (day of VO) and body weight at the day of VO
were not altered in GHRH*®R* mice with respect to controls
(Fig. 3A,B). In contrast, puberty completion was delayed and

AR GHRHAAR

Mice with deletion of AR in GHRH cells have normal growth, but females show delayed pubertal completion. 4,
B, Representative fluorescent micrographs showing colocalization (arrowhead) of AR- (magenta) and GHRH™ *-eGFP (green)
immunoreactivity (-ir) in the ZIm (28.28 = 9.93% of eGFP™ cells; A) and in the ARH (22.98 * 3.30%; B) in males. C,
Fluorescent micrograph showing AR-ir and GHRHT®/* -eGFP-ir in the ARH of GHRH™*" mice. Note lack of colocalization
(0.71 = 0.81%), indicating successful deletion of AR in GHRH neurons. Higher-magnification micrographs of the selected area
in A-C are shown in Aa, Bb, and Cc, respectively. D, Body weight progression in AR"" (n=10) and GHRH**® males (M;
n=16); and AR (n=17) and GHRHAM® females (F; n=21), by two-way repeated-measures ANOVA with Sidak's multiple
comparisons. E, Body length at P60 in GHRHAM (n=9) versus AR"Y (1= 14) males and GHRH™™® (n=16) versus AR""
(n=12) females. F, Day of BPS. G, Day of V0. H, First estrus. Note delay in pubertal completion (first estrus) in GHR
(n=13) compared with controls (n=15; t15) = 2.55, p=0.022). I, Representative estrous cycles of 2 mice from each geno-
type. No differences in estrous cycle were detected between genotypes (f3) = 1.89, p=0.071). *p << 0.05 (unpaired two-
tailed Student’s ¢ test with Welch’s correction). Each point represents 1 individual mouse. 3v, Third ventricle. Scale bar, 50 pm.

Deletion of AR specifically in GHRH
cells was validated using double immuno-
fluorescence for AR and GHRH-eGFP™"
cells (Fig. 4Cc). Minimal or virtually no
colocalization was observed in each of
the brain sites previously described.

Phenotypically, the absence of AR in
GHRH cells did not induce alterations in
body weight or body length in males or
females (Fig. 4D,E). The timing of gu-
berty onset was not altered in GHRH"*®
males and females (Fig. 4F,G). However,
the timing for puberty completion was
delayed in GHRH**® female mice (Fig.
4H). The estrous cyclicity was similar in
GHRH”*® mice compared with controls
(Fig. 4I). Collectively, our data demon-
strate that direct androgen signaling in
GHRH cells is required for typical puber-
tal completion in females but is not nec-
essary for growth in mice.

HAAR

Number of ARH GHRH"*-eGFP and
Kiss1“"*-eGFP neurons increases
during pubertal transition

ARH Ghrh gene expression is increased
by gonadal steroids (Zeitler et al., 1990;
Fodor et al., 2001; Kamegai et al., 2001;
Shimizu et al, 2005). Using the reporter mice, we evaluated
whether gonadal steroid-induced change in ARH Ghrh expres-
sion is associated with an increase in the number of GHRH“"-
eGFP neurons. GHRH ™ *-eGFP adult (P60) male and female
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mice showed an increase in the number of
ARH GHRH-eGFP™ cells compared with
prepubertal (P21) mice (Fig. 5A-E). These
findings indicate that an increase in the
number of ARH neurons expressing GHRH
occurs during pubertal transition.

Because the hypophysiotropic GHRH
neurons are mostly located in the ARH and
both mutant mice showed delay in pubertal
completion, we evaluated the potential
crosstalk between GHRH and Kissl neu-
rons. ARH Kissl expression increases dur-
ing pubertal transition (Takumi et al., 2011;
Semaan and Kauffman, 2015). Using a
transgenic mouse line, we initially evaluated
whether the number of ARH Kiss1“™-
eGFP cells change in males and females
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during pubertal development. Similar to
GHRH“""-eGFP adult mice, we found
that the number of ARH Kiss1“"-eGFP*
cells in males and females is higher in adult
mice (Fig. 5F-]). Specifically, adult diestrus
Kiss1“"® mice showed an increase in the
number of ARH eGFP" cells compared
with prepubertal (n=5/group; p=0.0004)
females. Likewise, compared with prepu-
bertal males, the number of ARH Kiss1“™-
eGFP neurons was elevated in adult (n=4
or 5/group; p=0.017) mice (Fig. 5)).
Notably, adult females showed a higher
number of ARH Kiss1“"*-eGFP™ cells com-
pared with adult males (p =0.03). Our data
indicate that, as observed for transcript lev-
els, pubertal transition is associated with an
increased number of Kiss1“"*-eGFP™ cells.
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Figure 5. Number of ARH GHRH®"-eGFP and Kiss1“*-eGFP neurons increases during pubertal transition. A-D,

GHRH"'"°™ neurons of adult females
coexpress Kiss1" 6"

Since gonadal steroids alter ARH Ghrh and
Kiss] expression and ablation of gonadal
steroid signaling in GHRH cells alters sexual
maturation, we investigated the intercon-
nection between both neuropeptide systems
at the central level during development. A
dual-reporter mouse model expressing GHRH"® * -tdTomato and
Kiss1-hrGFP (GHRH"™™::Kiss1™ ") was generated to determine
the potential and degree of colocalization between both neuronal
populations in the ARH of males and females.

In adult females, we found that ~32% of ARH GHRH''o™
neurons coexpress Kiss1"** and ~47% of ARH Kiss1"" "
neurons coexpress GHRH' "™ (Fig. 6A-E). In contrast, virtually
no coexpression of both reporter proteins was identified in
AVPV neurons of adult GHRH""°™::Kiss1™“*F mice. Reduced
colabeling (2%-3%) was detected in prepubertal (P21) female
mice (Fig. 6D,E). In males, ARH GHRH'""™™ cells showed mini-
mal colocalization with Kiss1™ ™ neurons at prepubertal
(<1%) and adult (3.04 = 0.99%) ages (Fig. 6F-H).

Lack of colocalization of Ghrh and KissI expression suggests
a shift in neuropeptide production of adult female ARH
neurons

In Kiss1""“" mice, the expression of the reporter gene is driven
by endogenous Kiss1 expression and virtually all ARH Kiss1™ "

Fluorescent micrographs showing distribution of GHRH®'*-eGFP™ in the ARH at prepubertal (P21) and adult (P60) ages in
males (4,8) and females (C,D). E, Quantification of number of ARH GHRH-eGFP ™ neurons during pubertal transition in males
and females (F; 16 = 6.6, p = 0.021). F~1, Fluorescent micrographs showing distribution for ARH Kiss1“*-eGFP™ cells at pre-
pubertal (P23) and adult males (F,G); and prepubertal (P15) and diestrus females (H,1). J, Quantification of number of ARH
Kiss1-eGFP™ neurons during pubertal transition in males and females (F(; 5) = 38.7, p << 0.0001; n = 4-6/group). Each point
represents 1 individual mouse. *p << 0.05 versus prepubertal; p << 0.05 versus adult males; two-way ANOVA with Tukey's
post hoc analysis. 3v, Third ventricle. Scale bar, 50 pm.

neurons coexpress KissI mRNA in both intact and OVX mice
(Cravo etal,, 2011). In GHRH'T®™ mice, however, the expression
of the reporter gene following Cre recombination is driven by a
ubiquitous promoter (R26) and labels cells that expressed Ghrh
during development. Thus, we assessed whether the GHRH'"*™
neurons in adult mice coexpress Ghrh mRNA. We found that, in
prepubertal (P21) and peripubertal (P28-P36) mice, ~90% of
ARH neurons coexpress both reporter gene and mRNA, whereas
in adult female only ~50% of GHRH'Y™™ neurons coexpress
Ghrh mRNA (Fig. 7A-G). This is in agreement with the increased
expression of Ghrh induced by gonadal steroids (Zeitler et al.,
1990; Fodor et al., 2001; Kamegai et al., 2001; Shimizu et al., 2005)
and the increased number of neurons expressing GHRH reporter
gene shown in Figure 5A-E.

We then further evaluated whether KissI and Ghrh transcripts
are colocalized in adult female mice. Females were evaluated in
diestrus and after OVX to optimize Kissl expression (Smith et
al., 2005). Very few or virtually no coexpression of both genes
was observed in diestrus or in OVX mice (Fig. 7H,I). This find-
ing indicates that, once pubertal completion is attained, a subset
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in the ZIm. Selective deletion of ERa in
GHRH cells disrupts growth in both sexes
and pubertal progression in females, and
lack of AR in GHRH cells causes only a
delay in female pubertal completion. Using
a mouse model of dual-reporter genes and
developmental analysis of Ghrh and KissI
expression, we found that a subset of
GHRH/ER« neurons appear to shift phe-
notype to become Kissl/ERa neurons in
adult females.

Gonadal steroid actions in the regula-
tion of endocrine function are attained
by targeting distinct levels of the neuro-
endocrine axes. Estrogens and androgens
(before or after aromatization) have a
well-defined effect in the growth plate to
regulate longitudinal growth, and in the
gonads to control fertility. However, dur-
ing pubertal maturation, our findings

[ Kiss1"e (G H

| Prepubertal || Pubertal || Adult |

demonstrate that the orchestrated actions
of both neuroendocrine axes are mainly
controlled by direct steroid actions in
hypothalamic neurons (Howard and
Dunkel, 2019).

Correlational observations have high-
lighted the crucial role of estrogens in
the activation of the GH axis during
pubertal growth spurt. For example, in-
dependent studies demonstrated that
ERa is expressed in a subset of GHRH

Figure 6. A subset of ARH GHRH™®™ neurons coexpress Kiss1™ " in adult females. 4, B, Fluorescent micrographs showing
the distribution of ARH Kiss1"®"" (green) and GHRHTom (magenta) neurons in the ARH in adult (P56) female. C, Merge of A
and B shows that a subpopulation of GHRH'™™ neurons coexpress Kiss1™"* (arrows). D, Quantification of ARH GHRH ™™™
neurons that coexpress Kiss1 WGP i prepubertal (P21: 2.31 = 1.38%) and adult (P60: 32.3 = 3.05%) females (n = 3-5/group).
E, Quantification of ARH Kiss1™ neurons that coexpress GHRH'™™ in prepubertal (3.32 = 2.23%) and adult (47.08 =
1.51%) females. F~H, Representative dual-fluorescent micrographs showing minimal colocalization of GHRH™™ and Kiss1"®™"
at three different stages of the male postnatal development: prepubertal (P21, n=4), pubertal (P36, n=3), and adult (P84,
n=15). Each point represents 1 individual mouse. *p << 0.05 (nonparametric two-tailed U test). ME, Median eminence; 3v,

neurons, and that estrogen administra-
tion increases Ghrh expression and acti-
vates the growth axis (Chowen et al,
1996; Hassan et al., 2001; Shimizu et al.,
2005). The number of GHRH-eGFP™"
neurons increases and their biophysical
properties change during pubertal transi-
tion. Both changes are not observed if

third ventricle. Scale bars: A-C, 20 um; F-H, 50 pum.

of ARH neurons (GHRH"™™ Kiss1™* "+ Ghrh mRNA) shifts
chemical phenotype from Ghrh to Kissl expression. Because vir-
tually all ARH Kissl neurons coexpress ER« at different stages of
development (Smith et al., 2005; Cravo et al., 2011; Kumar et al,,
2015; Greenwald-Yarnell et al, 2016), the subpopulation of
GHRH""™™ neurons directly responsive to estrogens (~45%)
likely overlaps with the dual-phenotype GHRH/Kiss1 neurons.

We next assessed whether lack of ERa in GHRH neurons
changes the pattern of colocalization of both reporter proteins in
adult females (GHRHAPRY14Tom. 1i551"GFP) Deletion of ERe in
GHRH neurons induced no changes in the percentage of ARH
GHRH""™™ neurons that coexpress Kiss1"“™" (34.74 + 0.84%,
n=4) in adult (P56) females. However, a small but significant
reduction in the percentage of ARH Kiss1"™** neurons that
coexpress GHRH'T*™ (29.38 + 2.40%; p=0.016, by two-tailed
U test) was observed.

Discussion

In this study, we show that subpopulations of hypothalamic GHRH
neurons express ERa or AR. Although the number of ARH GHRH
neurons coexpressing AR is low, higher colocalization was observed

mice are gonadectomized before puberty

(Gouty-Colomer et al., 2010; McArthur

et al, 2011). The role of estrogens in the
regulation of bone homeostasis and in the fusion of the growth
plate is also well defined (Ohlsson et al., 2012). Through ER« sig-
naling, estrogens stimulate the somatotropic axis increasing cir-
culating levels of GH and IGF-1 that directly act on skeletal
growth and epiphyseal fusion (Wu et al,, 2015). Whereas a con-
siderable body of evidence had been collected, whether direct
estrogen signaling via ERa in GHRH neurons is necessary for
pubertal growth spurt had not been demonstrated. In this regard,
our findings build on the current knowledge as they show that
estrogens act directly at the hypothalamic component of the
somatotropic axis. Deletion of ERa in GHRH neurons restrains
Ghrh expression and IGF-1 production, inducing a delay in epi-
physeal fusion and reduced body length. The latter may seem
puzzling as delayed epiphyseal fusion is usually associated with
increased body length in humans (Smith et al., 1994). However,
after considering species differences, it is important to bear in
mind that the effects of estrogens on linear growth are rather
broad and complex. Mice with global deletion of aromatase
(ArKO) or specific deletion of ERa in somatotrophs (sERa-KO
mice) displayed reduced basal pituitary GH mRNA levels
(Avtanski et al., 2014). Estradiol replacement in ArKO mice
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directly increases somatotrope Gh and
Ghrhr expression (Yan et al, 2004). ERs

Prepubertal

Adult

Peripubertal

are expressed in all zones of the growth
plate and appear to have opposite actions o
on bone physiology. The current model
predicts that low estradiol increases GH
and chondrocyte proliferation, and high
estradiol decreases GH-induced IGF-1
release and chondrocyte proliferation,
accelerating growth plate fusion (Mauras
et al., 1989; Weissberger et al., 1991). The
delay in pubertal completion observed in
GHRH”*R* female mice is in line with this
model. Puberty onset is not affected, but
increased estradiol is unable to modulate
the growth axis. Low circulating IGF-1
decreases the rate of chondrocyte prolifer-
ation and hypertrophy, and the further
stimulation of the gonadotropic axis,
delaying pubertal completion and epiphy-
seal fusion. Of note, these pubertal deficits
are similar to those described in self-lim-
ited delayed puberty (also known as con-
stitutional delay in growth and puberty),
the most common cause of delayed pu-
berty associated with short stature in ado-
lescents (Howard and Dunkel, 2019).

The role of androgens in GHRH neu-
rons was not as clear. Studies have pro-
posed that androgen modulation of the
somatotropic axis is attained via AR in so-
matostatin neurons or following aromati-
zation, via actions in ERs (Zeitler et al.,
1990; Herbison, 1995). The lack of growth
phenotype observed in GHRH*® mice is
in agreement with this model and demon-
strates that androgen signaling in GHRH
neurons is not required for growth.
However, the delayed sexual maturation in
female GHRH**® mice indicates that
direct androgen action in GHRH cells is
required for typical pubertal progression.
It is unlikely, though, that this outcome is
caused by changes in hypophysiotropic
ARH GHRH neurons because of the low
AR colocalization (~3%) in females. The
GHRH/AR neuronal population located in
the ZIm is a potential candidate in this
regard. A subset of ZIm GHRH neurons
coexpress TH, and TH expression in ZIm is modulated by go-
nadal steroids. Bilateral lesions of the ZIm disrupt LH preovula-
tory surge (Sanghera et al., 1991a,b). Thus, together with the
current knowledge, our findings indicate that the pubertal delay
observed in GHRH**® female mice is a result of altered ZIm
neuronal circuitry or activity in the absence of androgen signal-
ing. Additional studies are necessary to test this model.

In an attempt to gain insights into the mechanisms associated
with GHRH role in typical pubertal transition, we evaluated the
potential interaction with an essential neuropeptidergic system
for sexual maturation in humans and rodents. Kisspeptins,
encoded by the KissI gene, are key mediators of the estrogen
feedback mechanism for the control of pubertal timing and fer-
tility (Garcia-Galiano et al., 2012; Pinilla et al.,, 2012). Virtually

Figure 7.
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Changes in ARH Ghrh mRNA expression during development and localization with Kiss7 neurons. A-C,
Representative darkfield micrographs showing Ghrh mRNA (hybridization signal) in the ARH of prepubertal, peripubertal, and
adult (n = 3/group) females. D—F, Representative images of Ghrh mRNA (silver grains) distribution in ARH GHRH™™™ neu-
rons in prepubertal, peripubertal, and adult females. Insets, Higher-magnification micrographs of the selected area. G,
Quantification of ARH Ghrh mRNA coexpression with GHRH'™™ neurons during development. H, I, Representative confocal
dual-fluorescent micrographs showing the distribution of ARH Kiss7 (green) and Ghrh (magenta) mRNA expression in diestrus
phase. DMH, Dorsomedial nucleus of the hypothalamus; 3v, third ventricle. Each point represents 1 individual mouse. Scale
bars: A-C, H, 100 pum; D-F, I, 50 pum.

all ARH Kiss1 neurons express ERa at different stages of devel-
opment (Smith et al., 2005; Cravo et al., 2011; Kumar et al., 2015;
Greenwald-Yarnell et al., 2016). In adult female, but not male,
mice, about half of Kiss1™*" neurons coexpress the GHRH'"™*™,
Because prepubertal mice show very low colocalization of both
reporter genes and an increase in the number of Kiss1“"- or
GHRH“"*-eGFP cells was observed during pubertal transition, it is
likely that the colocalization is a result of estrogen’s action to
increase the expression of both neuropeptides in overlapping
neurons.

Deletion of ERe in KissI or Tac2 (encoding for neurokinin B)
cells (both colocalized in ARH, also known as KNDy neurons)
advances puberty onset but disrupts pubertal completion (Mayer
et al., 2010; Greenwald-Yarnell et al., 2016). Our mouse model
with deletion of ERa in a subset of Kissl neurons is consistent
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with these findings as it shows some aspects, albeit mild and par-
tial, of the reproductive phenotype. Puberty onset is not altered
in GHRH”** female mice, but completion is delayed.

The decrease in Ghrh expression is consistent with the pro-
gressive decline of GH secretion after pubertal completion
(Wennink et al., 1991). Because gonadal steroids synthesis con-
tinues and Ghrh and KissI coexpression is negligible, we predict
that a switch in the pattern of GHRH-Kissl expression and
secretion is established during pubertal transition. In support of
this concept are the studies showing that kisspeptins restrain GH
release independent of direct GH feedback actions (Whitlock et
al., 2010; Smith et al.,, 2018; Bohlen et al.,, 2019; Silveira et al,,
2019). Thus, the increase of kisspeptin in detriment of GHRH
release would be expected to decrease GH secretion and poten-
tially stimulate the gonadotropic axis. The decrease in colocaliza-
tion of GHRH'™™ and Kiss1™“** in mice lacking ERa in
GHRH neurons may explain in part the delay in female pubertal
completion. Additional studies will be necessary to assess the
direct role of estradiol on this phenotypic shift. Of note, pheno-
typic changes are observed in other hypothalamic neuronal pop-
ulations during embryonic and postnatal development (e.g.,
POMC/NPY/Kiss1 in the ARH), and in distinct physiological
states (e.g., VGAT/vVGLUT?2 during rat estrous cycle in the pre-
optic area) (Ottem et al., 2004; Nilsson et al., 2005; Padilla et al.,
2010; Sanz et al., 2015).

The lack of GHRH/Kiss1 colocalization in male mice is also
remarkable. It unravels a key feature in the sex differences in the
pattern of GH release and in the gonadal steroids control of
growth and puberty (Frantz and Rabkin, 1965; Wennink et al,,
1991; Steyn et al., 2016).
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