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ABSTRACT

Sex steroid hormones act on hypothalamic kisspeptin neurons to regulate reproductive neural
circuits in the brain. Kisspeptin neurons start to express estrogen receptors (ERS) in utero,
suggesting steroid hormone action on these cells early during development. Whether
neurosteroids are locally produced in the embryonic brain and impinge onto
kisspeptin/reproductive neural circuitry is not known. To address this question, we analyzed
aromatase expression, a key enzyme in estrogen synthesis, in male and female mouse
embryos. We identified an aromatase neuronal network comprising ~6000 neurons in the
hypothalamus and amygdala. By birth, this network has become sexually dimorphic in a
cluster of aromatase neurons in the arcuate nucleus adjacent to kisspeptin neurons. We
demonstrate that male arcuate aromatase neurons convert testosterone to estrogen to regulate
kisspeptin neuron activity. We provide spatio-temporal information on aromatase neuronal
network development and highlight a novel mechanism whereby aromatase neurons regulate

the activity of distinct neuronal populations expressing ERs.
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SIGNIFICANCE STATEMENT

Sex steroid hormones such as estradiol are important regulators of neural circuits controlling
reproductive physiology in the brain. Embryonic kisspeptin neurons in the hypothalamus
express steroid hormone receptors, suggesting hormone action on these cells in utero.
Whether neurosteroids are locally produced in the brain and impinge onto reproductive neural
circuitry is insufficiently understood. To address this question, we analyzed aromatase
expression, a key enzyme in estradiol synthesis, in mouse embryos and identified a network
comprising ~6000 neurons in the brain. By birth, this network has become sexually dimorphic
in a cluster of aromatase neurons in the arcuate nucleus adjacent to kisspeptin neurons. We
demonstrate that male aromatase neurons convert testosterone to estradiol to regulate

kisspeptin neuron activity.
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INTRODUCTION

Sex steroid hormones are important regulators of the neural circuits controlling reproductive
physiology and behavior in the brain (McCarthy, 2008; Micevych and Meisel, 2017,
Balthazart, 2020; Ventura-Aquino and Paredes, 2020). Within this neuronal network, sex
steroid signals are detected by kisspeptin neurons in the hypothalamus and then relayed to
gonadotropin releasing hormone (GnRH) neurons (Pielecka-Fortuna et al., 2008; Lehman et
al., 2010; Mayer et al., 2010; Dubois et al., 2015; Yip et al., 2015; Dubois et al., 2016; Wang
et al., 2018). GnRH is released from axon terminals in the median eminence at the base of the
brain and then acts on gonadotrope cells in the anterior pituitary gland to regulate gonadal
function (Glanowska et al., 2012; Candlish et al., 2018). Synaptic communication between
kisspeptin and GnRH neurons is established during embryonic development of the murine
brain (Kumar et al., 2014; Kumar et al., 2015). Embryonic kisspeptin neurons start to express
estrogen receptor o (ERa) in both males and females and androgen receptor (AR) in males,
suggesting that the Kkisspeptin/GnRH neural circuits become steroid-hormone-sensitive in
utero and raising the possibility that steroid hormones may act on these cells early during

development.

Sex steroids are not only gonadal in source but can also be produced locally in the brain
(Kenealy et al., 2013; Kenealy et al., 2017). Aromatase is encoded by the Cyp19A1 gene and
converts androgen into estrogen (Santen et al., 2009). Aromatase expression has been
detected in the brain of different species (Balthazart et al., 1991; Wagner and Morrell, 1997;
Sasano et al., 1998; Wacker et al., 2016). Whether neurosteroids are locally produced in the
embryonic mouse brain and impinge onto kisspeptin/GnRH neural circuits is not known. At
late embryonic stages and during the first days after birth in rodents, estrogen is needed in
males to masculinize the brain (Scordalakes and Rissman, 2004; McCarthy, 2008; Wu et al.,
2009). Consistent with this, blocking of estrogen access prevents defeminization of the male

brain (Vreeburg et al., 1977). During this critical time period, alpha-fetoprotein protects the
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embryos from maternal estrogen synthesized in the placenta (Toran-Allerand, 2005; Bakker et
al., 2006; De Mees et al., 2007).

Reliable antibodies against aromatase have been difficult to produce due to the enzyme's
localization in the membrane of the endoplasmic reticulum. The detection of aromatase
mRNA in the brain has been hampered by low expression levels in this tissue. More recently,
reporter mouse strains have provided important insights into aromatase expression in the
rodent brain (Wu et al., 2009; Stanic et al., 2014). These studies identified aromatase neurons
in distinct regions important for sexual and aggressive behavior and reproduction (Unger et
al., 2015) and demonstrated that aromatase expression is sexually dimorphic in adults.
Aromatase is already expressed in the brain before puberty and is important for the
masculinization of the brain (Wu et al., 2009). While previous studies had provided some
experimental evidence for aromatase expression in the embryonic rodent brain (Sanghera et
al., 1991; Lephart et al., 1992; Lauber and Lichtensteiger, 1994), the individual neurons and

the respective neural circuits expressing aromatase in utero have remained elusive.

Capitalizing on reporter mice, we find that aromatase is specifically expressed in distinct
neurons in the murine forebrain as early as embryonic day 13.5, developing into an aromatase
network comprising ~6000 neurons in the hypothalamus and the amygdala in utero. At birth,
we identified a cluster of aromatase neurons in the arcuate nucleus immediately adjacent to
kisspeptin neurons in the male, but not in the female hypothalamus. We demonstrate that
testosterone impinges on the firing activity of Kisspeptin neurons, likely mediated by estradiol

through endogenous aromatization in the brain.
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MATERIALS AND METHODS

Experimental Design

We analyzed aromatase expression in utero and after birth capitalizing on the Aromatase-
IRES-Cre (ArIC) (Unger et al., 2015) knock-in mouse strain crossed with eROSA26-tGFP
(eR26-tGFP) (Wen et al., 2011) animals, resulting in ArlC/eR26-tGFP reporter mice.
Expression from the ROSA26 locus results in tGFP exclusively labeling aromatase expressing
cells and fibers enabling quantification of tGFP expressing neurons (n = 3-5 for males and n
= 3-4 for females). Acute expression of aromatase and other key genes of the esotrgen
synthesis chain was analysed by qPCR (n = 3-4 animals per age and sex). Relation of tGFP
cells to ERa-expressing cells was investigated by measuring the distance between tGFP and
ERa neurons (n = 3 for each sex and age). Whole-cell patch-clamp recordings in kisspeptin
neurons were used to investigate the influence of estrogen on kisspeptin neuron firing in 4-7

days old males (n = 33 cells) and females (n = 6 cells, Table 8-1 —8-3).

Mice

Animal care and experimental procedures were approved by the animal welfare committee of
the Saarland University and performed in accordance with their established guidelines. Mice
were kept under a standard light/dark cycle (lights on at 7 AM and off at 7 PM) with food and
water ad libitum. To label aromatase-expressing cells, we crossed ArlC mice with eR26-
tGFP animals. In the resulting ArlC/eR26-tGFP mice, Cre recombinase is bicistronically
expressed under control of the Cyp19A1 promotor. Cre-mediated recombination results in the
removal of a strong transcriptional stop cassette from the ROSA26 locus and subsequent
constitutive expression of tGFP exclusively labeling aromatase expressing cells and fibers.
All animals used in this study were heterozygous for the ArIC and the eR26-tGFP alleles,
respectively and analysed at the following developmental stages: embryonic day 12.5 (E12.5),

E13.5, E16.5 and E18.5 and at postnatal day 0 (PO0).
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KP-ZsGreen transgenic mice used for whole-cell patch-clamp electrophysiology were
generated by breeding Kissl-Cre transgenic mice (Yeo et al., 2016) with the
Gt(ROSA)26Sor_CAG/LSL_ZsGreenl Tm indicator strain (The Jackson Laboratory, JAX
No. 007906) at the Medical Gene Technology Unit of the Institute of Experimental Medicine,
Budapest, Hungary. Newborn (P4-7) male KP-ZsGreen mice heterozygous for the KP-Cre
allele were housed in light- (12:12 light-dark cycle, lights on at 06:00 h) and temperature-
controlled environment (22 + 2°C), with free access to standard food and water. All animal
studies were carried out with permissions from the Animal Welfare Committee of the IEM
(Permission Number: A5769-01) and in accordance with legal requirements of the European
Community (Directive 2010/63/EU). Experiments were designed in accord with accepted

standards of animal care and all efforts were made to minimize animal suffering.

Tissue preparation

Embryonic tissue was prepared as described previously (Kumar and Boehm, 2014). In brief,
pregnant mice were anesthetized and killed, the embryos removed, washed in ice-cold PBS
and immersed in 4% paraformaldehyde (PFA) on ice overnight. Whole embryos (E12.5 and
E13.5) or embryo heads (E16.5 and E18.5) were then transferred to 30% sucrose and kept at
4°C until they sank. The embryos were frozen in optimal cutting solution (Leica) and 14 um
sagittal sections were prepared using a cryostat. Embryo tail biopsies were digested in lysis
buffer, genotyped and used for sex determination by PCR (Agulnik et al., 1997), as described
previously (Kumar and Boehm, 2014). At PO, mice were perfused transcardially with 4%
PFA under ketamine/xylazine anaesthesia. Brains were removed, postfixed in 4% PFA for 2
hours on ice, transferred to 30% sucrose at 4°C until they sank and frozen in tissue freezing
medium (Leica, Nussloch, Germany). Coronal sections (14 pm), were prepared using a

cryostat (Leica) and stored at -80°C until use.

Immunofluorescence
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Sections from ArlC/eR26-tGFP mice were incubated in PBS with 10% donkey serum
(Jackson Immunoresearch, West Grove, PA, USA), 3% BSA (Sigma, St. Louis, MO, USA)
and 0.3% TX-100 for 1 hour at 20-25°C, followed by incubation with chicken anti-GFP
antiserum (1:1,000; A10262; Invitrogen, Carlsbad, CA, USA), diluted in PBS at 4°C
overnight. Sections were then incubated in goat anti-chicken Alexa 488 (1:500; A11039;
Invitrogen) in PBS for 2 hours at 20-25°C. Subsequently, sections were either incubated in
primary antisera against ERa. (1:1000; 06-935; Millipore, Burlington, MA, USA), diluted in
PBS (overnight at 4°C) or against kisspeptin (1:500, AB9754, Millipore, St. Louis, MO,
USA), diluted in PBS (48 h at 4°C) and then treated with anti-rabbit 1gG antiserum (1:500;
711-165-152; Jackson Immunoresearch), diluted in PBS, for 2 hours at 20-25°C. Nuclei were
stained with Hoechst solution (1:10000, Sigma) in PBS for 10 minutes and the sections were
mounted with Fluoromount-G (Southern Biotech, Birmingham, ALA, USA). Slides were
analyzed on an Axioskop2 microscope equipped with AxioVision software (Zeiss, Jena,

Germany) or an Axio Scan.Z1 with Zen-Blue software (Zeiss).

Quantification of neurons

Neurons were manually counted in every fifth section using the ImageJ Cell Counter plugin.
tGFP and kisspeptin neurons were counted based on positively stained cytoplasm and ERa
neurons were counted based on nuclear signal. Counted numbers were multiplied by 2.5 to
estimate the total number of neurons per brain (Boehm et al., 2005). Fiber density was

qualitatively determined and grouped in four different categories based on intensity.

ERa distance measurements

Distances between tGFP-positive, but ERa-negative neurons and tGFP-negative/ERa-
positive cells were calculated with the line tool in the Zen-Blue software (Zeiss). Randomly
chosen cells from three different animals per age and sex group were included in the

calculation.
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RT-PCR

Total RNA from E12.5, E13.5, E16.5 and E18.5 embryo brains was isolated with the RNeasy
Mini Kit (Qiagen) according to the manufacturer's instructions and the RNA concentration
was measured using a Nanodrop. Total RNA was treated with DNase (TURBO DNA-free Kit,
Invitrogen) before cDNA was synthesized using the Maxima First Strand kit (Thermo
Fischer) according to manufacturer's instructions. Quantitative RT-PCR reactions with
primers against Cypllal, Cypl7al, Cypl9al and p-actin were performed using the
SensiFAST SYBR No-ROX kit (Bioline). Controls without template and without reverse

transcriptase, respectively, were included.

Brain slice preparation

Neonatal male and female KP-ZsGreen mice (P4-7) were killed by decapitation after deep
isoflurane anesthesia. The heads were immersed in ice-cold low-Na" cutting solution bubbled
with carbogen (a mixture of 95% O, and 5% CO,) and the brains were removed rapidly from
the skull. The cutting solution contained the following (in mM): saccharose 205, KCI 2.5,
NaHCO; 26, MgCl, 5, NaH,PO, 1.25, CaCl, 1, glucose 10. Hypothalamic blocks were
dissected, and 200 um-thick coronal slices were prepared with a VT-1000S vibratome (Leica
Microsystems, Wetzlar, Germany) in the ice-cold oxygenated cutting solution. Slices
including the arcuate nucleus (ARC) were transferred into artificial cerebrospinal fluid
(aCSF) containing (in mM): NaCl 130, KCI 3.5, NaHCO;3; 26, MgSO, 1.2, NaH,PO, 1.25,
CaCl, 2.5, glucose 10 and allowed to equilibrate for 1 h. The aCSF was bubbled with
carbogen and the temperature was allowed to decrease slowly from 33°C to room

temperature.

Whole-cell patch-clamp recordings
Recordings were carried out in carbogenated aCSF at 33°C, using an Axopatch-200B patch-

clamp amplifier, a Digidata-1322A data acquisition system, and a pCLAMP 10.4 software
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(Molecular Devices Co., Silicon Valley, CA, USA). The patch electrodes (OD = 1.5 mm, thin
wall; WPI, Worcester, MA, USA) were prepared with a Flaming-Brown P-97 puller (Sutter
Instrument Co., Novato, CA, USA). Electrode resistance was 2—-3 MQ. The intracellular
pipette solution contained (in mM): K-gluconate 130, KCI 10, NaCl 10, HEPES 10, MgCl,
0.1, EGTA 1, Mg-ATP 4, Na-GTP 0.3. pH=7.2-7.3 with KOH. Osmolarity was adjusted to
300 mOsm with D-sorbitol. To eliminate any direct androgen receptor-mediated response to
testosterone, the androgen receptor blocker flutamide (1 uM; Tocris; Bristol, UK) (Yang et
al., 2018) was included in the intracellular pipette solution. Once the whole-cell patch-clamp
configuration was achieved, the intracellular milieu was allowed to reach an equilibrium for
15 min before the recording was started. To eliminate indirect transsynaptic actions of
testosterone, spike-mediated neurotransmitter release was blocked in all experiments by the
addition of the GABAA-R blocker picrotoxin (100 uM, Tocris) and the glutamate-receptor
blocker kynurenic-acid (2 mM, Sigma) to the aCSF 10 min before recording. KP-ZsGreen
neurons of the Arc were visualized with a BX51WI IR-DIC microscope (Olympus Co.,
Tokyo, Japan) placed on an antivibration table (Supertech Ltd., Hungary-Switzerland) using a
brief illumination at 470 nm and an epifluorescent filter set. Firing was recorded in current-
clamp mode with a holding current of 0 pA. Following a 5-min control recording period,
aCSF was replaced with aCSF containing 50 nM testosterone (similar to the male serum T
concentration (Travison et al., 2017; Kapourchali et al., 2020) or 17B-estradiol (E2) and the
recording continued for 10 additional minutes. Other measurements were carried out in the
presence of the aromatase-inhibitor letrozole (100 nM, Tocris) (Kretz et al., 2004; Scarduzio
et al., 2013) or the broad-spectrum estrogen-receptor antagonist 1CI1182,780 (Faslodex, 1 uM,
Tocris) (Chu et al., 2009; Balint et al., 2016). The blockers were added to the aCSF 15 min
before testosterone (i.e. 10 minutes before the control recording started) and were present
throughout the recording. In some measurements, letrozole was applied intracellularly (100
nM), together with flutamide (1 uM) to eliminate endogenous aromatase activity that might
occur within Kisspeptin neurons. Each neuron served as its own control when drug effects

were evaluated.
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Statistical methods

All data are presented as the mean + SEM. Two-tailed unpaired Student’s t tests were used to
determine statistical significance in all counting experiments. Patch-clamp recordings were
stored and analyzed off-line. Event detection was performed using the Clampfit module of the
PClamp 10.4 software (Molecular Devices Co., Silicon Valley, CA, USA). Firing rates within
the 10-min treatment periods were presented and then illustrated in the bar graphs as
percentages of the firing rate of the 5 min control periods that is all experiments were self-
controlled in each neuron. Two-tailed unpaired Student’'s t tests were used to determine
statistical significance in each group of these percentage firing rate data. These percentage
data characterizing the different treatment groups were then compared by ANOVA, followed

by Tukey’s post-hoc test. Statistical differences were considered significant at p < 0.05.
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RESULTS

In utero aromatase expression is initiated in the brain

To identify aromatase neurons in the embryonic mouse brain, we generated reporter mice in
which cells activating the promoter of the Cyp19A1 gene are tagged with tGFP (ArlC/eR26-
TtGFP; Fig. 1A). The tGFP fusion protein is actively transported along the axonal
microtubules (Mombaerts et al., 1996) visualizing both aromatase-positive perikarya and their
projections. While we did not find fluorescent signal in either male or female brains at
embryonic day 12.5 (E12.5; Fig. 1B), we detected tGFP cells at E13.5 (Fig. 1C and 1D, Table
1-1). The fluorescent cells were restricted to two distinct forebrain nuclei, the preoptic area
(46.0 £ 5.6 TGFP cells in males; 48.8 + 14.9 cells in females) and the stria terminalis (17.5 =
4.2 cells in males; 23.1 £ 6.3 cells in females; n = 4-5 animals), respectively. Both nuclei also
contained some tGFP fibers in close apposition to the labeled somata. Of note, fluorescent
cells were not apparent in any other tissue of fetuses, demonstrating that in utero aromatase

expression is restricted to the brain.

Development of an embryonic aromatase neural network

The total number of aromatase neurons increased throughout embryonic brain development to
>6000 neurons before birth (E13.5: 63.5 + 6.2 vs. E16.5: 3921 + 380.4 vs. E18.5: 6073 +
324.1 tGFP+ cells in males (n = 3-5 animals) and E13.5: 56.3 £ 12.9 vs. E16.5: 3330 £ 262.2
vs. E18.5: 6583 + 458.5 cells in females (n = 3-4 animals; Fig. 1B, Table 1). Aromatase
expression was restricted to distinct nuclei in the hypothalamus and the amygdala/stria
terminalis at all stages analysed (Fig. 2). Furthermore, fluorescent cells were not detected in
any other embryonic tissues, indicating that in utero aromatase expression remains to be
restricted to the brain.

At E16.5, most aromatase neurons were identified in the medial amygdaloid nucleus (1047.5
+ 88.8 cells in males, 839.3 + 83.8 cells in females) and the medial preoptic area (1070.8 +

178 cells in males, 996.8 + 70.3 cells in females, n = 3 animals) (Fig. 1B and Table 1-2). Both

11
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nuclei were also decorated with extensive fluorescent fibers (Fig. 1C and 1D). Additional
aromatase neurons were detected in the cortical amygdaloid nucleus and in the optic tract. We
also found fluorescent somata and dense fibers in the stria terminalis, the bed nucleus of the
stria terminalis, the ventromedial and the dorsomedial nuclei, the paraventricular nucleus and
the medial tuberal nucleus. We detected more tGFP+ neurons in the dorsomedial nucleus in
female animals when compared to males (unpaired Student’s T-test: p = 0.0258, Table 1-2).
Numerous tGFP fibers were found to be in close contact with other fluorescent somata and/or
fibers, suggesting an aromatase neural network (Fig. 1E). A few aromatase neurons were
located in the lateral preoptic and the lateral hypothalamic areas, respectively.

At E18.5 (Fig. 1B and F), aromatase expression was picked up in the amygdalohippocampal
area (135.8 £ 39.3 cells in males, 150 + 45.1 cells in females, n=3 animals). A few tGFP
fibers were apparent in the amygdalohippocampal area and the cortical amygdaloid nucleus.
In contrast, both the optic tract and particularly the medial amygdaloid nucleus contained
dense fluorescent fibers, decorating almost the entire nucleus and coming in close contact
with numerous aromatase neuron cell bodies (Fig. 1F, Table 1 and Table 1-3). Fluorescent
neurons and fibers in the hypothalamus remained restricted to the nuclei identified at E16.5,
with somewhat increased cell numbers. Most aromatase neurons were found in the medial
preoptic area with 2722.5 + 123.5 cells in males and 2885 + 217.4 cells in females (n = 3
animals). This individual nucleus also showed the highest increase in tagged cells when
compared to E16.5 embryos. In the dorsomedial nucleus more reporter gene expressing
neurons were found in females, comparable to E16.5 animals (unpaired Student’s T-test: p =
0.0344, Table 1-3). The medial tuberal nucleus, the lateral hypothalamic and the lateral
preoptic areas only contained sparse fluorescent fibers, whereas the other tGFP nuclei
displayed dense tGFP fibers. The stria terminalis contained particularly dense fluorescent
fibers comparable to the medial amygdaloid nucleus. Of note, we did not pick up any gross
sexual dimorphism in the aromatase expression pattern in any nucleus at any embryonic

developmental stage analyzed (Fig. 1B).

12
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To corroborate these findings, we performed quantitative RT-PCR for the Cypl19al gene
(catalyzing both the conversion of androstendione to estrone and of testosterone to estradiol)
and also for other key enzymes in steroid synthesis, the Cypllal (converting cholesterol to
pregnolone) and Cypl7al genes (converting pregnolone to 17 alpha hydroxypregnolone and
to 17 alpha hydroxypregnolone dehyroepiandrosterone, DHEA), respectively, in E12.5,
E13.5, E16.5 and E18.5 animals of both sexes (Fig. 3). We detected very low amounts of
Cypl9al mRNA just above the detection threshold at E12.5 and a trend towards some
increase at E13.5. Cyp19al expression then increased substantially at E16.5 (E13.5 vs. E16.5
unpaired Student’s T-tests: p = 0.0219 for females, p = 0.0064 for males; n = 3-4), consistent
with higher numbers of aromatase neurons revealed by genetic labeling at this age.

Cypllal expression levels increased from E12.5 to E13.5 in females (unpaired Student’s T-
test: p = 0.0872, n = 4), but not in males. Expression increased further at E16.5 (unpaired
Student’s T-test: p = 0.0232, n = 3-4) and remained at this plateau at E18.5. Cypl7al
expression increased from E12.5 to E13.5 in females (unpaired Student’s T-test: p = 0.0075, n
= 4) with a trend to a further increase at E16.5.

With the sole exception of Cypl7al expression at E13.5, where females expressed more
mMRNA than males (unpaired Student’s T-test: p = 0.0195, n = 3-4), we did not find age-

specific sex differences in expression of these key enzymes in steroid synthesis.

Distinct neural circuits become estrogen-sensitive in utero

Aromatase, Kisspeptin, GPR54/kisspeptin receptor and estrogen receptor o. (ERa) expression
all start at E13.5 in the male and female murine brain (Kumar et al., 2014; Kumar et al.,
2015), suggesting temporal orchestration and raising the possibility, that locally produced
neurosteroids impinge onto estrogen-sensitive neural circuits in utero. To characterize the
respective circuitry and test whether estrogen-sensitivity may provide an autocrine feedback
mechanism in aromatase neurons, we immunolabeled sections prepared from ArlC/eR26-

tGFP brains with antibodies against ERa.. We focused on ERa in this study as it has been
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shown to play a major role in the development and regulation of the reproductive axis
(Walker and Korach, 2004; Mayer et al., 2010). We did not detect immunofluorescence
signals for ERa in E12.5 embryos (Fig. 4), consistent with previous reports (Kumar et al.,
2014; Kumar et al., 2015). While ERo. immunoreactivity was apparent in multiple nuclei at
E13.5, it did not colocalize with aromatase neurons in females or in males (Fig. 4, Table 4-1).
In contrast, ~15% (14.7% + 0.6% in males, 14.8% + 0.7% in females, n = 3 animals) of all
aromatase neurons expressed ERo at E16.5. Specifically, some colocalization between
aromatase and ERa signals was picked up in the amygdala, the optic tract and the stria
terminalis, while we did not observe ERa expression in most hypothalamic aromatase
neurons.

The medial tuberal nucleus exhibited the highest colocalization rate (57.1% * 12% in males,
44.4% + 3.2% in females) but contained only few aromatase neurons (Table 4-2). Vice versa,
the medial preoptic area with the highest number of aromatase neurons only showed a low
rate of colocalization (11.4% + 1.6% in males, 7.6% + 3.2 in females).

ERa-positive aromatase neurons remained at similarly low frequency at E18.5 (14% + 0.5%
of aromatase neurons in males, 16.7% * 1.3% in females; Table 4-3). For example, while we
did observe intense ERa. staining in the optic tract, we found that hardly any tGFP somata
overlapped with the ERa population. ERa-positive aromatase neurons increased somewhat in
total numbers when compared to E16.5 (unpaired Student’s T-tests: p = 0.0168 for males and
p = 0.0051 for females, Table 4-2 and 4-3). Taken together, these data suggest little autocrine

estrogen action on aromatase neurons in the embryonic mouse brain via ERa..

Aromatase neurons are in close proximity to estrogen-sensitive circuits

We next investigated the spatial relationship between aromatase and estrogen-sensitive
neurons and determined the mean distance between these cells in the medial preoptic area of
the hypothalamus. We found average distances corresponding to ~2-3 cell diameters between

aromatase and ERa neurons (61.4 um in males and 50.9 pm in females at E13.5, 44.6 um in
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males and 38.9 um in females at E16.5, 55.2 um in males and 50.1 um in females at E18.5).
Similar distances were determined in the medial amygdaloid nucleus (26.4 um in males and
25.9 um in females at E16.5, 47.4 um in males and 42.9 um in females at E18.5). Taken
together, these data demonstrate that most aromatase neurons are in close proximity to
estrogen-sensitive neurons in the embryonic mouse brain and raise the possibility that locally

synthesized estrogen acts on adjacent ERa-positive but aromatase-negative cells (Fig. 5).

Sexually dimorphic aromatase expression in the arcuate nucleus at birth

Aromatase expression at PO remained restricted to nuclei of the amygdala and hypothalamus.
We detected more aromatase neurons in the female medial preoptic area (unpaired student’s
T-test: 0.0418) (Figure 6 and Table 6-1). Colocalization rates between aromatase neurons and
ERa neurons in PO animals were also similar to embryonic brains with the majority of nuclei
showing no sex differences. Exceptions were the medial division, posteromedial part of the
bed nucleus of stria terminalis (26.44 % + 4.14% in females and 3.81% =+ 2.23% in males,
unpaired Student’s t-test: p = 0.0018), the medial amygdaloid nucleus, posterodorsal part
(43.83% =* 8.66% in females and 9.52% + 3.13% in males, unpaired Student’s t-test: p =
0.0390) and the posteromedial cortical amygdaloid nucleus (11.80% + 4.59% in females and
2.66% + 1.60% in males, unpaired Student’st-test: p = 0.0390, Table 6-2).

To test the hypothesis that aromatase neurons may act as local producers of estrogen and to
determine whether neurosteroids act on reproductive neural circuits just after birth, we
analysed the spatial relationship between aromatase and kisspeptin neurons. Kisspeptin
neurons are restricted to the arcuate nucleus of the hypothalamus until puberty and express
ERa (Kumar et al., 2014; Kumar et al., 2015). We did not detect aromatase neurons in the
arcuate nucleus in either males or females throughout embryonic development (Fig. 7, 7-1
and 7-2).

However, this changed at birth (Fig. 6). At PO, we found a cluster of tGFP neurons in the

male arcuate nucleus (176 = 64.1 tGFP cells, n = 5 animals, Table 6-1). This aromatase
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neuron cluster was notably absent in the female arcuate nucleus, demonstrating sexually
dimorphic aromatase expression in this area of the hypothalamus at birth.

We next stained brains sections prepared from ArlC/eR26-tGFP brains with antibodies
against kisspeptin. While none of the arcuate aromatase neurons expressed kisspeptin (Fig. 8
A), these two neuronal subtypes were always in the immediate vicinity of each other,

suggesting steroid hormone action on kisspeptin neurons in the male mouse brain at birth

(Fig. 9).

Inhibition of arcuate kisspeptin neurons by testosterone requires estrogen production by
aromatase neurons

We hypothesized that aromatase neurons in the developing brain generate neuroestrogens
from brain-born and/or circulating androgens to regulate the activity of the adjacent estrogen-
sensitive cells. To test this hypothesis, we used electrophysiology on acute brain slice
preparations comprising the arcuate nucleus from newborn (P4-P7) male mice with
genetically labeled kisspeptin neurons. We carried out whole-cell patch-clamp experiments in
current-clamp mode to record the firing of fluorescent Kisspeptin neurons expressing
ZsGreen. Indirect transsynaptic actions of testosterone (T) were eliminated by including
picrotoxin and kynurenic acid in the aCSF. We also added the androgen receptor (AR)
antagonist flutamide (100 nM) to the electrode solution to block AR-mediated direct
responses of the recorded kisspeptin neuron to T. As most kisspeptin neurons showed no
spontaneous activity, a 10 pA depolarizing current was applied during the entire recording
period to induce and maintain firing. Firing of Kisspeptin neurons (n = 33) was typically
irregular with frequent burst-like patterns and 3-5 minute-long-oscillations between peaks and
nadirs. This observation fitted well with the activity patterns reported for adult mice
(Clarkson et al., 2017; Vanacker et al., 2017). The mean firing rate during the 5-min control
period was 2.26 £+ 0.54 Hz (n=7 cells) but decreased significantly following T administration
(50 nM) to 54.1 + 15.3 % of the control rate (Student’s t-test, p = 0.0242) (Fig. 8 B, 1%

column in Fig. 8 | and Table8-1). Neuronal activity started to decline 3.4 £ 1.1 min after T
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application to the aCSF. A washout effect was reflected in the slow increase in neuronal
activity 15-20 min after T treatment was suspended (Fig. 8 C). The reduced firing rate of
kisspeptin neurons in response to T treatment resembled the estrogen response of adult
kisspeptin neurons (Cholanian et al., 2014; Ruka et al., 2016).

This resemblance and the absence of detectable aromatase signal in kisspeptin neurons (see
above) raised the possibility that T requires conversion to estradiol by aromatase neurons to
inhibit kisspeptin neuron firing. Therefore, we replicated the above experiment with both T
and the aromatase inhibitor letrozole (100 nM) in the aCSF. Following a 5-min control period
with letrozole in the aCSF, the recording was continued for 10 min in the presence of T.
Preincubation of the slice with letrozole completely prevented the effect of T on kisspeptin
neuron firing (112.0 = 8.16 % of the control value 1.8 + 0.48 Hz, Student’ t-test, p=0.2029,
n=6 cells) (Fig. 8 D, 2" column in Fig. 8 | and Table 8-1). This observation indicated that T
needs to be converted to estradiol by aromatase in order to act on ERs in kisspeptin neurons.
Indeed, T was unable to alter Kisspeptin neuron activity in the presence of the ER inhibitor
IC1182,780 (108.5 + 16.92 % of the control value 1.8 + 0.21 Hz, Student’s t-test, p=0.632,
n=8 cells) (Fig. 8 E, 3" column in Fig. 8 I and Table 8-1). Although aromatase neurons do not
seem to express kisspeptin in our immunohistochemical analyses, a recent RT/PCR study
reported the presence of the aromatase transcript in pooled kisspeptin neurons of the
developing murine arcuate nucleus (Alfaia et al., 2019). To rule out that T is converted to
estradiol by a low level of endogenous aromatase in these cells and to prove that T acts
mostly indirectly on kisspeptin neurons, letrozole (100 nM), in addition to flutamide, was
added to the electrode solution and then, the effect of T re-assessed. T application in this
study resulted in a significant decrease in Kkisspeptin neuron firing (57.7 £ 9.24 % of the
control value 1.9 + 0.31 Hz, Student’s t-test, p=0.0025, n = 8 cells) (Fig. 8 F, 4™ column in
Fig. 8 | and Table 8-1), which was similar to the effect of T alone (1st column Fig. 8 I).

This observation indicated that endogenous aromatase has only minor, if any contribution to
the T effect on kisspeptin neuron firing; therefore, the mechanism whereby T acts on

kisspeptin neurons is via aromatization in other neurons. To confirm the key role of E2 in the
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inhibition of arcuate Kisspeptin neurons upon T administration, we replaced T with an
equimolar concentration of E2 in the next experiment. Administration of 50 nM E2 evoked a
substantial decrease in the firing rate of kisspeptin neurons (52.7 £ 11.47 % of the control
value of 1.98 + 0.21 Hz, Student’ s t-test, p=0.0091, n = 6 cells) (Fig. 8 G, 5" column in Fig. 8
I and Table 8-1), mimicking the effect of T.

If arcuate aromatase neurons account for the conversion of T to E2 in males, we hypothesized
that T would not produce the same effect in females which lack aromatase neurons in the
ARC. Indeed, T did not affect the firing rate of ARC kisspeptin neurons in newborn female
mice (112.2 + 8.11 % of the control value of 2.02 + 0.19 Hz, Student’ s t-test, p=0.1936, n = 6
cells) (Fig. 8 H, 6™ column in Fig. 8 I and Table 8-1).

The firing rates of the different treatment groups were significantly different by ANOVA (p =
0.0006) followed by Tukey’s post-hoc test (T only vs. letrozole + T, p = 0.0379; T only vs.
IC1182,780 + T, p = 0.0351; T only vs. T to female, p = 0.0369; Letrozole + T vs.
Intraletrozole + T, p = 0.0484; letrozole + T vs. E2 only, p = 0.0414; 1C1182,780 + T vs.
Intraletrozole + T, p = 0.0448; 1C1182,780 + T vs. E2 only, p = 0.0396; Intraletrozole + T vs.
T to female, p = 0.0471; E2 only vs. T to female, p = 0.0404 and Table 8-2). Analysis of the
control periods (before T) with ANOVA followed by Tukey’s post-hoc test showed that
IC1182,780 or intra/extracellular letrozole alone did not alter the firing rate (ANOVA, p =

0.9395 and Table 8-3).
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DISCUSSION

To gain insight into how the maturation of the reproductive axis may be influenced by
neurosteroid signaling, we used a genetic approach to analyze the development of the
aromatase neuronal network in the embryonic and perinatal murine brain. Our data reveal that
(1) neuronal aromatase expression, starts at E13.5 in two distinct forebrain nuclei. (2) The
number of aromatase neurons increases substantially until birth but aromatase expression
remains restricted to the hypothalamus and the amygdala. (3) There is no obvious major
sexual dimorphism in the number and projections of aromatase neurons in the embryonic
brain. (4) Most aromatase neurons do not express ERa, (5) but are in close proximity to ERa
neurons, suggesting mostly local actions of neuroestrogens. (6) At birth, a cluster of
aromatase neurons in the hypothalamic arcuate nucleus adjacent to kisspeptin neurons
becomes apparent in males, but not in females. (7) Aromatase neurons communicate gonadal
and/or brain-derived androgen signals to adjacent estrogen-sensitive neurons. Specifically,
arcuate aromatase neurons in perinatal males convert testosterone to estradiol which reduces
kisspeptin neuron firing via rapid actions on ERs. Taken together, our data provide a cellular

substrate underlying aromatase action in the developing murine brain.

Conclusive experimental evidence documenting aromatase expression in the embryonic brain
at a cellular resolution had been difficult to obtain. We found the first activity of the Cyp19Al
promoter to be restricted to a few neurons in two distinct areas of the hypothalamus, possibly
explaining the difficulties in previous experimental attempts trying to demonstrate steroid
hormone production in the brain in utero. Aromatase expression as visualized with high
sensitivity in the reporter mice is very selective and highly similar if not stereotyped in
between age-matched individuals, arguing against a random stochastic activation of the
promoter in this animal model. The onset of aromatase expression in the reporter mice
coincides with the first ERa expression in distinct hypothalamic neurons (Kumar et al., 2014;

Kumar et al.,, 2015) suggesting that the brain becoming estrogen-sensitive may be
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orchestrated with the potential de novo synthesis of neurosteroids. Notably, the first
aromatase-expressing cells in the entire embryo originate in the brain and not in the gonads or
anywhere else. Aromatase neurons remain restricted to a few nuclei in the hypothalamus and
the amygdala during embryogenesis, without obvious major differences between males and
females. One caveat we need to consider is that sex differences in aromatase activity within
individual aromatase neurons are not reported by the genetic labeling approach and may thus
have escaped our analyses. g°PCR measurements of mRNA levels did not reveal major
differences between sexes. Most aromatase neurons do not express ERo during
embryogenesis but are in close proximity to estrogen-sensitive cells. These data raise the
possibility, that local neuroestrogen action resulting from de novo synthesis and/or conversion
might play an active role other than sexual differentiation in the embryonic brain, for example
in neural differentiation (Toran-Allerand, 1976). Consistent with this, some estradiol has
indeed been detected in the embryonic rat brain using radio immune assays (Konkle and
McCarthy, 2011) and estrogens were shown to promote neurite growth in the developing
brain in vitro (Toran-Allerand et al., 1983) and in cultured fetal neurons (Carrer et al., 2005).
Fetal de novo neurosteroid synthesis is also in line with our finding that the mRNAs of at least
three key enzymes of steroid synthesis are expressed in the brain before birth. Taken together,
our data demonstrate that an aromatase neuronal network consisting of well over 6000
neurons develops in both male and female embryos long before the well documented

masculinizing and feminizing actions of estrogen.

The classical aromatization hypothesis states that the female brain is the default brain and that
estrogen is not needed during early development (females are protected by o-fetoprotein).
Accordingly, feminizing estrogen actions start postnatally, i.e. when the ovaries start to
produce estradiol. Consistent with this, significant amounts of serum estrogen were not
detected in female rats before P7 (Lamprecht et al., 1976). Male brains are masculinized and

defeminized by estrogen aromatized from circulating testosterone originating from the testis
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in later developmental stages. In contrast, our results suggest that the brain relies on
estrogenic actions starting in the embryo. Because we did not detect gross sex differences in
the aromatase neuronal network in utero in either cell numbers or mRNA expression, we
propose that neuroestrogens act both in the male and female embryonic brain to establish a
"default’ brain status before undergoing sexual differentiation later in development, i.e. when
circulating estrogen levels rise in females or subsequent to the testosterone surge in males
(Baum et al., 1991). Our data predict, that fetal neuroestrogens act mainly locally, possibly

even in a paracrine manner, within distinct nuclei in the hypothalamus and the amygdala.

Aromatase and estrogen-sensitive neurons are found in close proximity, indicating that
estrogen is only partially acting as a hormone but rather like a neurotransmitter. Hormones are
typically released far away from their site of action and exert long lasting effects, such as
changing gene expression. Neurotransmitters on the other hand act close to their release site
and their effects typically occur within milliseconds (Balthazart and Ball, 2006). One
prerequisite for estrogen to act as a neurotransmitter is that its synthesis and release need to be
regulated within a much shorter time span than the modulation of aromatase expression levels
would permit. Consistent with this, aromatase activity can be blocked by phosphorylation of
two residues in the aromatase enzyme in a Ca’*-dependent manner (Balthazart et al., 2001),
providing a mechanism to switch off estrogen synthesis within milliseconds. In birds,
aromatase was localized in axon terminals (Balthazart and Ball, 2006). We detected dense,
nucleus-dependent aromatase fibers in the embryonic ArlC/eR26-tGFP brains. If aromatase is
also located in the axon terminal in rodents, aromatase neurons could exert neurotransmitter-
like estrogen actions far away from their cell body. Neurosteroids may act as local signaling
cues, that act shortly and rapidly on neighboring cells (Kow and Pfaff, 2004; Cornil et al.,
2006). We found that T reduced the firing rate of male kisspeptin neurons. One reason why
kisspeptin neuron activity needs to be suppressed during the neonatal period is to silence the
reproductive axis (i.e. the GnRH/ luteinizing hormone (LH) pulse generator) until puberty

onset to allow proper sexual maturation. Besides its membrane effect, neuroestrogens might
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568 also influence gene expression in adjacent estrogen-sensitive neurons, mediated by ERa
569 acting as a transcription factor. Future experiments will be aimed at delineating the
570  connectivity map of aromatase neurons and assign neurosteroid function to the individual
571  aromatase-expressing nuclei.
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FIGURE LEGENDS

Figure 1: Genetic analysis of aromatase expression in mouse embryos. A, Aromatase and
tGFP reporter expression are genetically coupled in Aromatase-IRES-Cre/enhanced
ROSA26-tGFP (ArlC/eR26-tGFP) mice, providing a fluorescent readout for Cypl9al
promotor activity. B, Quantification of aromatase neurons during embryonic development
(E13.5 vs. E16.5 unpaired Student’s T-tests: p < 0.0001; E16.5 male vs. E18.5 female
unpaired Student’s T-tests: p = 0.0127, E16.5 vs. E18.5 female unpaired Student’s T-tests: p =
0.0035). Detailed cell counts for each nucleus are reported in Table 1-1, 1-2 and 1-3. C-D,
Reporter expression in the medial preoptic area at embryonic days (E) 12,5, 13.5, 16.5 and
18.5. E-F, Numerous contacts between aromatase perikarya (unfilled arrowheads) and fibers
(filled arrowheads) as shown in the amygdala, the medial preoptic area (MPOA) and
dorsomedial nucleus (DM). Scale bars, C and D 100 um, E and F 25 um. 3V, third ventricle;

LV, lateral ventricle.

Figure 2: Aromatase expression at embryonic day (E) 18.5. A, Schematic sagittal overview
(Schambra, 2008). Reporter gene expression is restricted to green-labeled areas. Grey insets
show — from lateral to medial — additional schematic sagittal overviews. B, Aromatase
expression in the amygdala close to the lateral ventricle. Immunofluorescent analyses
showing reporter gene expression (green) and nuclear staining (Hoechst 33258, blue). C,
Magnified image of the area indicated in B. White arrowheads indicate labeled somata in
close contact with labeled fibers in this nucleus. D-E, Magnified images of the areas indicated
in A (grey insets). Aromatase expression in the stria terminalis (D) and in the hypothalamus

(E). Scalebars: B, D and E: 500 um, C: 50 pm. 3V, third ventricle.
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Figure 3: gPCR analyses for Cypllal, Cypl7al and Cypl9al mRNAs in the brain of E12.5,
E13.5, E16.5 and E18.5 embryos. Note the barely detectable Cypl9al mRNA at E12.5.

Except for Cypl7al expression at E13.5, no sexual dimorphism was detected.

Figure 4: Estrogen-sensitive neural circuits in utero. A, Double immunofluorescence for
ERa (red) and tGFP (green) of sagittal sections through the medial preoptic area (MPOA) of
male and female ArlC/eR26-tGFP embryos at different ages. Note that most male aromatase
neurons do not express ERa.. Nuclear counterstain (Hoechst 33258, blue). Arrowheads mark
aromatase (unfilled), ERa (dotted unfilled) and double-positive neurons (filled), respectively.
Scalebars: 250 um (overviews), 50 um (details). 3V, third ventricle; LV, lateral ventricle;
MPN, median preoptic nucleus. B, Quantification of ERo expression in aromatase neurons in
male and female embryos. Detailed double-positive cell numbers and ratios for each nucleus

are reported in Table 4-1, 4-2 and 4-3.

Figure 5: Close proximity of aromatase neurons to estrogen-sensitive circuits. Double
immunofluorescence for ERa (red) and tGFP (green) of sagittal sections through the medial
preoptic area (MPOA) of male and female ArlC/eR26-tGFP embryos at different ages.
Graphs show the distance between aromatase and ERa neurons. Scalebars: 100 pm. 3V, third

ventricle; LV, lateral ventricle.

Figure 6: Summary of reporter gene expression in the PO brain. Schematic coronal
representations taken from (Paxinos et al., 2007). Distances (in mm) from the most rostral
section of the atlas are indicated. Green circles and triangles indicate areas with similar
numbers of cell bodies and fibers in males and females. Blue symbols indicate areas with
more cell bodies and fibers in males. Pink symbols indicate areas with more cell bodies and
fibers in females. No reporter gene expression was detected in more rostral or caudal sections.

Detailed cell number counts are presented in Extended Data Table 6-1 and 6-2.
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Figure 7: Aromatase and kisspeptin expression in distinct nuclei of the hypothalamus and
amygdala at E18.5. A, Schematic sagittal overview of the regions shown in B-G. Arc, arcuate
nucleus; DM, dorsomedial nucleus; MPOA, medial preoptic area. B-G, Double
immunofluorescence for kisspeptin (red) and tGFP (green). Note that aromatase is not
expressed in the embryonic Arc (Fig. 7-1, Fig. 7-2) (delineated by kisspeptin labeling (Kumar
et al., 2014)). 3V, third ventricle. B, Sagittal section through the hypothalamus of a male
embryo at E18.5. C, Reporter expression in the MPOA. D, Arc. E-G, Aromatase and
kisspeptin expression in females. Scale bars, (B-F) 250 pm (overview), 50 pum (inset).

Schematic reference picture taken from (Schambra, 2008).

Figure 8: Sexually dimorphic aromatase expression in the arcuate nucleus (Arc) and direct
actions of testosterone (T) on kisspeptin neuron firing. A, Reporter gene expression was only
detected in the male Arc after birth. Arcuate aromatase is not expressed in kisspeptin neurons.
Arrowheads indicate kisspeptin (filled) and aromatase (unfilled) neurons, respectively. 3V,
third ventricle. B-H Representative traces recorded from kisspeptin neurons in the male (B-G)
and female (H) Arc. B, Decreased firing rate in response to T administration. C, The effect of
T could be washed out slowly. D, Presence of letrozole in the extracellular solution prevented
the action of T. E, The ER-antagonist 1C1182,780 also abolished the action of T. F,
Intracellular administration of letrozole showed no antagonistic effect, unlike its extracellular
use in D. G, Mimicking the effect of T, 17p-estradiol (E2) reduced arcuate kisspeptin neuron
firing in males. H, T had no effect on the firing of kisspeptin neurons in females, which lack
arcuate aromatase neurons. For experimental details, see main text. I, Testosterone (T)
reduced kisspeptin neuron firing in males only. This action was entirely prevented by prior
bath application of the aromatase inhibitor letrozole or the ER-inhibitor 1C1182780, indicating
that T conversion to E2 and ERs play a role in the effect of T. Estradiol was not derived from
the recorded kisspeptin neurons, because letrozole in the electrode solution (Intraletrozole)

did not interfere with T actions. T only, p = 0.0242; Intraletrozole + T, p = 0.0025; E2 only, p
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=0.0091 by Student’st tests. For detailed statistics see Table 8-1, 8-2 and 8-3. Scalebars: 50

um.

Figure 9: Model of estrogenic actions on kisspeptin neurons in the male arcuate nucleus.
Testosterone, either of gonadal or neuronal origin, is converted by arcuate aromatase neurons
to E2 and acts on membrane-bound estrogen receptor o (ERa) in adjacent Kisspeptin neurons
reducing their neuronal firing rate. Both T and E2 could also exert genomic effects via
nuclear androgen receptor (AR) and ERa. in kisspeptin neurons. Because a small subset of

aromatase neurons expresses ERa, E2 could also exert genomic effects in these cells.
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TABLE LEGENDS

Table 1: Aromatase neuron distribution in the developing mouse brain, + for cell bodies (+: 0
- 100, ++: 100 — 500, +++: 500 — 1500, ++++: 1500 — 10000), * for fibers (*: sparse, **:
moderate, ***: dense, ****: very dense). Abbreviations: AHIAL: amygdalohippocampal area,
bnst: bed nucleus of stria terminalis, Co: cortical amygdaloid nucleus, DM: dorsomedial
nucleus, LH: lateral hypothalamic area, LPO: lateral preoptic area, Me: medial amygdaloid
nucleus, MPOA: medial preoptic area, MTu: medial tuberal nucleus, opt: optic tract, PVN:

paraventricular nucleus, st: stria terminalis, VM: ventromedial nucleus.
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EXTENDED DATA LEGENDS

Figure 7-1: In the E13.5 hypothalamus, ERa. immunoreactivity (red, filled arrowheads) was
found in the MPOA close to tGFP signal (green, unfilled arrowheads). Note that reporter
gene expression (green) was not detected in the arcuate nucleus (Arc). Nuclear stain (Hoechst

33258, blue). Scalebar: 50 um. LV, lateral ventricle.

Figure 7-2: Kisspeptin immunoreactivity (red) in the arcuate nucleus (Arc) at E16.5. Note the
absence of reporter gene expression (green) in the Arc. 3V, third ventricle; DM, dorsomedial
nucleus; OE, olfactory epithelium; LV, lateral ventricle; MPOA, medial preoptic area.

Nuclear stain (Hoechst 33258, blue). Scalebar: 100 pm.

Table 1-1: Summary of tGFP expression in E13.5 brains. + for fibers (+: sparse, ++:

moderate, +++: dense, ++++: very dense).

Table 1-2: Summary of tGFP expression in E16.5 brains. + for fibers (+: sparse, ++:
moderate, +++: dense, ++++: very dense). Significant p-values indicated as asterisk next to

the nucleus name. * = 0.0258.

Table 1-3: Summary of tGFP expression in E18.5 brains. + for fibers (+: sparse, ++:
moderate, +++: dense, ++++: very dense). Significant p-values indicated as asterisk next to

the nucleus name. * = 0.0344.

Table 4-1: Summary of colocalization between tGFP and ERa in percentage in E13.5 brains.
Total double-positive cell number is represented as + (-: 0, +: 1-10, ++: 11-50, 51-100: +++,

>100: ++++).
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Table 4-2: Summary of colocalization between tGFP and ERa in percentage in E16.5 brains.
Total double-positive cell number is represented as + (-: 0, +: 1-10, ++: 11-50, 51-100: +++,

>100: ++++),

Table 4-3: Summary of colocalization between tGFP and ERa in percentage in E18.5 brains.
Total double-positive number is represented as + (-: 0, +: 1-10, ++: 11-50, 51-100: +++,

>100: ++++). Significant p-values indicated as asterisk next to the nucleus name.

Table 6-1: Summary of tGFP expression in PO brains. + for fibers (+: sparse, ++: moderate,
+++: dense, ++++: very dense). Significant p-values indicated as asterisk next to the nucleus

name. * = 0.0418.

Table 6-2: Summary of colocalization between tGFP and ERa in percentage in PO brains.
Total double-positive cell number is represented as + (-: 0, +: 1-10, ++: 11-50, 51-100: +++,
>100: ++++). Significant p-values indicated as asterisk next to the nucleus name. ** =
0.0018., * = 0.0218 (medial amygdaloid nucleus, posterodorsal part); * = 0.0390

(posteromedial cortical amygdaloid nucleus).

Table 8-1: Statistical analysis of changes in the firing rate of kisspeptin neurons in response
to T and E2 (Student’ s t-tests). N=number of neurons measured. n=number of animals used
for a given experiment. df=degree of freedom in Student’ s t-test of percentage changes, with
each neuron serving as its own control. t="t" values of Student’st-test of percentage changes.

p="p" probability values of Student’st-test of percentage changes. *=significant change.
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T=Testosterone; letrozole=aromatase inhibitor; 1C1182,780=estrogen receptor antagonist;

Intraletrozole=intracellularly applied letrozole; E2=17B-estradiol.

Table 8-2: ANOVA+Tukey's post-hoc analysis to compare firing rates in the “T only”,
“letrozole + T”, “ICI182,780 + T”, “Intraletrozole + T”, “E2” and “T to female” treatment
groups. df=degree of freedom of ANOVA-test of percentage data. F="F" values of ANOVA-
test of percentage data. p="p” probability values of ANOVA or Tukey’'s post-hoc test of
percentage data. *=significant difference. T=Testosterone; letrozole=aromatase inhibitor;
IC1182,780=estrogen receptor antagonist; Intraletrozole=intracellularly applied letrozole;

E2=17B-estradiol.

Table 8-3: ANOVA analysis of the firing rates during the control periods (before T
administration or E2), to compare the “T only”, “letrozole + T”, “ICI182,780 + T,
“Intraletrozole + T”, “E2 only” and “T to femae’ treatment groups. T=Testosterone;
letrozole=aromatase inhibitor; IC1182,780=estrogen receptor antagonist;

Intraletrozole=intracellularly applied letrozole; E2=17-estradiol
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