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Abstract

Introduction: The membrane-associated G protein-coupled
estrogen receptor 1 (GPER) mediates the regulation by estra-
diol of arginine-vasopressin immunoreactivity in the supra-
optic and paraventricular hypothalamic nuclei of female rats
and is involved in the estrogenic control of hypothalamic
regulated functions, such as food intake, sexual receptivity,
and lordosis behavior. Objective: To assess GPER distribu-
tion in the rat hypothalamus. Methods: GPER immunoreac-
tivity was assessed in different anatomical subdivisions of
five selected hypothalamic regions of young adult male and
cycling femalerats: the arcuate nucleus, the lateral hypothal-
amus, the paraventricular nucleus, the supraoptic nucleus,
and the ventromedial hypothalamic nucleus. GPERimmuno-
reactivity was colocalized with NeuN as a marker of mature

neurons, GFAP as a marker of astrocytes, and CC1 as a mark-
er of mature oligodendrocytes. Results: GPER immunoreac-
tivity was detected in hypothalamic neurons, astrocytes, and
oligodendrocytes. Sex and regional differences and changes
during the estrous cycle were detected in the total number
of GPER-immunoreactive cells and in the proportion of neu-
rons, astrocytes, and oligodendrocytes that were GPER-im-
munoreactive. Conclusions: These findings suggest that es-
trogenic regulation of hypothalamic function through GPER
may be different in males and females and may fluctuate
during the estrous cycle in females. ©2020S. Karger AG, Basel

Introduction

G protein-coupled estrogen receptor 1 (GPER), for-
merly referred as G protein-coupled receptor 30, is ex-
pressed in the central nervous system and in peripheral
tissues and participates in physiological and pathological
events regulated by estradiol in the nervous, immune, re-
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productive, and cardiovascular systems [1]. In the central
nervous system GPER has been localized in neurons [2-
6], astrocytes [3, 5-7], oligodendrocytes [8, 9], and endo-
thelial cells [10].

In neurons, GPER activation causes membrane depo-
larization [11, 12], regulates synaptic transmission, neu-
rotransmitter release, and synaptic plasticity [13-16], and
mediates the estrogenic regulation of different signaling
mechanism, including the production of cAMP, the acti-
vation of PI3K/Akt and ERK, and the inhibition of JNK
and the increase in cytosolic Ca?* levels [11, 12, 17-20].
In astrocytes, GPER regulates autophagy [21] and medi-
ates the effects of estradiol on the upregulation of intra-
cellular Ca®* concentration, glutamate transporter ex-
pression, and the uptake of glutamate [6, 22]. In oligoden-
drocytes, GPER participates in the process of myelination
and remyelination [9, 23]. Finally, in brain endothelial
cells, GPER activates protein kinase A, resulting in the
induction of Ca?* influx via L-type Ca?* channels, which
in turn increases membrane hyperpolarization, nitric ox-
ide production, and cell stiffness [10].

These cellular and molecular events regulated by
GPER participate in the behavioral consequences of the
activation of this receptor, such as the regulation of social
behavior and hippocampal memory [16, 24, 25]. In addi-
tion, GPER mediates estrogenic actions involving the hy-
pothalamus, such as the control of food intake in male
mice [26] and the regulation of sexual receptivity [27],
and lordosis behavior in female rats [28-30]. Further-
more, GPER participates in the estrogenic regulation of
arginine-vasopressin immunoreactivity, NADPH diaph-
orase expression, and ERK phosphorylation in the supra-
optic and paraventricular hypothalamic nuclei of female
rats [31, 32]. These effects may be mediated by direct ac-
tions of estradiol on hypothalamic GPER receptors. In-
deed, GPER immunoreactivity has been detected in the
hypothalamus of rats [27, 29, 33-36], mice [37], hamsters
[38], and monkeys [39].

Although the expression of GPER in the hypothala-
mus is well established, its precise cellular and anatomical
distribution among different hypothalamic regions still
remains to be fully characterized. Therefore, in this study
we analyzed the distribution of GPER-immunoreactive
neurons, astrocytes, and oligodendrocytes in different
anatomical subdivisions of five selected hypothalamic re-
gions of the rat brain: the arcuate nucleus, the lateral hy-
pothalamus, the paraventricular nucleus, the supraoptic
nucleus, and the ventromedial hypothalamic nucleus.
Furthermore, we analyzed the possible differences in
GPER immunoreactivity between male animals and fe-
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males in estrus and diestrus 2 (i.e., 24 and 72 h after the
peak of estradiol in proestrus, respectively), since previ-
ous studies have detected sex differences in GPER mRNA
distribution in the hypothalamus and other brain regions
of hamsters [38] and differences in the expression of
GPER in the rat brain during the estrous cycle [40]. Our
findings indicate that hypothalamic GPER immunoreac-
tivity is widely distributed in neurons, astrocytes, and oli-
godendrocytes, shows significant regional and sex differ-
ences, and fluctuates during the female estrous cycle.

Materials and Methods

Animals and Experimental Treatments

Wistar albino male and female rats from our in-house colony
were kept on a 12:12-h light-dark cycle and received food and wa-
ter ad libitum. Twenty-four adult rats aged 2 months (8 males and
16 females) were housed separately in plastic cages. After 2 weeks
of habituation and handling, monitoring of the estrous cycle in
female rats was performed between 8:00 to 10:00 a.m. during 7
days by vaginal smears [41, 42]. On day 7, female rats were tested
for the last vaginal smear in order to define the experimental
group. Females were studied in estrus or in diestrus 2. We selected
females in estrus, 1 day after the peak of estradiol in proestrus, and
in diestrus 2. Subsequently all animals, male and female, were
deeply anesthetized with pentobarbital 50 mg/kg (Normon Vet-
erinary Division, Madrid, Spain) between 8:00 and 10:00 a.m. and
perfused through the left cardiac ventricle with 50 mL of saline
solution (0.9% NaCl) followed by 250 mL of fixative solution (4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). Brains were
quickly removed and immersed for 4-6 h at 4°C in the same fixa-
tive solution and then rinsed with phosphate buffer. Brains were
placed for 72 h in a 30% sucrose solution in PBS, frozen in liquid
isopentane at -35°C, and stored in a deep freezer at —-80 °C until
sectioning. Brains were serially cut in the coronal plane at 20 pm
thickness with a cryostat, obtaining five series of adjacent serial
sections. In each series, each section was 100 um distant from the
following one. The plane of sectioning was oriented to match the
drawings corresponding to the transverse sections of the rat brain
atlas of Paxinos and Watson [43]. Sections were collected in mul-
tiwell plates with a cryoprotectant solution [44] and kept at -20°C.
Immunohistochemical assay for GPER was performed on different
series. One of each five consecutive sections was stained with 0.1%
cresyl violet (pH 7.4) to facilitate the identification of the hypotha-
lamic structures.

Immunohistochemistry

The presence of GPER was detected by immunohistochemistry
performed on free-floating sections according to the following
steps. Before the reaction, the sections collected in the cryoprotec-
tant solution were washed overnight at 4°C in PBS 0.1 M, pH 7.3-
7.4. The following day, free-floating sections were first washed for
30 min at room temperature in PBS 0.1 M, pH 7.3-7 4, containing
0.2% Triton X-100 and 0.2% BSA. Sections were then treated for
10 min with a solution of PBS 0.1 M, pH 7.3-7.4, containing meth-
anol/hydrogen peroxide (PBS/methanol 1:1 with 0.3% hydrogen
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Fig. 1. Representative examples of GPER
immunohistochemical localization in rat
hypothalamic sections. GPER immunore-
activity was widely distributed in the hypo-
thalamus. a GPER-immunoreactive cells
were detected in the paraventricular nucle-
us (PVN) and supraoptic nucleus (SON).
b GPER immunoreactivity in the lateral
hypothalamus (LH), ventromedial hypo-
thalamus (VMH), and arcuate nucleus
(ARC) among other hypothalamic regions.
¢ GPER immunostaining using a preab-
sorbed antibody with the specific blocking
peptide. d At high magnification immuno-
reactivity showed a cytoplasmic localiza-
tion. All figures are from females in estrus.
Asterisks denote optic fibers. Scale bars,
200 uymina, b,and d and 20 umin c. GPER,
G protein-coupled estrogen receptor 1; III,
third ventricle.

peroxide) to quench endogenous peroxidase activity. Sections
were washed for 30 min at room temperature in PBS 0.1 M, pH
7.3-7 4, containing 0.2% Triton X-100 and 0.2% BSA and then in-
cubated for 48 h at 4 °C with a rabbit polyclonal GPER antibody
(Abcam, Cambridge, UK; reference ab39742; antibody register
RRID:AB_1141090) diluted 1:250 in 0.1 M PBS, pH 7.3-7.4, con-
taining 0.2% Triton X-100, 0.2% BSA, and 3% normal serum goat.
A biotinylated goat antirabbit secondary antibody (Thermo Scien-
tific, Pierce, Rockford, IL, USA) was then used at a dilution of
1:300 for 120 min at room temperature. The antigen-antibody re-
action was revealed by incubation with avidin-peroxidase complex
(Thermo Scientific, Pierce) for 90 min. The peroxidase activity was
visualized with a solution containing 0.187 mg/mL 3,3-diamino-
benzidine (Sigma, Madrid, Spain) in PBS 0.1 M, pH 7.3-7.4. The
sections were washed in the same buffer and collected on chromal-
lum-coated slides, air dried, cleared in xylene, and coverslipped
with Depex (VWR International Eurolab, Barcelona, Spain) for
quantitative analysis. According to the manufacturer’s informa-
tion, the GPER antibody results in a single band of 55 kDa in West-
ern blots of human brain tissue lysates (www.abcam.
com/g-protein-coupled-receptor-30-antibody-ab39742.html). In
agreement with this, the antibody labels a 55-kDa band in Western
blots of mouse [45] and rat hippocampus [46]. This GPER anti-
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body has been extensively used for the determination of GPER
levels and/or cellular localization in a variety of tissues, including
Western blot [45-48] and immunohistochemical analyses [31, 46—
50] of mouse and rat central nervous system. Previous studies have
validated the immunohistochemical localization of this antibody
in rat brain sections by preabsorption experiments [31, 48]. In
agreement with our previous findings on rat hypothalamus [31],
GPER immunostaining was absent in hypothalamic sections pre-
incubated with the GPER-blocking peptide (Fig. 1). Immunostain-
ing in our histological preparations was also absent when the in-
cubation with the first antibody was omitted (not shown).

Immunofluorescence

The presence of GPER, NeuN as a marker of mature neurons
[51], GFAP as a marker of astrocytes [52], and CC1 (OP80) as a
marker of mature oligodendrocytes [53] was assessed on one se-
ries each using 3 animals as experimental group. Before the NeuN
and CC-1 immunostainings, antigen retrieval was performed first
treating the sections with citrate buffer (pH 6) for 20 min at 95°C.
The sections were then washed with PBS 0.1 M, pH 7.3-7.4, con-
taining 0.5% Triton X-100 (Merck, Darmstadt, Germany) for
30 min at room temperature. After washing, sections were first
incubated at room temperature for 1 h with blocking solution
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Table 1. List of primary and secondary antibodies used for immunohistochemistry

Antigen Code Source Host, clonality ~ Dilution
Primary antibodies

GPR30 ab39742 Abcam rabbit, pc 1:100
NeuN MAB377 Millipore mouse, mc 1:250
GFAP MAB360 EMD Millipore mouse, mc 1:1,000
CC1 OP80 Calbiochem mouse, mc 1:1,000
Secondary antibodies

Antirabbit Alexa Fluor® 488 ~ 111-545-144  Jackson ImmunoResearch Labs ~ goat, pc 1:500
Antimouse Alexa Fluor® 647  115-605-146  Jackson ImmunoResearch Labs ~ goat, pc 1:500

containing 0.5% Triton X-100, 1% BSA (Sigma-Aldrich), and 1%
normal goat serum (Vector Laboratories) diluted in PBS 0.1 M, pH
7.3-7.4 and afterward incubated overnight with primary antibod-
ies (Table 1) diluted in blocking solution. Then, sections were
washed with PBS 0.1 M, pH 7.3-7.4 and incubated for 2 h with
secondary antibodies (Table 1) and 4',6-diamidino-2-phenylin-
dole (1:1,000), used to reveal nuclei, diluted in PBS 0.1 M, pH
7.3-7.4. Sections were finally coverslipped with Mowiol antifade
mounting medium (Sigma-Aldrich). The NeuN (Millipore Cat.
No. MAB377, RRID:AB_2298772), GFAP (Millipore Cat. No.
MAB360, RRID:AB_11212597), and OP80 (Millipore Cat. No.
OP80, RRID:AB_2057371) antibodies have been extensively used
and validated for the immunohistochemical localization of neu-
rons, astrocytes, and oligodendrocytes, respectively (see
RRIDAB_2298772, RRID:AB_11212597, and RRID:AB_2057371
for references). The NeuN antibody recognizes RNA-binding
Fox-3 protein, which is involved in the regulation of alternative
splicing of pre-RNA [54]. The OP80 antibody has been shown to
recognize Quaking 7 [53], a RNA-binding protein that is highly
expressed by myelinating oligodendrocytes. Immunostaining was
absent in hypothalamic sections in which the primary antibodies
were omitted.

Morphometric Analysis

The quantitative analysis of GPER was performed on coded
sections without knowledge of the experimental group. Selected
fields were acquired by a digital camera (Olympus DP25) con-
nected to a Nikon eclipse E600 microscope using x20 and x10
objectives. The number of GPER-positive cells was assessed in the
arcuate nucleus, lateral hypothalamus, paraventricular nucleus,
supraoptic nucleus, and ventromedial hypothalamus using four
coded sections per animal. Only tissue blocks in which the ana-
tomical integrity of the hypothalamic nuclei in consideration was
fully preserved were included in the analysis. All cells showing a
cell nucleus were included for quantification in SAB-stained sec-
tions. Thus, both neurons and nonneuronal cells were included in
the counts. Data presented for each hypothalamic region are the
sum of the number of GPER-immunolabeled cells in the four sec-
tions per rat.

Neuroanatomical Analysis
Sections selected for analysis corresponded to the following
plates from the rat brain atlas of Paxinos and Watson [43]: plate 23
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for the supraoptic nucleus, plate 26 for the paraventricular nucleus,
plate 29 for the ventromedial and lateral hypothalamus, and plate
31 for the arcuate nucleus.

Cell Counts

Counts were restricted to the right hemisphere of the hypo-
thalamus. Given the anatomical heterogeneity of the paraventricu-
lar nucleus, a grid of 24 square boxes of 8 um? each was used to
delimit regions of interest within each subdivision of the nucleus.
The grid was precisely located, ensuring the left side of the grid on
the wall of the third ventricle. The grid overlapped the total area of
the paraventricular nucleus. Cell counting was performed for each
square box within the boundaries of the nucleus and cells were
counted only in those squares that were completely located within
the nucleus. The paraventricular nucleus was subdivided into the
paraventricular dorsal cap (PaDC), the paraventricular lateral
magnocellular subdivision (PaLM), the paraventricular medial
magnocellular subdivision (PaMM), and the paraventricular par-
vocellular subdivision (PaV). These subdivisions were identified
following the anatomical description provided for the rat by Arm-
strong et al. [55] based on Nissl-stained material. The boxes cor-
responding to the same subdivision of the paraventricular nucleus,
along the four coded sections, were grouped for statistical analysis
[56]. In the supraoptic nucleus, instead, all GPER-positive cells
within the anatomical boundaries of the nucleus were counted to-
gether. Standardized serial sections of comparable level were se-
lected to count GPER-positive cells in the arcuate nucleus, using a
predetermined region of interest (a square of 889,728 um?). The
region of interest was placed within the boundaries of the nucleus
to cover the immunopositive region; we used as reference the third
ventricle to always position the square in the same orientation. The
same analysis was performed for the GPER-IR cells in the lateral
hypothalamus and the ventromedial nucleus, where the region of
interest followed the boundaries of the nuclei. The ventromedial
nucleus was subdivided into three regions — dorsomedial, central,
and ventrolateral - according the rat atlas of Paxinos and Watson
[43].

Statistical Analysis

Data were analyzed by one-way ANOVA followed by the Bon-
ferroni post hoc test using the SPSS 17.0 software (SPSS Inc., Chi-
cago, IL, USA). A p value <0.05 was considered statistically sig-
nificant. Data are presented as mean + SEM.
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Fig. 2. Number of GPER-immunoreactive cells in the arcuate nucleus (ARC) of male (n = 5), diestrous female
(n =5), and estrous female (n = 4) rats. a ARC as a whole. b Anterior portion of the ARC. ¢ Middle portion of
the ARC. d Posterior portion of the ARC. Data are presented as mean + SEM. ** *** Sjgnificant differences
(**p <0.01, *** p < 0.001) versus male values. / Significant difference (p < 0.05) versus females in diestrus. e Rep-
resentative microphotograph of GPER immunoreactivity in the ARC of a male rat. f Representative micropho-
tograph of GPER immunoreactivity in the ARC of a female rat in estrus. Scale bar, 100 pm. GPER, G protein-
coupled estrogen receptor 1; III, third ventricle.

Results

GPER-Positive Cells in Hypothalamic Nuclei

Examples of GPER immunoreactivity in the rat hypo-
thalamus are shown in Figure 1. Immunoreactivity

Hypothalamic GPER Distribution

showed a cytoplasmic localization and was widely distrib-
uted, delineating the main hypothalamic nuclei, such as
the paraventricular nucleus, the supraoptic nucleus, the
arcuate nucleus, the ventromedial hypothalamus, and the
lateral hypothalamus (Fig. 1a, b, d). GPER immunoreac-
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tivity was not detected in hypothalamic sections preincu-
bated with the GPER-blocking peptide (Fig. 1c).

GPER Immunostaining in the Arcuate Nucleus

Quantitative analysis revealed sex differences in the
number of GPER-immunoreactive cells in the arcuate
nucleus, with higher values in female animals compared
to males (Fig. 2). ANOVA revealed a significant differ-
ence among experimental groups when data from the
three portions of the arcuate nucleus were pooled (F,13) =
23.88; p < 0.0001; Fig. 2a). This difference was also de-
tected when the data from the three portions of the arcu-
ate nucleus were separately analyzed: anterior (F3) =
42.31; p < 0.0001; Fig. 2b), middle (F(5 13 = 8.363; p < 0.01;
Fig. 2¢), and posterior (F,3) = 18.73; p < 0.001; Fig. 2d).

Post hoc analysis revealed that females in diestrus
showed a higher number of GPER-immunoreactive

6 Neuroendocrinology
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cells than males in the whole nucleus (p < 0.01) and its
anterior (p < 0.001) and posterior (p < 0.01) portions.
Females in estrus also showed a higher number of
GPER-immunoreactive cells than males in the whole
nucleus (p < 0.001) and in its anterior (p < 0.001), mid-
dle (p < 0.05), and posterior (p < 0.001) subdivisions
(Fig. 2¢). Furthermore, in the anterior part of the arcu-
ate nucleus, females in estrus showed a higher number
of GPER-immunoreactive cells than females in diestrus
(p < 0.05; Fig. 2b).

Representative microphotograph of GPER immuno-
reactivity in the arcuate nucleus of a male rat and a female
rat in estrus are shown in Figure 2e and f, respectively.

GPER Immunostaining in the Lateral Hypothalamus
Similar to the arcuate nucleus, the lateral hypothala-
mus showed sex differences in GPER immunoreactivity,
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with a higher number of GPER-immunopositive cells in
female animals compared to males. As for the arcuate
nucleus, ANOVA revealed a significant difference
among experimental groups in the number of GPER-im-
munoreactive cells in the whole lateral hypothalamus
(Fa,11) = 106.1; p < 0.001; Fig. 3a). This difference was
detected in the three subdivisions of the lateral hypo-
thalamus: anterior (F ;1) = 110.8; p < 0.001; Fig. 3b),
middle (F(5,11) = 74.12; p < 0.001; Fig. 3¢), and posterior
(Faa1) = 93.05; p < 0.001; Fig. 3d).

Post hoc analysis revealed that females in diestrus had
a higher number of GPER-immunoreactive cells than
males in the whole nucleus (p < 0.001) and its anterior
(p <0.001), middle (p < 0.001), and posterior (p < 0.001)
portions. Females in estrus also showed a higher number
of GPER-immunoreactive cells (p < 0.001) in all subdivi-
sions of the lateral hypothalamus than males. In addition,
females in estrus had a higher number of GPER-immu-
noreactive cells in the whole lateral hypothalamus (p <
0.05) compared to females in diestrus (Fig. 3a). This dif-

Hypothalamic GPER Distribution

ANA Significant differences (p < 0.001) versus females in diestrus.
GPER, G protein-coupled estrogen receptor 1; PaDC, paraventric-
ular dorsal cap; PaLM, paraventricular lateral magnocellular sub-
division; PaMM, paraventricular medial magnocellular subdivi-
sion; PaV, paraventricular parvocellular subdivision.

ference was due to GPER cells located in the anterior part
of the nucleus (p < 0.001; Fig. 3b).

GPER Immunostaining in the Paraventricular

Nucleus

In the paraventricular nucleus, males had a higher
number of GPER-immunoreactive cells than females in
diestrus and estrus. ANOVA revealed a significant differ-
enceamong experimental groups in the number of GPER-
immunoreactive cells in the whole nucleus (F(; 14) = 93.75;
P <0.001; Fig. 4a). This difference was detected in the four
subdivisions of the paraventricular nucleus (see Materials
and Methods): PaDC (F,,14) = 46.09; p < 0.001; Fig. 4b),
PalLM (F(2)14) = 6804,P <0.001; Flg 4C), PaMM (F(2)14) =
90.75; p < 0.001; Fig. 4d), and PaV (F(314) = 52.51; p <
0.001; Fig. 4e).

Males had a higher number of GPER-immunoreactive
cells in the whole nucleus (p < 0.01), PaLM (p < 0.01), and
PaMM (p < 0.01) compared to females in diestrus (Fig. 4a,
¢, d, respectively). They also had a higher number of
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Fig. 5. Representative microphotographs
of GPER immunoreactivity in the paraven-
tricular nucleus. a Male rat. b Female rat in
estrus. Scale bars, 100 um. GPER, G pro-
tein-coupled estrogen receptor 1; II, third
ventricle.

GPER-immunoreactive cells in the four subdivisions of
the nucleus (p < 0.001) compared to females in estrus
(Fig. 4a—e). In addition, females in estrus showed a lower
number of GPER-immunoreactive cells than females in
diestrus (p < 0.001) in the four subdivisions of the para-
ventricular nucleus (Fig. 4a—e).

Representative microphotographs of GPER immuno-
reactivity in the paraventricular nucleus of a male rat and
afemale rat in estrus are shown in Figure 5a and b, respec-
tively.

GPER Immunostaining in the Supraoptic Nucleus

In the supraoptic nucleus we observed a higher num-
ber of GPER-immunoreactive cells in males compared to
females in diestrus. ANOV A revealed a significant differ-
ence among experimental groups in the number of GPER-
immunoreactive cells in the whole nucleus (F,,14) = 45.18;
p < 0.001; Fig. 6a). This difference was detected in the
three portions of the supraoptic nucleus: anterior (F,14) =
4.605; p < 0.05; Fig. 6b), middle (F(14) = 13.24; p < 0.01;
Fig. 6¢), and posterior (F,14) = 16.49; p < 0.001; Fig. 6d).

Bonferroni comparisons indicated a significantly low-
er number of GPER-positive cells during the diestrus
phase compared to males in the whole nucleus and in its
middle and posterior regions (p < 0.001, p < 0.01, and p <
0.0001, respectively; Fig. 6¢, d). In addition, in the same
portions of the supraoptic nucleus, a significantly higher
number of GPER-immunoreactive cells was detected in
estrus compared to diestrus (p > 0.001 in the whole nu-
cleus, p < 0.01 in the middle portion, and p < 0.05 in the
posterior portion; Fig. 6¢, d). No significant differences
were detected with the post hoc analysis in the anterior
part of the nucleus (Fig. 6b).

Representative microphotographs of GPER immuno-
reactivity in the supraoptic nucleus of a male rat and a
female rat in estrus are shown in Figure 6e and f, respec-
tively.

8 Neuroendocrinology
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GPER Immunostaining in the Ventromedial

Hypothalamus

In contrast to the other hypothalamic nuclei analyzed
in the present study, no sex differences in the number of
GPER-immunoreactive cells were detected in the ventro-
medial hypothalamus. However, differences between fe-
males in estrus and diestrus were observed. ANOVA re-
vealed a significant difference among experimental
groups in the number of GPER-immunoreactive cells in
the whole nucleus (F,1,) = 13.06; p < 0.05; Fig. 7a) that
was also detected in its dorsomedial (F(512) = 9.733; p <
0.05; Fig. 7b), central (F(3 1) = 5.499; p < 0.05; Fig. 7c), and
ventrolateral (F(y,12) = 4.442; p < 0.05; Fig. 7d) subdivi-
sions.

Post hoc analysis revealed a significantly lower num-
ber of GPER-immunoreactive cells in females in estrus
compared to diestrous females in the whole nucleus (p <
0.01) and in its dorsomedial (p < 0.01) and central (p <
0.05) subdivisions (Fig. 7b, ¢). In addition, the dorsome-
dial portion of the ventromedial hypothalamus showed a
higher number of GPER-immunoreactive cells compared
to the central (p < 0.001) and ventrolateral (p < 0.001)
portions of the nucleus in both males and diestrous fe-
males and compared to the central portion (p < 0.05) in
estrous females.

Representative microphotographs of GPER immuno-
reactivity in the ventromedial hypothalamus of a male rat
and a female rat in estrus are shown in Figure 7e and f,
respectively.

Colocalization of GPER and NeuN Immunoreactivity

Representative examples of GPER colocalization with
neuronal (NeuN), astroglial (GFAP), and oligodendrog-
lial (CC1) cell markers are shown in Figure 8.

The proportion of cells immunoreactive for the neu-
ronal marker NeuN+ that were also immunoreactive for
GPER (GPER+/NeuN+) was assessed (Fig. 9). ANOVA
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Fig. 6. Number of GPER-immunoreactive cells in the supraoptic
nucleus (SON) of male (n =4), diestrous female (n = 7), and estrous
female (n = 4) rats. a SON as a whole. b Anterior portion of the
SON. ¢ Middle portion of the SON. d Posterior portion of the SON.
Data are presented as mean = SEM. ** *** Significant differences
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revealed significant differences between the experimental
groups in the proportion of GPER+/NeuN+ cells in the
arcuate nucleus (F(,5) = 6.467; p < 0.05; Fig. 9a), lateral
hypothalamus (F,g) = 13.29; p < 0.01; Fig. 9b), paraven-

Hypothalamic GPER Distribution

differences (” p < 0.05, A p < 0.01, AMA p < 0.001) versus females
in diestrus. e Representative microphotograph of GPER immuno-
reactivity in the SON of a male rat. f Representative microphoto-
graph of GPER immunoreactivity in the SON of a female rat in
estrus. Asterisks denote optic chiasma. Scale bars, 100 pm. GPER,
G protein-coupled estrogen receptor 1.

tricular nucleus (F, 5y = 31.74; p < 0.001; Fig. 9c), and ven-
tromedial hypothalamus (F, g) = 9.055; p < 0.05; Fig. 9e),
but not in the supraoptic nucleus (F(, 5y = 1.064; p = 0.402;
Fig. 9d).
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Fig. 7. Number of GPER-immunoreactive cells in the ventrome-
dial hypothalamic nucleus (VMH) of male (n = 5), diestrous fe-
male (n = 4), and estrous female (n = 4) rats. a Number of GPER-
immunoreactive cells in the whole VMH. b Number of GPER-
immunoreactive cells in the dorsomedial portion (VMHDM) of
the VMH. ¢ Number of GPER-immunoreactive cells in the central
portion (VMHC) of the VMH. d Number of GPER-immunoreac-

Females in estrus showed a higher proportion of
GPER+/NeuN+ cells compared to male animals (p <
0.01) in the arcuate nucleus (Fig. 9a) and the lateral hypo-
thalamus (Fig. 9b), and to females in diestrus (p < 0.05) in

10 Neuroendocrinology
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tive cells in the ventrolateral portion (VMHVL) of the VMH. Data
are presented as mean = SEM. A AA Significant differences (A p <
0.05, AN p < 0.01) versus females in diestrus. e Representative mi-
crophotograph of GPER immunoreactivity in the VMH of a male
rat. f Representative microphotograph of GPER immunoreactivity
in the VMH of a female rat in estrus. Scale bars, 100 um. GPER,
G protein-coupled estrogen receptor 1; III, third ventricle.

the lateral hypothalamus (Fig. 9b). In contrast, the para-
ventricular nucleus (Fig. 9c) and the ventromedial hypo-
thalamus (Fig. 9e) displayed a higher proportion of
GPER+/NeuN+ cells in diestrous females than in the oth-

Marraudino et al.

Downloaded by:

Universita Studi di Torino

130.192.119.93 - 10/19/2020 7:38:56 PM



Estrous female

>

Fig. 8. Representative examples of GPER colocalization with neu-
ronal (NeuN) (a, d), astroglial (GFAP) (b, e), and oligodendrog-
lial (CC1) (c, f) cell markers in the arcuate nucleus of the rat hypo-
thalamus of male (a-c) and estrous female (d-f) rats. Single arrow-

er two experimental groups (p < 0.05 and p < 0.001, re-
spectively). No significant differences were detected in
the proportion of GPER+/NeuN+ cells between experi-
mental groups in the supraoptic nucleus (Fig. 9d).

Colocalization of GPER and GFAP Immunoreactivity

GPER immunoreactivity was also colocalized with the
astroglial marker GFAP, and the proportion of GFAP+
cells that were also immunoreactive for GPER (GPER+/
GFAP+) was assessed (Fig. 10). ANOVA revealed signif-
icant differences in the proportion of GPER+/GFAP+
cells between experimental groups in the arcuate nucleus
(Fa,8) = 74.16; p < 0.001; Fig. 10a), lateral hypothalamus
(F,8) = 8.869; p < 0.05; Fig. 10b), and ventromedial hy-
pothalamus (F(,g) = 24.32; p < 0.01; Fig. 10c), but not in
the paraventricular nucleus (Fpo5 = 2.016; p = 0.213;
Fig. 10d) or the supraoptic nucleus (F,5) = 0.076; p =
0.927; Fig. 10e). A higher proportion of GPER+/GFAP+

Hypothalamic GPER Distribution

heads point to representative single-labeled cells. Double
arrowheads point to representative double-labeled cells. Insets
show examples of double-labeled cells at high magnification. Scale
bar, 10 um. GPER, G protein-coupled estrogen receptor 1.

cells in estrous females compared to males was detected
in the arcuate nucleus (p < 0.001; Fig. 10a), lateral hypo-
thalamus (p < 0.05; Fig. 10b), and the ventromedial hypo-
thalamus (p < 0.01; Fig. 10c).

Colocalization of GPER and CCI Immunoreactivity

Finally, GPER immunoreactivity was colocalized with
the oligodendrocyte marker CC1. The proportion of CC1
cells that were also immunoreactive for GPER (GPER+/
CC1+) was assessed (Fig. 11). ANOVA revealed signifi-
cant differences in the proportion of GPER+/CC1+ cells
between experimental groups in the arcuate nucleus
(F,8 = 21.51; p < 0.01; Fig. 11a) and the paraventricular
nucleus (F,5) = 9.374; p < 0.05; Fig. 11d), but not in the
lateral hypothalamus (F(,g) = 3.400; p = 0.103; Fig. 11b),
ventromedial hypothalamus (F,5) = 5.062; p = 0.051;
Fig. 11c), or supraoptic nucleus (F(,,g) = 2.016; p = 0.213;
Fig. 11e). Post hoc analysis showed a decreased propor-
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Fig. 9. Proportion of NeuN-immunoreactive neurons that were
also immunoreactive for GPER in the hypothalamus of male (n =
3), diestrous female (n = 3), and estrous female (n = 3) rats. a Ar-
cuate nucleus (ARC). b Lateral hypothalamus (LH). ¢ Ventrome-
dial hypothalamus (VMH). d Paraventricular nucleus (PVN).

tion of GPER+/CC1+ cells in estrous and diestrous fe-
male rats compared to male animals (p < 0.01) in the ar-
cuate nucleus (Fig. 11a), whereas a higher proportion of
GPER+/CC1+ cells was detected in estrous females com-
pared to males (p < 0.05) in the paraventricular nucleus
(Fig. 11d).

Discussion

Our findings confirm earlier observations of GPER
immunoreactivity in the rat hypothalamus [27, 30, 33—
36]. In addition, in our study we assessed the identity of
the cellular types showing GPER immunoreactivity using
NeuN, GFAP, and CC1 as specific markers for neurons,
astrocytes, and oligodendrocytes, respectively [51-53]. In
agreement with previous descriptions in other brain re-
gions [2, 4-9], we observed GPER immunoreactivity in
neurons, astrocytes, and oligodendrocytes in the rat hy-
pothalamus. Furthermore, we detected sex and regional
differences and changes during the estrous cycle in the

12 Neuroendocrinology
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e Supraoptic nucleus (SON). Data are presented as mean + SEM.
* Significant difference (p < 0.05) versus male values. A/ Signifi-
cant difference (p < 0.01) versus females in diestrus. GPER, G pro-
tein-coupled estrogen receptor 1.

total number of GPER-immunoreactive cells and in the
proportion of neurons, astrocytes, and oligodendrocytes
that were GPER-immunoreactive.

The existence of sex differences in the number of
GPER-immunoreactive cells in the hypothalamus is in
agreement with the observation of a higher GPER mRNA
expression in this brain region in 60-day-old male ham-
sters compared to females of the same age [38]. However,
our study in rats showed that sex differences in GPER im-
munoreactivity depend on the hypothalamic region con-
sidered. Thus, female rats showed higher numbers of
GPER-immunoreactive cells than males in the arcuate
nucleus, the lateral hypothalamus, and the supraoptic nu-
cleus. In contrast, males had higher numbers of GPER-
immunoreactive cells in the paraventricular nucleus. The
possible role of gonadal hormones in the generation of
these sex differences remains to be established, although
it is known that GPER is regulated by androgens, estra-
diol, and progesterone in several cellular systems [57-60].

Our findings, showing sex differences in the distribu-
tion of hypothalamic GPER immunoreactivity, suggest
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that estrogenic regulation of hypothalamic function
through GPER may be different in males and in females.
Previous studies in mice have implicated GPER in sex dif-
ferences in stress and anxiety [61], in the neurological
deficits and brain infarct volume after stroke [62], and in
the metabolic response and cardiac function after obesity
induced by high-fat diet [63]. In this latter case, a possible
involvement of hypothalamic GPER cannot be ruled out,
although the study was based on a mouse GPER knockout
model in which the GPER deletion affected all tissues.
Concerning the hypothalamus, it is known that GPER is
involved in the estrogenic regulation of the number of
arginine-vasopressin-immunoreactive neurons in the su-
praoptic and paraventricular nucleus of female rats [32].
Furthermore, the GPER-selective agonist G1 decreases
ERK immunoreactivity and the number of NADPH di-
aphorase-positive cells in the supraoptic and paraventric-
ular hypothalamic nuclei in female rats [31]. However, it
is unknown whether these effects of GPER observed in
females are different in males. In contrast, there is evi-

Hypothalamic GPER Distribution

e Supraoptic nucleus (SON). Data are presented as mean + SEM.
* k3% Significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001)
versus male values. AAA Significant difference (p < 0.001) versus
females in diestrus. GPER, G protein-coupled estrogen receptor 1.

dence that GPER is involved in lordosis [27-30], a sex
dimorphic behavioral response controlled by the hypo-
thalamus. Indeed, estradiol facilitates lordosis by acting
on GPER in the arcuate nucleus [27, 29, 30], which shows
higher GPER immunoreactivity in females, as deter-
mined in the present study.

Sex differences were not only observed in the number
of GPER-immunoreactive cells but also in the proportion
of neurons, astrocytes, and oligodendrocytes that were
GPER-immunoreactive. Thus, males show a lower pro-
portion of neurons immunoreactive for GPER in the ar-
cuate nucleus and the lateral hypothalamus, compared to
females in estrus, and in the paraventricular nucleus and
the ventromedial hypothalamus, compared to diestrous
females. These sex differences in GPER distribution may
contribute to the well-characterized differences in the
functional and structural parameters of hypothalamic
neurons [64-67]. In addition, sex differences in GPER
immunoreactivity were also detected in glial cells. Com-
pared to males, there is a higher proportion of GPER-
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Fig. 11. Proportion of CCl-immunoreactive oligodendrocytes
that were also immunoreactive for GPER in the hypothalamus of
male (n = 3), diestrous female (n = 3), and estrous female (n = 3)
rats. a Arcuate nucleus (ARC). b Lateral hypothalamus (LH).

immunoreactive astrocytes in the arcuate nucleus, lateral
hypothalamus, and ventromedial hypothalamus of es-
trous females. Furthermore, in the arcuate nucleus the
proportion of GPER-immunoreactive oligodendrocytes
is higher in males than in estrous and diestrous females.
In contrast, the proportion of GPER-immunoreactive
oligodendrocytes in the paraventricular nucleus is higher
in estrous females than in males. Sex differences in GPER
expression in astrocytes and oligodendrocytes may con-
tribute to the reported functional dimorphic phenotype
of these cells in male and female animals [68, 69]. In par-
ticular, accumulating evidence indicates that astrocytes
participate in the generation of sex differences in hypo-
thalamic function [70-74]. Our findings suggest that
GPER may participate in the estrogenic modulation of
these glial effects.

Our present findings also indicate that GPER immu-
noreactivity fluctuates during the estrous cycle in the hy-
pothalamus. Thus, females in estrus have a higher num-
ber of GPER-immunoreactive cells than diestrous fe-
males in the anterior part of the arcuate nucleus, the

14
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¢ Ventromedial hypothalamus (VMH). d Paraventricular nucleus
(PVN). e Supraoptic nucleus (SON). Data are presented as mean
+ SEM. * ** Significant differences (* p < 0.05, ** p < 0.01) versus
male values. GPER, G protein-coupled estrogen receptor 1.

anterior part of the lateral hypothalamus, and in the su-
praoptic nucleus. In contrast, the paraventricular nucleus
and the ventromedial hypothalamus have a higher num-
ber of GPER-immunoreactive cells in diestrus than in es-
trus. These fluctuations in the number of GPER-immu-
noreactive cells during the estrous cycle are accompanied
by significant changes in the proportion of GPER-immu-
noreactive neurons. Thus, estrous females have a higher
proportion of GPER-immunoreactive neurons than dies-
trous females in the arcuate nucleus and the lateral hypo-
thalamus. In contrast, females in diestrus have a higher
proportion of GPER-immunoreactive neurons in the
ventromedial hypothalamus and the paraventricular nu-
cleus. However, the proportion of GPER-immunoreac-
tive astrocytes and oligodendrocytes does not show sig-
nificant changes during the estrous cycle in the hypotha-
lamic regions analyzed.

Our present observations in the hypothalamus extend
the results of previous studies showing that GPER mRNA
levels fluctuate during the estrous cycle in other rat brain
regions, such as the nucleus of the solitary tract, the peri-

Marraudino et al.

Downloaded by:

Universita Studi di Torino

130.192.119.93 - 10/19/2020 7:38:56 PM



aqueductal gray, and the ventrolateral medulla [40].
Changes in GPER immunoreactivity during the estrous
cycle may reflect an estrogenic regulation of GPER trough
other estrogen receptor variants or by an autoregulatory
mechanism, as has been suggested by other studies [57,
60]. In this regard, it should be considered that we ana-
lyzed two estrous cycle phases, estrus and diestrus 2, that
represent two extremes in the biological effects of estra-
diol. Thus, the estrous phase corresponds to the day after
the peak of estradiol in proestrus, when most transcrip-
tional, functional, and behavioral effects of the hormone
are manifested, in contrast to diestrus 2 (i.e., 72 h after the
peak of estradiol in proestrus). It is important to note that
with this choice we favored the detection of possible tran-
scriptional effects of estradiol on GPER expression or lo-
calization over rapid nongenomic effects of the hormon-
al peak in proestrus, which could also have been interest-
ing to analyze. Furthermore, fluctuation of progesterone
levels during the estrous cycle may also influence GPER
expression, since progesterone A receptor transfection
has been shown to decrease GPER expression in Ishikawa
cells [75] and the pituitary expression of GPER in adult
female rats is decreased 24 h after the administration of
progesterone in vivo [59].

Phasic changes in GPER expression in the hypothala-
mus may contribute to the fluctuation during the estrous
cycle in the expression of estrogen-regulated hypotha-
lamic proteins, such as oxytocin and vasopressin [76],
kisspeptin [77], neuropeptide Y [78], orexin [79], nitric
oxide synthase [80], or growth hormone and prolactin,
among others [81]. Changes in GPER immunoreactivity
in the hypothalamus may also participate in the estro-
genic regulation of neuroglial plasticity during the es-
trous cycle [82-87] and in the preparation for estrogen-
positive feedback, luteinizing hormone surge, ovulation,
and sexual receptivity in females [27, 29, 88].

In summary, our findings showing that GPER immu-
noreactivity is widely distributed in the hypothalamus,
presents sex differences, and fluctuates during the es-
trous cycle suggest that this form of estrogen receptor
may be involved in the hormonal regulation of numer-
ous hypothalamic functions mediated by neurons and
glial cells.
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