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Abstract

Menopause is caused by changes in the function of the hypothalamic-pituitary-gonadal (HPG) axis
that controls reproduction. Hypophysiotropic gonadotropin-releasing hormone (GnRH) neurons in
the hypothalamus orchestrate the activity of this axis and are regulated by hormonal feedback
loops. The mechanisms by which GnRH responses to the primary regulatory sex-steroid hormone,
estradiol (E») are still poorly understood in the context of menopause. Our goal was to determine
whether the G protein-coupled estrogen receptor (GPER) is co-expressed in adult primate GnRH
neurons, and whether this changes with aging and/or E, treatment. We used immunofluorescence
double labeling to characterize the co-expression of GPER in GnRH perikarya and terminals in the
hypothalamus. Young and aged rhesus macaques were ovariectomized and given long-term (~2
year) hormone treatments (E,, E» + progesterone, or vehicle) selected to mimic currently
prescribed hormone replacement therapies used for the alleviation of menopausal symptoms in
women. We found that about half of GnRH perikarya co-expressed GPER, while only about 12%
of GnRH processes and terminals in the median eminence (ME) were double labeled.
Additionally, many GPER labeled processes were in direct contact with GnRH neurons, often
wrapped around the perikarya and processes and in close proximity in the ME. These results
extend prior work by showing robust colocalization of GPER in GnRH in a clinically relevant
model, and support the possibility that GPER-mediated E; regulation of GnRH occurs both in the
soma and terminals in nonhuman primates.
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INTRODUCTION

Menopause is often accompanied by one or more neurobiological symptoms such as hot
flushes, depression, irritability, sleep disruptions, lowered energy levels, memory deficiency,
sexual dysfunction, and cognitive decline [1-4]. The most common treatment for
menopausal symptoms is hormone replacement therapy (HRT), used primarily to improve
quality-of-life from vasomotor symptoms, vaginal dryness, and osteoporaosis [5, 6].
However, the termination and subsequent revisitation of results of the Women’s Health
Initiative (WHI) has resulted in considerable controversy about the relative benefits and
risks of exogenous hormone therapies [7-11]. From the neurobiological perspective, further
insights are needed into the complex mechanisms underlying reproductive aging and the
effects of HRT on the brain, including the nature of cells that respond to hormones and
whether/how this changes with aging.

In the mediobasal hypothalamus (MBH) of primates, gonadotropin-releasing hormone
(GnRH) neurons synthesize a neuropeptide that is released from nerve terminals at
capillaries within the median eminence (ME; [12-16]). GnRH secretion triggers the release
of the gonadotropins from the anterior pituitary that in turn stimulates the production of sex
steroid hormones, predominantly estradiol (E,) and progesterone (P4) in the ovaries. These
hormones then feed back onto the hypothalamus and pituitary, ultimately modulating the
production and release of GnRH. The anatomical site(s) of E, feedback regulation onto
GnRH neurons involves a combination of both direct and indirect inputs. Previously, E,
regulation of GnRH cells was thought to be entirely indirectly mediated by other neuronal
cell types and/or glia, because GnRH cells do not co-express estrogen receptor (ER) a [17].
GnRH cells are now known to contain ERf, STX-sensitive estrogen receptors, and G
protein-coupled membrane estrogen receptor (GPER, sometimes called GPR30) [18-23]. Of
these, membrane ERs enable GnRH cells to respond rapidly to E, with increased action
potential rate, intracellular Ca2* oscillations, and GnRH peptide release [23-27].

This study focused on the co-expression of GPER in GnRH neurons, which has not been
well characterized in primates, in the context of reproductive aging. To our knowledge, there
has been only a single report showing co-localization of GPER on three GnRH neurons in
the primate brain [23]; all other work in this arena was conducted ex vivo or
electrophysiologically, and predominantly in the rodent model. Our laboratory recently
reported age-related increases in the density of GPER-immunoreactive cells in the arcuate
nucleus and periventricular nucleus of female rhesus monkeys and confirmed that GPER-
positive cells are found in regions where GnRH neurons are expressed in the monkey [28].
Considering that GPER can mediate actions of E; on GnRH cells, together with known
aging-related changes in GnRH function in the macaque [29], we sought to address three
questions: 1) Do GnRH neurons of adult monkeys co-express GPER? 2) In what cellular
compartment (cell body, nerve terminal) is co-expression found? 3) How does this co-
expression change with age or E, treatment? Work was conducted in monkeys that were
age-appropriate for the pre- and perimenopausal stages, and that received hormone
treatments that more closely approximate current usage since the termination of the WHI.
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A total of 39 rhesus monkeys (Macaca mulatta) of two age ranges were included in this
study: young adult (n = 17; aged 9.9 yr £ 2.3 yr) and aged (n = 22; aged 22.6 yr + 1.6 yr).
Young animals were all premenopausal and aged animals were all perimenopausal, as
determined by normal cycling lengths of 24-34 days, or irregular cycles longer than 35 days,
respectively [30]. Cycle length was established by daily visual inspection of vaginal
bleeding for 2 years before initiation of the study. Additionally, all of the animals in the
aged group were over 19 years because prominent endocrine and neurobiological signs of
aging do not occur in monkeys before reaching that age [31]. The animals were housed and
experiments carried out at the California National Primate Research Center, as described
previously [32-37]. Procedures were approved by the Institutional Animal Care and Use
Committee at the University of California and in compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All of the monkeys were selected
based on the following criteria: they had no long-term or invasive dietary or
pharmacological interventions, and they were all in good physical health with no physical
abnormalities or severe arthritis.

OVARIECTOMY & HORMONE TREATMENT

All animals were ovariectomized (OVX) as previously described [32-37]. Briefly, they were
sedated with ketamine (10 mg/kg) and atropine (0.4 mg/kg), anesthetized with isoflurane,
and their ovaries and Fallopian tubes removed. They were given a 2-3 month recovery
period before assignment to one of the three treatment groups, designed to mimic current
hormone regimens commonly prescribed to women. These consisted of the following
conditions: vehicle (young n =7 [YV], aged n = 8 [AV]), continuous estradiol (young n =5
[YE], aged n = 6 [AE]) and continuous estradiol plus cyclic progesterone (young n =5
[YEP], aged n = 8 [AEP]). The duration of all hormone or vehicle treatments were 2 years.
Some animals were excluded from the study due to illness or incomplete OV X as
determined by hormone analysis; the n's reported here are the final numbers used in this
study. For the hormone groups, two Silastic capsules (3 cm long and 0.46 inner diameter),
containing crystalline estradiol (Eo Sigma) were implanted subcutaneously between the
shoulder blades, achieving a mean serum level of 150 pg/ml, and were replaced every three
months. The vehicle group received empty capsules on the same schedule, plus an
intramuscular injection of 1 ml peanut oil to mimic a fourth treatment group (cyclic
estradiol) that we were unable to include in this study due to the lack of aged-matched
animals. The E, + cyclic P4 group received 100 mg of micronized progesterone (Catalent
Pharm Solutions), mimicking luteal phase P4 levels, in their daily fruit treat, for 10 out of
every 28 days, while the other groups received untreated fruit.

EUTHANASIA AND TISSUE PROCESSING

The monkeys were perfused 8-10 days after the last P, treatment and on a comparable day
for the other (non-Py4) groups as previously described [38, 39]. Briefly, they were deeply
anesthetized with ketamine (25 mg/kg) and pentobarbital (20-35 mg/kg) and were perfused
transcardially with ice-cold 1% paraformaldehyde, followed b y 4% paraformaldehyde in
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phosphate buffer (PB), for 1 minute and 12 minutes (at 185 ml/min), respectively. The brain
was removed and the hypothalamus was dissected then postfixed for 6 hours in 4%
paraformaldehyde and 0.125% glutaraldehyde in PB and shipped to the University of Texas
at Austin in PB for further processing. The mediobasal hypothalamus (MBH) was sectioned
at 100 um using a vibrating microtome (Leica VT1000 S; Leica, Bannockburn, IL). Half of
the median eminence (ME), when present, was dissected for use in companion studies and
the remaining sections were cryoprotected in a sucrose series (12%, 18%, 30% for 48 hrs
each) and stored at -20 °C in 30% glycerol for later use.

IMMUNOHISTOCHEMISTRY

We used dual-label fluorescence immunohistochemistry (IHC) to visualize GnRH and
GPER distribution in the MBH. Four to five sections containing the MBH were collected
from each animal and allocated into rostral, medial and caudal groups for IHC. There were
an uneven number of sections available from each region due to tissue damage and loss from
poor perfusions and processing errors. A second IHC run was performed to fill in gaps from
animals in the first run in which fewer than 5 GnRH neurons were found. Between each step
of the IHC, sections were washed in phosphate buffered saline (PBS; pH 7.4) 3x10 minutes.
Due to the thickness of the sections, we used a citrate buffer (pH 8.5; preheated to 70 °C; 30
min) for antigen retrieval. Nonspecific binding sites were blocked with a solution of 10%
normal goat serum (NGS; S-1000, Vector Laboratories, Burlingame, CA, USA) and 2%
bovine serum albumin (BSA; Sigma-Aldrich, USA) for 90 minutes. We incubated sections
for 48 hours (at 4°C with constant agitation) in mouse anti-GnRH (HU11b, diluted to
1:1,000; a gift from Dr Henryk Urbanski) and rabbit anti-GPER primary antibody (diluted
1:1,000; a gift from Dr. Edward Filardo), in 2% NGS in PBS. We then incubated the
sections simultaneously in the following secondary antibodies for 2 hours: Alexa Fluor 594
conjugated goat anti-mouse 1gG and Alexa 488 anti-rabbit IgG (both diluted 1:400; Life
Technologies, Eugene, OR, USA), in a solution of 5% NGS in PBS. The primary antibodies
have been thoroughly validated in rodent and primate tissue [22, 23, 40-45]. Here, the
primary antibodies were omitted in experimental controls and no specific labeling for either
fluorophore was found. To reduce lipofuscin autofluorescence, we treated the tissue with 10
mM CuSO4 in 50 mM ammonium acetate for 20 minutes. The sections were then mounted
on glass slides, allowed to dry for 10 minutes and coverslipped using Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). The edges of the coverslip were sealed
with clear nail polish. The slides were stored light-protected at 4°C.

CONFOCAL MICROSCOPY

We used a Zeiss LSM 710 microscope running Zen Black software (Carl Zeiss International,
version date: 2012) with a Plan-Apochromat 40x/1.4 Oil DIC M27 objective for imaging the
MBH of each animal. At the beginning of each imaging session, the laser power, gain and
offset were adjusted using the negative control as a reference. For imaging the perikarya and
ME, the two fluorophores were scanned sequentially to prevent signal bleed-through and the
average of two scans for each line was recorded to decrease background. The GnRH scan
was done with an excitation wavelength 561 nm (detection range 566 nm — 689 nm)
followed by GPER with an excitation wavelength 458 nm (detection range 492 nm — 598
nm). To map the distribution of GnRH immunoreactive (IR) cell bodies, we imaged the
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entire MBH plus some surrounding regions where hypophysiotropic GnRH perikarya are
distributed [46, 47]. GNRH neurons are 5-10 um in thickness and to ensure that no GnRH
perikarya would be missed, we took a z-stack with a voxel depth of 5 pm and a step size of 9
um through the whole section. GnRH neurons were detected through the entire thickness of
the sections, indicating that there was complete penetration of the antibodies. The location of
each GnRH-IR neuron was marked as single (GnRH only) or double (GnRH+, GPER+) on a
diagram of the MBH representing the rostral, medial and caudal levels based on four to six
overlapping slices (depending on neuron orientation; with voxel depth of 2 um) through
each neuron for GnRH-IR followed by GPER-IR. To determine the relationship between
GPER-IR and GnRH neuroterminals in the ME, we took a high-resolution image stack of
the internal and external zones of 1-2 ME sections (depending on tissue availability) for
each animal.

ANALYSIS & STATISTICS

RESULTS

All perikarya were analyzed with Fiji software [48], and MatLab software (version R2013a;
MathWorks, Natick, MA) was additionally used for calculating the percent colocalized
puncta in the ME. We used 2 methods in concert to categorize the immunoreactivity of the
perikarya, both the traditional pseudocolored merge of the 2 channels and a grey-scale
analysis to control for any optical illusions due to color perception bias. This was done with
an image calculator plug-in in Fiji that created a single gray- scale image that shows the
minimum intensity for each pixel of the 2 channels (i.e. if there is no colocalization then the
minimum intensity is black). We rated the amount of GPER-IR, from 1-6, in each GnRH-IR
perikarya with both methods, and re-scored a random subset of the images to ensure
consistency. The scores from the two categorization methods were compared, resulting in
three categories: no GPER-IR, moderate/punctate colocalization, and heavy colocalization.

We used R statistical packages (R Development Core Team, 2012) for all statistical
analyses. Kruskal-Wallis (p) nonparametric test were used because our dataset was not
normally distributed as was determined by the Shapiro-Wilks normality and Levene's
equality of variance tests. Our alpha level was set to determine significant main effects (p <
0.05) or trends (0.05 < p < 0.10) followed by a pairwise Wilcoxon post-hoc test to identify
specific interactions [49, 50].

GnRH perikarya in the MBH co-express GPER

Examples of GnRH perikarya in the MBH that did or did not co-express GPER are shown in
Figure 1. GnRH neurons in the 6 groups of monkeys (YV, YE, YEP, AV, AE, AEP) had the
characteristic morphology of bipolar or unipolar perikarya with large nuclei, and were
scattered through the basal hypothalamus. No significant main effects of age or hormone
treatment were found for the morphology or average number of GnRH neurons per section
(data not shown). For double labeling, about half of GhnRH-IR neurons expressed GPER,
regardless of age or hormone treatment (Figure 2A). Labeling of GPER in the GnRH
neurons was variable, with some GnRH cells showing punctate or moderately intense
labeling and others with very heavy labeling throughout the cytoplasm and into the
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varicosities (Figures 1 & 3). Additionally, we observed many GPER-IR processes in close
contact with GnRH perikarya and/or proximal processes (Figure 3). During analysis we
noticed great variability in the intensity of GPER immunolabeling in GnRH neurons.
Therefore, we further subdivided double-labeled GnRH cells qualitatively into moderate/
punctate or heavy GPER co-localization. There were no significant effects of age or
treatment on the percent or type of double-labeled GnRH+/GPER+ neurons (Figure 2B).

The distribution of GnRH neurons that were single (GhRH+/GPER-) or double (GnRH+/
GPER+) labeled was mapped onto representations of the MBH from rostral to caudal,
separately for the 6 groups (Figure 4). The mean percentage of colocalized neurons was also
calculated across the three regions (Figure 5). In the medial MBH, there was a trend for an
effect of age (p = 0.08), with aged animals tending to have a higher percentage of GhnRH+/
GPER+ than young groups. In the caudal MBH there were trends for effects of both age and
treatment (p = 0.06, p = 0.09, respectively).

GnRH fibers have low co-expression of GPER in the median eminence

Both GnRH and GPER were detectable as punctate labeling in the ME (Figure 6). Co-
localization of GPER in GnRH+ neural puncta was quantified separately in the internal and
external zones of the ME. In both regions there was an average of 12% colocalization of
GnRH-IR and GPER-IR puncta. There were no significant effects of age or treatment
(Figure 7).

DISCUSSION

The goal of current work was to add to limited knowledge about expression of GPER, a
membrane estrogen receptor, on hypophysiotropic GnRH neurons. We sought to gain novel
insights into whether estrogenic regulation may occur directly on GnRH neurons through
co-expression, or indirectly via appositions, in a non-human primate model. Prior work,
mainly conducted ex vivo, has largely supported the possibility of coexpression, but few
studies have investigated this relationship in a physiological system. Our current data adds
three novel pieces of information. First, we ascertained that GnRH cells co-express GPER in
adult rhesus monkeys; second, we determined the localization of this co-expression on cell
bodies and processes/terminals in the ME; and third, we investigated whether aging and
long-term hormone treatments affected co-expression in a clinically-relevant rhesus
macaque model of menopause.

GnRH perikarya co-express GPER

The expression of GPER in the brain, including the hypothalamus, is quite abundant in
primates and rodents, though there have been few studies that have examined GPER in
GnRH neurons [28, 51-54]. Here, using hypothalami from OV X monkeys of two ages and
three hormone treatments, we found that approximately half of the GnRH perikarya in the
MBH were GPER-immunoreactive. Although there were some trends for effects of age and
hormone treatment, none were robust, suggesting that co-localization of GPER in GnRH
neurons of adult female monkeys is a stable part of the GnRH phenotype. All of the studies
that have examined GPER in the context of primate GnRH neurons support co-localization
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but results in rodents are inconsistent. More specifically, cultured embryonic monkey GnRH
neurons and GnRH GT1-7 cell lines co-express GPER [21, 23, 27]. In mice, Sun et al.
reported that about one-third of GnRH neurons were electrophysiologically activated by the
GPER agonist, G1 [19]. However, conflicting results were found by Romano et al., who did
not detect rapid responses to G1 in any of the seven mouse GnRH neurons examined [55].
There may be species differences in the estrogenic regulation of GnRH via GPER.
Additionally, alternate pathways, involving the classical receptors ERa and ERp, that
mediate rapid E, activation of GhnRH have been found in mice that are not present in
primates [19, 21, 23, 25, 55-57]. For example, Abraham et al. discovered that ERp induced
CREB phosphorylation in the GnRH neurons, and Romano et al. found an ERa-dependent
pathway involving GABAergic modulation of GnRH Ca2* dynamics [25, 55]. While rapid
E, activation of primate GnRH neurons can occur independently of either of these classical
ERs [20, 21]. Thus, the role that these ERs play in the regulation of GnRH in primates likely
differs from rodents and further research is merited to resolve these differences.

The functional role of GPER in GnRH neurons is not known, although it has been suggested
that it may mediate some aspects of hormone feedback and/or synchronization required for
pulsatile release [58]. The lack of an obvious reproductive phenotype of the GPER-knockout
mice may have hindered research in this area, as the global knockout may have
developmental compensation for physiological roles normally mediated by GPER and, as
discussed above, the role of GPER may be different in primates [18, 22, 59, 60]. There are
still substantial gaps in knowledge about the receptors that mediate positive and negative
effects of estrogens on GnRH neurons, making the GPER of potential interest beyond ERa,
ERp and STX-sensitive receptors [22, 57, 61]. Although at the time experiments were
conducted it was not possible to perform pharmacological work on our monkeys, future
work should investigate effects of E, action on GnRH neurons in the presence of agonists or
antagonists to GPER.

The relationship between GnRH perikarya and GPER is highly heterogeneous

Our analyses revealed that the intensity and pattern of GPER-IR varied between individual
GnRH neurons: some cells had exclusively punctate and sparse labeling, while others had
GPER-IR distributed densely and evenly throughout the cell. Many of the labeled GnRH
perikarya in these monkeys showed GPER labeling in proximal processes and, in a few
cases, more distal from the GnRH soma. Consistent with our results, GPER has been found
in multiple intracellular compartments, including mitochondrial membranes [62], the
endoplasmic reticulum and Golgi apparatus [63, 64], near the nucleus [64, 65], throughout
the cytoplasm [51, 53, 62], as well as on the cell membrane [23, 28, 51, 62, 65], in a tissue
and species-specific manner. The physiological roles that these compartmental differences
may play are currently unknown.

Some GnRH neurons, while not double-labeled, were found in very close association with
GPER-IR varicosities. In many cases, the GPER-IR processes appeared to wrap around
GnRH soma, proximal dendrites or axons. Electron microscopy would be needed to verify
whether or not these closely apposed cells have synapses or gap junctions, but if that were
the case, then GPER+ cells may also mediate effects of E, indirectly onto the GnRH
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neurons they contact. These GPER-IR processes could arise from cells that are either
neuronal or glial, as GPER has been found in both types of cells in the regions near GnRH
perikarya [62]. Together, these results of co-expression and close proximity to GnRH
suggest that GPER could potentially mediate both direct and indirect E, regulation of GnRH
neural activity at or near the soma.

We found some regional specificity in the rostral to caudal distribution of GhnRH+/GPER+
neurons. In young monkeys, more GnRH neurons were detected in the rostral and medial
MBH, while in aged animals they were located more mediocaudally. Due to limitations in
the numbers of animals and tissues we do not want to overinterpret these data. Nevertheless,
consistent with our results, age-related changes in the distribution of GnRH cells in rodents
have been reported [44, 66]. Rubin et al. found that there was an increase GnRH neurons in
the dorsomedial portion of the preoptic area of young rats preceding the LH surge and this
was not observed in middle-aged animals [66]. Additionally, Miller et al. found that there
were fewer GnRH neurons in the medial septum of middle-aged irregular and acyclic rats in
comparison to young or regularly cycling rats [44]. Together these studies suggest that the
distribution of GNRH-IR perikarya may be responsive to the hormonal milieu, and age-
related alterations in the dynamics of this system may be linked to reproductive senescence
in rodents. While the differences in distribution that we measured did not reach significance,
the results found here are suggestive of the possibility that monkeys also undergo age-
related reorganization of GnRH perikarya.

We did not find any obvious change in GnRH cell number, consistent with observations in
monkeys, mice, and rats [44, 46, 67, 68]. Although a few others have found some age-
related changes in number of GnRH neurons in aged rats and mice, these were relatively
small effects [66, 69]. Thus, the literature as a whole suggests small to no changes in GnRH
perikarya numbers with aging, but possible distributional changes.

GnRH terminals in the ME have low co-expression of GPER

The median eminence is an important site of GnRH regulation [70-72]. The external zone of
the ME contains the portal capillary bed and has a high density of secretory neuroterminals
and tanycytic endfeet and is the location of GnRH release. The internal zone of the ME
contains GnNRH processes and the cell bodies of tanycytes, specialized glial cells that form a
selective barrier to the portal capillaries [70, 73-74]. Age-related changes to GnRH release
measured in the ME have been reported in rodents, in which release was decreased, and in
monkeys, in which GnRH pulses (especially amplitude) were increased [29, 75]. The ME
region undergoes dramatic cytoarchitectural and phenotypic changes with reproductive
aging and hormone treatment in rats, especially around the terminals and capillaries, which
directly affect the release of GnRH [70-74, 76-78]. Species differences in GnRH release
are, in part, attributable to feedback regulatory differences with aging, underscoring the
importance of conducting this work in a non-human primate model.

In the current study, we found similar amounts of colocalization of GPER and GnRH in the
internal and external zones of the ME, with no age or treatment effects. There was a much
lower percent of colocalization in the ME (~12%), in comparison to the perikarya of GnRH
neurons (~50%). There are several interpretations for these cell compartment differences
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that are not mutually exclusive. GnRH perikarya may transport only a small percentage of
synthesized GPER along the axon to the nerve terminals and processes in the ME.
Alternatively or in addition, the detectability of GPER in the ME may be below the
threshold of sensitivity of confocal microscopy, something that would require electron
microscopy to resolve. Confirming our finding of GPER in the monkey ME, a recent study
conducted by our laboratory in a model of natural reproductive aging in the rat also showed
that GPER mRNA is detectable in the microdissected ME (inclusive of both internal and
external zones). Furthermore, in that rat study, GPER mRNA expression was positively
correlated with the genes for ERa, TGFa, prodynorphin, the vitamin D receptor, and the
progesterone receptor, and was negatively correlated with the GABA-B2 receptor [79].
While follow up work is needed to further study any functional relationships, these data
suggest some interesting molecular candidates for a regulatory network of GnRH in the ME,
among which is GPER.

Summary and limitations

In this study conducted in young and aged OV X rhesus macaques, about half of GnRH
perikarya express GPER, whereas a smaller percentage of processes and terminals (12%)
had co-expression in the ME. GnRH cell bodies and processes were often in close apposition
or proximity to GPER-immunoreactive elements. These data add new information about the
robust presence of GPER in and around GnRH cells and suggest a viable site of direct action
of estrogens on the GnRH system. Additionally, aging and hormone treatments had limited
effects on the co-expression of GnRH and GPER in the rhesus monkey model of
menopause. This latter result underscores the stability of GnRH neurons across adult
development and into aging.

As is often the case for studies of non-human primates, we had a number of experimental
constraints. The number of animals that were available for this experiment, and the
sometimes-poor quality of tissues, limited the statistical power. In addition, there are both
strengths and weaknesses to the OV X +/- hormone treatment model. While substantial
numbers of women undergo surgical menopause, by far the majority of women undergo a
natural menopause, involving a more gradual loss of ovarian hormones. It was not possible
to utilize ovary-intact monkeys for the current study, as rhesus macaques undergo
reproductive senescence very late in life [30] and such elderly monkeys were not attainable.
However, we would also like to underscore some advantages of our model. Our young and
aged monkeys corresponded roughly to young adult (~30 years) and middle-aged adult (~50
years) women. Thus, work was conducted in age-appropriate animals in terms of
chronological years. In addition, as a primary goal was to gain insights into how hormone
treatments affect neurobiological responses, the hormone deprivation or replacement models
enabled us to directly address this point not only in our study but in our collaborators’
laboratories, who also utilized these valuable brain tissues [32-39]. In ongoing work we are
further delving into additional biomedically-relevant models of the timing and duration of
hormone replacement relative to deprivation in a test of the “critical window” hypothesis of
menopause [6].
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Figure 1.
Photomicrographs of GnRH-IR (left column), GPER-IR (center column) and double

labeling (right column). Representative micrographs of the categories of GPER (green)
expression within GnRH neurons (red) are shown for unlabeled (A-C), moderate / punctate
GPER labeling within GnRH perikarya (D-F), and heavy cytoplasmic double labeling (G-I).
The high magnification inset (F) shows punctuate GPER-IR. Scale bars = 25 pm (A-1), 10
pum (F inset).
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Figure2.
Percent of GnRH perikarya that express GPER (GnRH+/GPER+) and the subset of those

double-labeled cells that have heavy cytoplasmic label. (A) The average percent (+ SEM) of
GnRH+/GPER+ perikarya throughout the entire MBH for young (white bars) and aged
(black bars) monkeys is shown. (B) The percent of GnRH+/GPER+ cells with either
moderate/punctate (top, solid) or heavy cytoplasmic (bottom, striped) GPER-IR, for each
group. There were no significant effects of age or treatment in the total percent or type of
double-label.
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Figure 3.
Photomicrographs of double labeling of GnRH perikarya, and the proximity between GPER

processes and GnRH neurons. Panels A-C show two GnRH neurons, one heavily
colocalized with GPER (left) next to one that is not labeled with GPER (right). Examples of
GnRH perikarya (D & E, red) that are in direct contact with GPER-IR processes (green).
Scale bars = 35 um (A-C), 15 um (D & E).
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Figure4.

Distribution of GnRH neurons in the medial basal hypothalamus (MBH). GnRH neurons
were mapped onto a representation of coronal sections of the MBH from rostral (A, D, G —

young; J, M, P —aged), medial (B, E, H — young; K, N, Q — aged) and caudal (C, F, | —

young; L, O, R —aged) in young (left) and aged (right) adult rhesus monkeys of the three
hormone treatment groups. GnRH+/GPER+ double-labeled perikarya are labeled with A and

GnRH+/GPER- with o. The third ventricle (3V) and optic tract (OT) are labeled for
orientation. Scale bars = 350 pm.
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Figureb5.
Distribution of GhnRH+/GPER+ cells in the MBH. These graphs show the average percent

(xSEM) of GnRH+/GPER+ perikarya in the rostral (left), medial (middle) and caudal (right)
MBH. There were trends of age effects in the medial and caudal regions (p=0.08 and
p=0.06, respectively), as well as a treatment effect in the caudal MBH (p=0.09).

Neuroendocrinology. Author manuscript; available in PMC 2015 November 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naugle and Gore

Page 20

Figure®6.
Representative micrographs of GhnRH and GPER immunolabeling in the ME. A low

magnification image of GnRH-IR in a coronal section through the ME is shown (A) with
boxes around the regions of the internal (left) and external (right) zones that were analyzed.
The third ventricle (3V) is labeled for orientation. High magnification micrographs of
punctate GnRH-IR (red) and GPER-IR (green) are shown in the internal (B) and external
(C) zones of the ME. Colocalized puncta (yellow) are indicated with arrowheads. The insets
show a high magnification example of colocalization in each region. Scale bars = 350 um
(A), 20 um (B & C), 5 um (insets).

Neuroendocrinology. Author manuscript; available in PMC 2015 November 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Naugle and Gore

Page 21

Average % GnRH+/GPER+

50

40

30

10

Percent of GhRH+/GPER+ 50 Percent of GnRH+/GPER+
in Internal ME in External ME

40

30

YE YEP AV AE AEP YV YE YEP AV AE AEP

Figure7.
Percent colocalization of GhnRH+/GPER+ puncta in the ME. The mean percent (SEM) of

GnRH puncta that were colocalized with GPER-IR in the internal and external ME are
shown for each group. There were no significant effects of age or treatment in either region.
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