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Abstract

This chapter summarizes recent progress in reproductive neuroendocrinology in 
rhesus monkeys as a model for humans. First, to characterize properties of primate 
GnRH neurons, GnRH neurons are isolated from rhesus monkey embryos and cul-
tured, and human GnRH neurons are generated from induced pluripotent human stem 
cells. Results from cultured GnRH neurons indicate that exposure to estradiol rapidly 
stimulates firing activity, increases Ca2+ oscillations, synchronization of Ca2+ oscilla-
tions among GnRH neurons, and estrogen-induced GnRH release. Second, we describe 
a series of findings in vivo, showing that neuroestrogens, locally synthesized and 
released within the hypothalamus, play an important role in reproduction: Blocking 
neuroestrogens synthesis alters the pulsatility of gonadotropin releasing hormone 
(GnRH) release, and the estradiol-induced GnRH/LH-surge in ovariectomized females. 
Third, neuroestrogen recapitulates the rapid estrogen action in the brain. Collectively, 
these findings indicate importance of neuroestrogens in regulation of the HPG-axis.
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1. �Introduction

Ovarian derived estrogens play a central role in the hypothalamo-pituitary-gonadal 
(HPG) axis and female reproductive function. During early to mid-follicular phase of 
the ovulatory cycle, when circulating estrogen levels are low, estrogens inhibit gonado-
tropin releasing hormone (GnRH) release from the hypothalamus, and thereby lutein-
izing hormone (LH) and follicle stimulating hormone (FSH) from the anterior pituitary 
gland (negative feedback effects). During late-follicular phase, however, an increase in 
circulating estrogens from the matured follicle facilitates release of GnRH, LH and FSH 
(positive feedback effects), resulting in ovulation. While the importance of ovarian 
estrogens in regulation of reproductive cycles is well recognized, the role of estrogens 
synthesized in the brain is less appreciated. In 1971, Naftolin et al. reported aromatase 
enzyme activity in the human brain by observing conversion of radioactively tagged 
androstenedione to estrone (E1) and 17β-estradiol (E2) in tissue homogenates of the 
median eminence in the hypothalamus, [1] suggesting the de novo synthesis of estrogens 
in the brain. Since then, the role of neuroestrogens in brain fuction has been studied 
in a wide variety of animals [2, 3]. The presence of aromatase enzyme that converts 
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androstendione and testosterone to estrone and estradiol, respectively, is identified 
in cell bodies, axons, and axo-terminals of neurons in a variety of species including 
humans and non-human primates [4–6]. Hence, the term neuroestrogen was established 
to represent estrogens produced by neurons, and the role of neuroestrogens in the brain 
function has been investigated for over 50 years. For example, Lu and Brann et al., 
reported significant memory deficits and diminished astrocyte mediated neuroprotec-
tion in forebrain aromatase knock-out mice [7, 8]. Zhou et al. described that treatment 
of mice with aromatase inhibitor resulted in impaired hippocampus synaptic plasticity 
and cognitive deficits [9]. In the hypothalamus, the presence of aromatase mRNA and 
protein, as well as aromatase activity are described, and the significance of neuroestro-
gens in the hypothalamo-pituitary-gonadal-axis has been reported [6, 10–14]. We have 
been studying whether and how neuroestrogens are involving in regulation of GnRH 
release for some time. In this chapter we summarize our recent findings.

2. �E2 rapidly and directly stimulates GnRH release from GnRH  
neurons in vitro

Until ~25 years ago, it was widely believed that the genomic action of estrogens on 
GnRH neurons was indirectly mediated through other neurons or glia. This concept 
was based on the observation that nuclear estrogen receptor expression was absent in 
GnRH neurons [15]. We have made a breakthrough. Toward investigating GnRH regu-
lation at the molecular and cellular levels we developed a primary cell culture system 
of GnRH neurons. Knowing GnRH neurons originate from the embryonic olfactory 
placode and migrate into the pre-optic area and hypothalamus during the early 
embryonic stage [16], we dissected out olfactory placode and the migratory pathway 
of GnRH neurons from time-mated monkey fetuses and cultured them [17]. Under 
the microscope GnRH neurons were easily identifiable, as they exhibited fusiform 
shape and there were no other type of neurons originating from the olfactory placode 
at this developmental stage. Using these GnRH neurons, we characterized electro-
physiological properties and factors influencing GnRH neuronal activity. As such, it 
was a huge surprise for us to observe that estradiol induced rapid excitatory action 

Figure 1. 
Example showing the effects of vehicle (top) or estradiol (E2, bottom) on single unit activity of GnRH neurons. 
Note that significant increases in firing activity are seen shortly after the start of exposure to 1 nM estradiol, but 
not vehicle. Figure adapted from Abe et al. [18].
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when applied to cultured monkey GnRH neurons. In fact, when estradiol was directly 
applied to GnRH neurons, single unit firing activity with patch-clamp recording, 
and synchronization of intracellular calcium oscillations among GnRH neurons were 
dramatically increased [17, 18]. More specifically, exposure of GnRH neurons to estra-
diol (1 nM) for 10 minutes resulted in robust increases in firing frequency, as shown 
by Figure 1 [18]. The latency of increased firing rate was 60 and 120 seconds after 
the estradiol application in the media, and the response lasted for as long as patch 
clamp seal integrity was maintained, up to 25 minutes, 15 minutes beyond removal of 
estradiol from the media [18]. Using Ca2+ imaging, we also found that application of 
17β-estradiol (1 nM) to the culture media resulted in increased frequency of intracel-
lular Ca2+ oscillations within minutes, and enhanced synchronization of Ca2+ pulses 
among GnRH neurons [19, 20], as illustrated by Figure 2. These observations clearly 
indicate estradiol induces a rapid, direct, excitatory action. Do these cells release the 
decapeptide GnRH in response to estradiol? To answer this question, we used a perifu-
sion system in which media was continuously infused, while perifusates were col-
lected at a 10-minute interval for several hours. As shown in Figure 3, we found that 
treatment with estradiol (1 nM) resulted in a significant increase in GnRH decapep-
tide release within 10 minutes and elevated GnRH release remained throughout the 
entire 20-minute estradiol treatment, and began returning to baseline levels approxi-
mately 30 minutes after estradiol removal. In contrast, vehicle treatment induced no 
effect [21]. These in vitro experiments demonstrate that estradiol rapidly stimulates 

Figure 2. 
Effects of estradiol (E2, A) and vehicle (B) on Ca2+ oscillations and synchronization among cultured GnRH 
neurons. Each line represents the Ca2+ signal from a sigle GnRH neuron. Note that after the intial 20 min control 
recording, either E2 or vehicle was infused for 10 min, and recording was continued an additional 60 min. Vertical 
gray bars indicate the synchronized Ca2+ increases among recorded GnRH neurons. Figure adapted from Abe 
et al. [19].
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firing activity, frequency of the intra-cellar Ca2+ oscillations, synchronization of Ca2+ 
oscillations among GnRH neurons, and decapeptide GnRH release.

3. �Mechanisms of estrogen action in GnRH neurons in vitro

What is the mechanism initiating the rapid and direct estrogen action on GnRH 
neurons? We began to examine this question by treating cells with ICI182,780 (ICI), 
an ERα and ERβ receptor antagonist. Using patch clamp recording, we found that 
administration of ICI completely blocked estradiol-induced increases in firing activity 
[18], while failed to block estradiol-induced increases in intracellular Ca2+ oscillations 
and synchronization of Ca2+ oscillation among GnRH neurons [19]. Importantly, ICI 
failed to significantly attenuate estradiol-induced increases in GnRH release [21]. We 
next investigated possible estrogen action through ERα and ERβ by treating these cells 
with ERα and ERβ siRNA prior to E2 treatment [20]. The results with qPCR indicated 
knockdown of respective receptor mRNA by >90% confirming the effectiveness of the 
treatment [20]. Results of intracellular Ca2+imaging, however, indicate that, similar to 
ICI, siRNA knockdown failed to alter E2-induced changes in intracellular Ca2+ activity 
[20]. Taken together, these findings indicate that rapid estrogen action resulting in 
alteration of intracellular Ca2+ oscillations and peptide release in GnRH neurons are 
independent of the mechanism mediated through ERα and ERβ. Interestingly, changes 
in cellular firing pattern, assessed by patch clamp recording, were sensitive to ICI, 
suggesting the presence of a mechanism for rapid excitatory estrogen action mediated 
through ERα and/or ERβ, which does not lead to rapid release of GnRH peptide.

Figure 3. 
In vitro treatment of GnRH neurons with estradiol (E2) for 20 min (top), but not vehicle (bottom), resulted in 
significant increases in GnRH release. The gray bar indicates E2 treatment. *P < 0.05 versus before E2. a, P < 0.05 
versus vehicle at the corresponding time. Figure adapted from Noel et al. [21].
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Since rapid excitatory estrogen action resulting in GnRH release is not mediated 
through ERα or ERβ, how did estradiol induce its action on GnRH neurons? Toward 
approaching this question, we next investigated whether E2 initiates its actions at 
the cell membrane, cytoplasm, and/or nucleus. We treated cells with estrogen den-
drimer conjugate (EDC), which is unable to pass through the nuclear membrane. 
Administration of EDC, but not dendrimer conjugate itself as a control, induced 
similar effects as estradiol on Ca2+ imaging including significant increases in Ca2+ 
oscillations, and increased synchronous oscillations among cells [19]. Treatment of 
GnRH neurons with EDC also resulted in significant elevations in GnRH release [21]. 
The similar effects of EDC with those of E2 suggest that the mechanism initiating E2 
action lies within the cytoplasm and/or cell membrane. We next applied estradiol-17 
hemisuccinate BSA (E2-BSA), which cannot cross the cell membrane. Upon treat-
ment, we found that E2-BSA induced significant elevations in GnRH release, although 
the increase in response to E2-BSA was not as large, nor as long lasting as E2 alone [21]. 
Collectively, the results from this series of experiments are interpreted to mean that 
(1) a significant portion of estrogen initiating its action, similar to the recent work 
of Faure et al. [22] occurs at the cell membrane levels of GnRH neurons, but a minor 
estrogen action may occur at cytoplasm, and (2) estradiol action at the cell membrane 
is responsible for stimulation of GnRH peptide release, because cell membrane imper-
meable estradiol resulted in stimulation of GnRH release.

Accordingly, we have hypothesized that the G protein-coupled receptor 30 
(GPR30), a seven transmembrane G-protein receptor, mediates rapid E2 action in 
GnRH neurons, as it has been reported that GPR30 mediates membrane action of 
estrogens in cancer cells [23]. Using RT-PCR we found that GPR30 mRNA is expressed 
in GnRH neurons in culture as well as in the hypothalamus of rhesus monkeys [21]. In 
addition, with immunostaining, we observed GPR30 positive expression in a subset of 
GnRH neurons in the rhesus monkey hypothalamus [21]. To investigate whether GPR30 
is involved in rapid estrogen actions, we employed an siRNA knockdown approach 
similar to that we previously describe for ERα and ERβ. We found that while estradiol 
stimulated Ca2+oscillations and synchronization among GnRH neurons in cells trans-
fected with control siRNA, siRNA knockdown of GPR30 significantly attenuated, but 
did not eliminate, these changes [21]. We further examined whether GPR30 mediates 
rapid estrogen action by applying G1, a specific GPR30 agonist [24]. The results show 
that treatment of GnRH neurons with G1, but not vehicle, resulted in a significant 
increase in frequency of Ca2+ oscillations, similar to those seen with estradiol treat-
ment [21], although G1 did not significantly affect synchronization of Ca2+ oscillations 
among GnRH neurons [21]. Moreover, G1 treatment facilitated GnRH release (unpub-
lished observation). Taken together, these data are consistent with the hypothesis that 
E2, through GPR30, imparts rapid stimulatory action on GnRH neurons.

siRNA knockdown of GPR30 partially, not completely, blocked effects of estra-
diol, suggesting the possible involvement of additional receptors in rapid estrogen 
action. We have examined the possible involvement of the receptor encoding diphe-
nylacrylamide (STX). STX is an estrogenic compound and it has been shown to elicit 
effects similar to those with estrogens on energy metabolism, body temperature 
regulation, and reproduction, among others [25–27]. Moreover, the receptor for STX 
(STX-R) is located on the cell membrane, and differs from GPR30, ERα, and ERβ 
[25–28]. Importantly, STX dependent signaling, including response to the GABA 
agonist, baclofen, on patch clamp, is not affected by respective mouse knockouts of 
ERα, ERβ, and GPR30 receptors in POMC neurons in the arcuate nucleus of the hypo-
thalamus [25–28]. Additionally, it has been demonstrated that STX-R is sensitive to 
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Figure 5. 
This schematic illustration summarizes the mechanism of direct estradiol (E2) action on the GnRH neuron. 
Estradiol (E2) interacts with the membrane receptors GPR30 and STX-R, which ultimately lead to changes in 
intracellular Ca2+oscillations. Question marks in the schema represent speculative mechanisms that require 
experimental validation. Abbreviations: GPR30, G protein coupled receptor 30; AC, adenylyl cyclase; CICR, 
calcium induced calcium release; DAG, diacylglycerol; ER, endoplasmic reticulum, ErbB, epidermal growth 
factor receptor; IP3, inositol triphosphate; IP3-R, inositol triphosphate receptor; KATP, ATP sensitive potassium 
channel; PIP2, phosphatidylinositol biphosphate; PKA, protein kinase A; PKC∂, Protein kinase C delta; 
PLC, phospholipase C; RyR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum Ca2+ ATPase; STX-R, 
membrane estrogen receptor sensitive to STX; VGCC, voltage gated calcium channel. GPR30, G protein coupled 
estrogen receptor. Adapted from Kenealy et al. [30].

ICI [26]. Accordingly, we hypothesized that a portion of the E2 effects we observed in 
cultured GnRH neurons are mediated through STX-R. We tested this possibility with 
a series of in vitro experiments. We found that STX treatment of GnRH neurons in 
vitro at 10 nM and 100 nM resulted in dose dependent GnRH release (Figure 4), and 
increased frequency and synchronizations of Ca2+ oscillations among GnRH neurons 
[29]. These effects were unaffected by siRNA knockdown of GPR30 but were blocked 
by treatment with ICI, consistent with other studies in which ICI blocked the effects 
of STX [25–28]. As a known downstream pathway of STX action is phospholipase 

Figure 4. 
Exposure of GnRH neurons to STX stimulated GnRH peptide release in vitro in a dose dependent manner. After 
a 30-min control period, cells were exposed to vehicle (A), 10 nM STX (B), or 100 nM STX (C) and samples were 
collected for an additional 80 min. *P < 0.05 vs. before STX. **P < 0.01 vs. before STX. ***P < 0.001 vs. before STX. 
aP < 0.05 vs. vehicle. aaP < 0.01 vs. vehicle. aaaP < 0.0001 vs. vehicle. Figure adapted from Kenealy et al. [29].
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C (PLC), we examined whether PLC is involved in rapid estrogen action in GnRH 
neurons. We found that inhibition PLC with U73122 blocked STX effects. Because 
STX and GPR30 are both G protein-coupled receptors, we reasoned that application 
of the G protein coupled receptor blocker, pertussis toxin (PTX), would attenuate E2 
effects. Indeed, treatment with PTX blocked E2 induced increases in Ca2+ oscillation 
frequency and percent of stimulated cells [21].

Collectively, this series of in vitro experiments established that E2 rapidly stimu-
lates intracellular Ca2+ activity, and GnRH peptide release in primate GnRH neurons, 
and these effects are mediated, in part, by membrane G-coupled receptors GPR30 
and STX-R, [30] as summarized schematically in Figure 5. The results from in vitro 
experiments have a number of implications. First, rapid effects, occurring within 
minutes, after E2 treatment indicate a non-genomic mechanism, as they do not 
require transcription and translation. Second, enhanced synchronization of Ca2+ 
pulses among GnRH neurons following E2 treatments appears to be an underlying 
mechanism responsible for synchronization among GnRH neurons in vivo. Hence, 
it is possible that estradiol may modulate coordination of pulsatile GnRH release in 
vivo. Third, and most importantly, the presence of multiple estrogen receptor mecha-
nism on GnRH neurons, rather than a single receptor mechanism, would facilitate a 
complex regulation of estrogen action.

4. �Estradiol infusion into the stalk-median eminence stimulates release of 
GnRH and LH in vivo

In order to examine whether direct stimulatory effects of estradiol on GnRH 
release occur in vivo, we used a microdialysis method. This approach requires initial 
surgical placement of a cranial pedestal on the monkey skull [31]. With aid of an 
x-ray ventriculogram obtained during the cranial pedestal implantation surgery, a 
microdialysis probe is inserted into the stalk-median eminence (S-ME) through the 
cranial pedestal. Figure 6 summarizes the setup for microdialysis experiments. This 
approach has several advantages for cellular study in non-human primates. First, we 
are able to deliver experimental agents to, and collect samples from, the S-ME, a small 
specific area in the bottom of the hypothalamus. This approach greatly reduces off-
target effects of systemically administered agents while enabling us to directly modify 
GnRH secretory activity at neuroterminals, and to measure release of GnRH, rather 
than measuring LH as a surrogate GnRH marker. Second, microdialysis experiments 
can be performed in unanesthetized conscious monkeys, as they are well-trained in 
all aspects of the experimental set up. Third, samples can be obtained from the S-ME 
continuously at a time interval, such as 10–20 minutes, depending on the sensitivity 
of measurements, for up to a 12-hour period under our animal protocol.

Using the microdialysis method in ovariectomized (OVX) adult rhesus mon-
keys, we observed that EB infusion (100 nM) directly to the S-ME for 20 minutes 
stimulated GnRH release within 20 minutes [32]. Moreover, continuous S-ME 
infusion of EB for 4 and 7 hours, respectively, results in sustained increases in GnRH 
release and circulating LH concentration for several hours (Figure 7A) [33]. S-ME 
infusion of vehicle resulted in no changes (Figure 7B) [33]. In a separate experi-
ment, subcutaneous injection of EB (50 μg/kg) lowered circulating LH for several 
hours (Figure 7C), [33] consistent with previous work from this lab [34], and the 
widely known negative feedback action of E2 on GnRH and LH release. The results 
showing that infusion of EB directly to the S-ME, where GnRH neuroprocesses are 
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concentrated, stimulates release of GnRH in adult, OVX, rhesus monkeys. These 
results are opposite from the effects of subcutaneously injected EB. Nevertheless, 
as local infusion of a small dose of estradiol mimics the role of neuroestradiol in 
the hypothalamus, we can speculate that neuroestradiol in the S-ME plays a role in 
regulation of GnRH release in vivo.

The rapid actions of estradiol on GnRH neurons in vitro lend support to the role 
of neuroestrogens as neurotransmitters [5]. The rapid stimulatory effects of estradiol 
on GnRH neurons observed in vitro experiments differs from canonical negative 
and positive feedback action of estradiol on GnRH release in vivo. Hence, similar 
rapid excitatory effects on GnRH release can be induced by electrical stimulation 
of the basal hypothalamus, we hypothesized that electrical stimulation also release 
estradiol. Indeed, application of electrical stimulation of the medial basal hypothala-
mus led to release of GnRH and estradiol in the S-ME in vivo (Figure 8), [32] while 
sham stimulation failed to induce any discernable increases in release of GnRH or 
estradiol [32].  
Based on these results we reasoned that infusion of estradiol into the S-ME would 
elicit neuroestradiol release in vivo. In the experiment, we infused estradiol benzoate 

Figure 6. 
Schematic illustration of the microdialysis method in the rhesus monkey. A custom-made microdialysis probe 
(insert) for the rhesus monkey was inserted into the stalk-median eminence of the hypothalamus through a 
permanently implanted cranial pedestal. The inlet of the probe is attached by tubing to a syringe pump that 
continuously infuses perfusion fluid, with or without experimental challenges. A probe outlet directs perfusate to 
a fraction collector for serial sampling and subsequent analysis. Arrows indicate the direction of fluid flow through 
the microdialysis probe and tubing. Figure adapted from Frost et al. [31].
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(EB) into the S-ME using microdialysis, and assessed changes in estradiol concentra-
tions in dialysates. For measurements of estradiol concentrations, we employed liquid 
chromatography followed by mass spectrometry (LC/MS), instead of conventional 
immunologically based methods (i.e., EIA or RIA), because LC/MS differentiates 

Figure 7. 
(A) Continuous EB infusion into the stalk-median eminence (S-ME) for 7-hour period stimulated prolonged 
release of circulating LH. (A) Serum samples were obtained before, 6, or 8 hours after the initiation of the 
7-hour EB infusion. (B) Vehicle infusion into the S-ME did not change LH levels at the correspondent time. 
(C) For comparison, the effects of subcutaneous (s.c.) EB injection on LH release is shown. *P < 0.05 compared 
to before infusion. # P < 0.05 compared to corresponding time with vehicle treatment. ***P < 0.001 compared to 
before s.c. EB injection. Figure reproduced from Kenealy et al. [33].

Figure 8. 
Electrical stimulation (ES) of the basal hypothalamus, but not sham ES, elicits release of estradiol (E2) into 
the stalk median eminence in conscious, adult, ovariectomized rhesus monkeys using microdialysis. Vertical bars 
indicate time period of ES or sham ES stimulation. Arrows mark peaks of estradiol and GnRH. Figure adapted 
from Kenealy et al. [32].
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between E2 and EB molecules. The results indicate that EB infusion to the S-ME 
stimulated rapid release of estradiol as well as GnRH. Interestingly, the release of 
estradiol was pulsatile with peaks reaching over 1000 pg./mL. Moreover, infusion of 
EB in the S-ME in the presence of the aromatase inhibitor letrozole failed to increase 
in release of estradiol and GnRH (Figure 9). Collectively, these findings indicate 
importance of neuroestrogens locally synthesized in the basal hypothalamus in 
regulation of GnRH release.

5. �Involvement of neuroestrogens in regulation of the LH surge

Based on the finding of neuroestrogens’ role in GnRH pulsatility, we next 
investigated whether neuroestrogens play any role in the preovulatory GnRH/LH 
surge. As the GnRH/LH surge, similar to that seen during the late preovulatory 
phase, can be induced by a high dose of EB injection in ovariectomized females 
[32, 33], a group of ovariectomized females were implanted with capsules contain-
ing estradiol s.c., and two weeks later, a high dose of EB was injected in the pres-
ence or absence of the aromatase inhibitor letrozole. Results indicated that while 
in the absence of letrozole EB induced LH surges, in the presence of letrozole the 
EB induced-LH surge was significantly attenuated (Figure 10) [35]. Nevertheless, 
we needed to conduct another experiment, in which the role of hypothalamic 
neuroestrogens is directly examined, as aromatase enzyme is distributed widely 
throughout the body and letrozole was administered systemically. Accordingly, we 
applied letrozole to the S-ME directly and continuously for 6 hours, correspond-
ing to hours 42–48 post-EB injection, the time when the expected EB-induced 
LH surge occurs. The results indicated that letrozole infusion in the S-ME greatly 
attenuated the LH surge (Figure 11) [35]. Together, these findings clearly indicate 
the significant role of neuroestrogen during the LH/GnRH surge. Collectively, we 
propose a modified concept on the positive feedback action of estradiol on GnRH/
LH surge generation. In Figure 12 we have included the role of hypothalamic kis-
speptin/neurokinin B/dynorphin neurons, known as KNDy neurons, as they are the 

Figure 9. 
Administration of estrogen benzoate (EB) by microdialysis to the S-ME of conscious, adult, OVX, rhesus 
macaques resulted in increases in GnRH release and E2 release into the S-ME. Co-administration of the aromatase 
inhibitor letrozole with EB blocked these effects. Administration of letrozole alone had little effect. Dark gray bars 
represent times of EB infusion. Lighter gray bars represent times of letrozole infusion. White (unshaded) represent 
times of letrozole vehicle infusion. Figure adapted from Kenealy et al. [32].



11

Regulation of GnRH Release by Neuroestrogens in Non-human Primates
DOI: http://dx.doi.org/10.5772/intechopen.1008513

major target of circulating estradiol [36–38]. In sheep, rats, and mice, kisspeptin 
(K), neurokinin B (N), and dynorphin (Dy) colocalize in the same neurons and 
they are the direct upstream regulator of GnRH neurons. While kisspeptin and 
neurokinin B initiate a GnRH pulse, dynorphin terminates the pulse. Although the 
colocalization rate of kisspeptin, neurokinin B, and dynorphin in a single neuron 
is rare in primates, including humans, [39] the role of KNDy neurons in primates 
are very similar to those reported in sheep and rodents. For instance, our lab has 
demonstrated that administration of kisspeptin and senktide (a neurokinin B 
receptor agonist) to the S-ME via microdialysis, respectively induce rapid and 
pronounced release of GnRH in rhesus monkeys [40, 41]. KNDy neurons play 
important roles in sex steroid hormone feedback control. For example, ovariec-
tomy has been shown to increase expression of kisspeptin and neurokinin B, and 
reintroduction of female gonadal steroid hormones a reduction, consistent with 
a negative feedback mechanism [42–45]. KNDy neurons also express female sex 
steroid hormone receptors including ERα. As we have detailed throughout this 

Figure 10. 
Part A shows examples of circulating LH concentration from individual adult, OVX, rhesus macaques in which 
they received an s.c. E2 secreting capsule two weeks prior to a single s.c. injection of EB (30 μg) to induce an 
LH surge. Daily vehicle or letrozole s.c. injections began 7 days prior to, and continued 5 days following the EB 
injection. Part B shows average LH surge curves averaged across treated animals. Observe the markedly attenuated 
curves in the letrozole treated animals. *P < 0.05 vs. before EB treatment. **P < 0.01 vs. before EB treatment. 
***P < 0.001 vs. before EB treatment. aP < 0.05 vs. corresponding time in vehicle treated group. aaP < 0.01 vs. 
corresponding time in vehicle treated group. aaaP < 0.001 vs. corresponding time in vehicle treated group. Figure 
adapted from Kenealy et al. [35].
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text, an underappreciated HPG axis regulatory mechanism is that circulating 
ovarian estradiol stimulates synthesis of hypothalamic neuroestrogens, which in 
turn, contributes to feedback loop regulation of the HPG axis.

Figure 11. 
We tested the effects of letrozole (LZ) administration via microdialysis to the hypothalamic S-ME on hours 
42-48 h post administration of an s.c. EB injection, a time of anticipated LH surge. LH was measured from blood 
samples collected at the time of EB injection, 15 h, 36 h, and 48 h post EB injection. Shown are results for animals 
that received an (A) EB injection and letrozole infusion, (B) an EB injection with letrozole vehicle infusion, 
and (C) an EB vehicle (oil) injection with infusion of letrozole vehicle. *P < 0.01 vs. 0 h. **P < 0.01 vs. 0 h. 
***P < 0.001 vs. 0 h. bP < 0.05 vs. corresponding time in Oil+V group. bbP < 0.01 vs. corresponding time in Oil+V 
group. aaP < 0.01 vs. corresponding time in EB + V group. #P < 0.05 vs. 36 h time in EB + LZ group. Figure adapted 
from Kenealy et al. [35].

Figure 12. 
(A) A schematic illustrating the historically traditional view of E2 positive feedback in LH surge generation. In 
this view, ovarian E2 reaches kisspeptin/KNDy neurons, that express ERα, are stimulated by E2 and in turn, 
stimulate GnRH a surge leading to gonadotropin generation of an LH surge. Data from our laboratory suggests 
a revised concept (B). Ovarian E2 stimulates kisspeptin/KNDy neurons and E2 synthesis in the hypothalamus, 
which together stimulate release of a GnRH surge. It appears that stimulation of GnRH neurons by newly 
synthesized neuroestrogen is required to generate a full GnRH surge, and consequently, a full LH surge. Figure 
adapted from Kenealy et al. [35].
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6. �Conclusion

We found, in adult, OVX, rhesus monkeys, that neuroestrogen, synthesized in the 
hypothalamus in an aromatase-dependent manner stimulates GnRH release when 
continuously administered for 20 minutes, 4 hours, and 7 hours, and appears required 
for generation of a full LH surge in our model of pre-ovulatory LH surge. We found 
that administration of EB to the hypothalamic S-ME induces synthesis of neuroestro-
gen locally. In vitro, we found treatment of GnRH neurons with E2 to rapidly stimulate 
Ca2+ oscillations and intercellular synchronization and GnRH release. These effects 
are mediated, at least in part, through membrane G-couple protein receptors STX-R 
and GPR30. Collectively, these experiments, performed in non-human primates, and 
many virtually impossible to replicate in humans, position hypothalamic synthesis of 
neuroestrogen as a key regulator of GnRH release, and hence, the ovulatory cycle.

Acknowlegements

The authors thank the members of this laboratory for many years of their con-
tributions. This work was supported by NIH grants (R01HD089495, R01HD011355, 
R01HD015433, R37HD043341) and made possible to perform by NIH support 
(P51OD011106) to the Wisconsin National Primate Research Center.

Conflict of interest

The authors have no conflicts to disclose.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Sex Steroid Hormones – Impact on Reproductive Physiology

14

References

[1] Naftolin F, Ryan KJ, Petro Z. 
Aromatization of androstenedione by 
the diencephalon. The Journal of 
Clinical Endocrinology and Metabolism. 
1971;33:368-370

[2] Brann DW, Lu Y, Wang J, Sareddy GR, 
Pratap UP, Zhang Q, et al. Brain-derived 
estrogen and neurological disorders. 
Biology (Basel). 2022;11:1698

[3] Remage-Healey L, Maidment NT,  
Schlinger BA. Forebrain steroid 
levels fluctuate rapidly during social 
interactions. Nature Neuroscience. 
2008;11:1327-1334

[4] Naftolin F, Horvath TL, Jakab RL, 
Leranth C, Harada N, Balthazart J. 
Aromatase immunoreactivity in axon 
terminals of the vertebrate brain. 
An immunocytochemical study on 
quail, rat, monkey and human tissues. 
Neuroendocrinology. 1996;63:149-155

[5] Saldanha CJ, Remage-Healey L, 
Schlinger BA. Synaptocrine signaling: 
Steroid synthesis and action at 
the synapse. Endocrine Reviews. 
2011;32:532-549

[6] Balthazart J, Foidart A, Surlemont C, 
Harada N. Neuroanatomical specificity 
in the co-localization of aromatase 
and estrogen receptors. Journal of 
Neurobiology. 1991;22:143-157

[7] Lu Y, Sareddy GR, Wang J, Zhang Q, 
Tang FL, Pratap UP, et al. Neuron-
derived estrogen is critical for astrocyte 
activation and neuroprotection of 
the ischemic brain. The Journal of 
Neuroscience. 2020;40:7355-7374

[8] Lu Y, Sareddy GR, Wang J, Wang R, 
Li Y, Dong Y, et al. Neuron-derived 
estrogen regulates synaptic plasticity and 

memory. The Journal of Neuroscience. 
2019;39:2792-2809

[9] Zhou L, Fester L, von Blittersdorff B, 
Hassu B, Nogens H, Prange-Kiel J, et al. 
Aromatase inhibitors induce spine 
synapse loss in the hippocampus of 
ovariectomized mice. Endocrinology. 
2010;151:1153-1160

[10] MacLusky NJ, Naftolin F, 
Goldman-Rakic PS. Estrogen formation 
and binding in the cerebral cortex of the 
developing rhesus monkey. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
1986;83:513-516

[11] Flores F, Naftolin F, Ryan KJ. 
Aromatization of androstenedione 
and testosterone by rhesus monkey 
hypothalamus and limbic system. 
Neuroendocrinology. 1973;11:177-182

[12] Beyer C, Tramonte R, Hutchison RE, 
Sharp PJ, Barker PJ, Huskisson NS, et al. 
Aromatase-immunoreactive neurons in 
the adult female chicken brain detected 
using a specific antibody. Brain Research 
Bulletin. 1994;33:583-588

[13] Sasano H, Takashashi K, Satoh F, 
Nagura H, Harada N. Aromatase in the 
human central nervous system. Clinical 
Endocrinology. 1998;48:325-329

[14] Shen P, Campagnoni CW,  
Kampf K, Schlinger BA, Arnold AP,  
Campagnoni AT. Isolation and 
characterization of a zebra finch 
aromatase cDNA: in situ hybridization 
reveals high aromatase expression in 
brain. Brain Research. Molecular Brain 
Research. 1994;24:227-237

[15] Shivers BD, Harlan RE, Morrell JI,  
Pfaff DW. Absence of oestradiol 



Regulation of GnRH Release by Neuroestrogens in Non-human Primates
DOI: http://dx.doi.org/10.5772/intechopen.1008513

15

concentration in cell nuclei of LHRH-
immunoreactive neurones. Nature. 
1983;304:345-347

[16] Schwanzel-Fukuda M, Pfaff DW. 
The migration of luteinizing hormone-
releasing hormone (LHRH) neurons 
from the medial olfactory placode into 
the medial basal forebrain. Experientia. 
1990;46:956-962

[17] Terasawa E, Schanhofer WK, 
Keen KL, Luchansky L. Intracellular 
Ca(2+) oscillations in luteinizing 
hormone-releasing hormone neurons 
derived from the embryonic olfactory 
placode of the rhesus monkey. The Journal 
of Neuroscience. 1999;19:5898-5909

[18] Abe H, Terasawa E. Firing pattern 
and rapid modulation of activity 
by estrogen in primate luteinizing 
hormone releasing hormone-1 neurons. 
Endocrinology. 2005;146:4312-4320

[19] Abe H, Keen KL, Terasawa E. Rapid 
action of estrogens on intracellular 
calcium oscillations in primate luteinizing 
hormone-releasing hormone-1 neurons. 
Endocrinology. 2008;149:1155-1162

[20] Kenealy BP, Keen KL, Terasawa E. 
Rapid action of estradiol in primate 
GnRH neurons: The role of estrogen 
receptor alpha and estrogen receptor 
beta. Steroids. 2011;76:861-866

[21] Noel SD, Keen KL, Baumann DI, 
Filardo EJ, Terasawa E. Involvement 
of G protein-coupled receptor 30 
(GPR30) in rapid action of estrogen 
in primate LHRH neurons. Molecular 
Endocrinology. 2009;23:349-359

[22] Faure MC, Corona R, Roomans C, 
Lenfant F, Foidart JM, Cornil CA. Role 
of membrane estrogen receptor alpha 
on the positive feedback of estrogens on 
Kisspeptin and GnRH neurons. eNeuro. 
2024;11:1-17

[23] Filardo EJ, Thomas P. GPR30: 
A seven-transmembrane-spanning 
estrogen receptor that triggers EGF 
release. Trends in Endocrinology and 
Metabolism. 2005;16:362-367

[24] Bologa CG, Revankar CM, Young SM, 
Edwards BS, Arterburn JB, Kiselyov AS, 
et al. Virtual and biomolecular screening 
converge on a selective agonist for 
GPR30. Nature Chemical Biology. 
2006;2:207-212

[25] Qiu J, Bosch MA, Tobias SC, 
Krust A, Graham SM, Murphy SJ, et al. 
A G-protein-coupled estrogen receptor 
is involved in hypothalamic control 
of energy homeostasis. The Journal of 
Neuroscience. 2006;26:5649-5655

[26] Qiu J, Ronnekleiv OK, Kelly MJ. 
Modulation of hypothalamic neuronal 
activity through a novel G-protein-
coupled estrogen membrane receptor. 
Steroids. 2008;73:985-991

[27] Roepke TA, Qiu J, Bosch MA, 
Ronnekleiv OK, Kelly MJ. Cross-talk 
between membrane-initiated and 
nuclear-initiated oestrogen signalling 
in the hypothalamus. Journal of 
Neuroendocrinology. 2009;21:263-270

[28] Roepke TA, Bosch MA, Rick EA, 
Lee B, Wagner EJ, Seidlova-Wuttke D, 
et al. Contribution of a membrane 
estrogen receptor to the estrogenic 
regulation of body temperature and 
energy homeostasis. Endocrinology. 
2010;151:4926-4937

[29] Kenealy BP, Keen KL, Ronnekleiv OK, 
Terasawa E. STX, a novel nonsteroidal 
estrogenic compound, induces rapid 
action in primate GnRH neuronal 
calcium dynamics and peptide release. 
Endocrinology. 2011;152:3182-3191

[30] Kenealy BP, Terasawa E. Rapid direct 
action of estradiol in GnRH neurons: 



Sex Steroid Hormones – Impact on Reproductive Physiology

16

Findings and implications. Frontiers in 
Endocrinology (Lausanne). 2011;2:106

[31] Frost SI, Keen KL, Levine JE, 
Terasawa E. Microdialysis methods 
for in vivo neuropeptide measurement 
in the stalk-median eminence in the 
rhesus monkey. Journal of Neuroscience 
Methods. 2008;168:26-34

[32] Kenealy BP, Kapoor A, Guerriero KA, 
Keen KL, Garcia JP, Kurian JR, et al. 
Neuroestradiol in the hypothalamus 
contributes to the regulation of 
gonadotropin releasing hormone 
release. The Journal of Neuroscience. 
2013;33:19051-19059

[33] Kenealy BP, Keen KL, 
Garcia JP, Richter DJ, Terasawa E. 
Prolonged infusion of estradiol benzoate 
into the stalk median eminence 
stimulates release of GnRH and 
kisspeptin in ovariectomized female 
rhesus macaques. Endocrinology. 
2015;156:1804-1814

[34] Mizuno M, Terasawa E. Search for 
neural substrates mediating inhibitory 
effects of oestrogen on pulsatile 
luteinising hormone-releasing hormone 
release in vivo in ovariectomized female 
rhesus monkeys (Macaca mulatta). 
Journal of Neuroendocrinology. 
2005;17:238-245

[35] Kenealy BP, Keen KL, Garcia JP, 
Kohlenberg LK, Terasawa E. Obligatory 
role of hypothalamic neuroestradiol 
during the estrogen-induced LH surge in 
female ovariectomized rhesus monkeys. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2017;114:13804-13809

[36] Goodman RL, Herbison AE,  
Lehman MN, Navarro VM.  
Neuroendocrine control of 
gonadotropin-releasing hormone: 
Pulsatile and surge modes of secretion. 

Journal of Neuroendocrinology. 
2022;34:e13094

[37] Terasawa E, Kenealy BP. 
Neuroestrogen, rapid action of estradiol, 
and GnRH neurons. Frontiers in 
Neuroendocrinology. 2012;33:364-375

[38] Stevenson H, Bartram S, 
Charalambides MM, Murthy S, Petitt T, 
Pradeep A, et al. Kisspeptin-neuron 
control of LH pulsatility and ovulation. 
Frontiers in Endocrinology (Lausanne). 
2022;13:951938

[39] Hrabovszky E, Sipos MT, Molnar CS, 
Ciofi P, Borsay BA, Gergely P, et al. 
Low degree of overlap between 
kisspeptin, neurokinin B, and dynorphin 
immunoreactivities in the infundibular 
nucleus of young male human subjects 
challenges the KNDy neuron concept. 
Endocrinology. 2012;153:4978-4989

[40] Garcia JP, Guerriero KA, Keen KL, 
Kenealy BP, Seminara SB, Terasawa E. 
Kisspeptin and neurokinin B signaling 
network underlies the pubertal 
increase in GnRH release in female 
rhesus monkeys. Endocrinology. 
2017;158:3269-3280

[41] Garcia JP, Keen KL, 
Kenealy BP, Seminara SB, Terasawa E. 
Role of Kisspeptin and neurokinin B 
signaling in male rhesus monkey puberty. 
Endocrinology. 2018;159:3048-3060

[42] Rometo AM, Krajewski SJ, 
Voytko ML, Rance NE. Hypertrophy and 
increased kisspeptin gene expression 
in the hypothalamic infundibular 
nucleus of postmenopausal women and 
ovariectomized monkeys. The Journal of 
Clinical Endocrinology and Metabolism. 
2007;92:2744-2750

[43] Smith JT, Cunningham MJ, 
Rissman EF, Clifton DK, Steiner RA. 
Regulation of Kiss1 gene expression 



Regulation of GnRH Release by Neuroestrogens in Non-human Primates
DOI: http://dx.doi.org/10.5772/intechopen.1008513

17

in the brain of the female mouse. 
Endocrinology. 2005;146:3686-3692

[44] Smith JT, Clay CM, Caraty A, 
Clarke IJ. KiSS-1 messenger ribonucleic 
acid expression in the hypothalamus 
of the ewe is regulated by sex 
steroids and season. Endocrinology. 
2007;148:1150-1157

[45] Moore AM, Coolen LM, Porter DT, 
Goodman RL, Lehman MN. KNDy 
cells revisited. Endocrinology. 
2018;159:3219-3234


