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Abstract

In mammals, gonadal function is controlled by the activity of hypothalamic gonadotropin-releasing
hormone neurons, which control the secretion of adenohypophyseal and gonadal hormones.
However, there are a number of unanswered questions in relation to gonadal function. It is currently
unknown how erotogenic stimulation of the genitals influences the subpopulation of hypothalamic
medial preoptic area neurons, antidromically identified as projecting to the median eminence at
different periods of the estrous cycle. Additionally, the distinctiveness of hypothalamic medial
preoptic area neurons, with respect to methods of feedback control by exogenous hormones, is also
unknown. In this study, spontaneous discharges from individual neurons encountered within the
medial preoptic area, gono-like neurons, were recorded extracellularly using glass microelectrodes.
To confirm the cellular and histochemical properties of the recording units, antidromic stimulation
was performed using a side-by-side bipolar stimulating electrode placed into the median eminence,
alongside microiontophoretic injections of the conventional tracer, horseradish peroxidase. In
addition, further immunohistochemical analyses were performed. Results showed that elevated
gono-neuron activity was accompanied by increased background activity and greater responses to
erotogenic stimuli during estrus. Application of clitoral traction stimulation resulted in increased
activation of the gono-like neurons. This neuronal activity was noticeably inhibited by 3-estradiol
administration. Immunohistochemical analyses revealed the presence of gonadotropin-releasing
hormone-reactive protein in hypothalamic cells in which electrophysiological recordings were taken.
Thus, medial preoptic area neurons represent the subset of hypothalamic gonadotropin-releasing
hormone neurons described from brain slices in vitro, and might serve as a useful physiological
model to form the basis of future in vivo studies.
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Research Highlights

(1) Spontaneous discharges from individual neurons encountered within the medial preoptic area
were recorded extracellularly using glass microelectrodes.

(2) Antidromic stimulation was performed using a side-by-side bipolar stimulating electrode placed
into the median eminence. Individual neurons at the recording site in the medial preoptic area in
female rats were found to be the subpopulation of gonadotropin-releasing hormone neurons.

(3) Spontaneous discharges were significantly increased in female rats during proestrus/estrus after
sexual stimuli, and displayed characteristics of exogenous hormone feedback inhibition.
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INTRODUCTION

The medial preoptic area (MPOA) of the hypothalamus is
important for the integration and regulation of a variety of
physiological functions and behaviors, including
reproductive behavior. Stimulation of the mPOA in
anesthetized rats evokes the urethrogenital reflex,
vaginal vasocongestion, and increases intracavernosal
pressure™?. The mPOA is also critical for the initiation of
sexual behavior in males, as males that receive mPOA
lesions are unable to mount, intromit, or ejaculate®.
Therefore, activation of the mPOA in both sexes induces
important responses that are related to sexual behavior.
Hypothalamic mPOA gonadotropin-releasing hormone
(GnRH) neurons play essential roles in reproduction and
the hypothalamo-pituitary-gonadal axis by forming the
final common pathway in the central control of fertility.
These neurons project to the median eminence, where
GnRH is secreted in a pulsatile pattern to regulate the
reproductive axis'™. This pulsatile pattern is crucial for
maintenance of fertility, as continuous GnRH signals
suppress gonadotropin synthesis and release®®. As is
the case for other neurons, the discharge pattern of
action potentials is important for GnRH neurons to
function properly. Despite the obvious differences in
ovarian and uterine structures and sexual behavior
observed among mammals, in all species examined the
estrous cycle appears to be regulated by gonadal
hormone under the direct control of GnRH neurons.
Augmentation of GnRH secretion has been identified as
the initiating agent in pubertas praecox and estrus!™.
Damage to the mPOA disturbed GnRH secretion in
female rats, which in turn caused the cessation of both
estrus and preovulatory delivery of luteotropic
hormone®®. Among the many inputs that GnRH neurons
receive, estrogens play the most important role, as they
provide both negative and positive feedback. In females,
estrogen influences the activity and output of GnRH
neurons to generate the preovulatory luteinizing
hormone surge and ovulation.

Approximately 20 years ago, a new technique to record
electrical activity of the GnRH pulse generator was
developed in a collaboration between the Kawakami and
Knobil laboratories™®. Striking increases were observed
in the multiunit activity of the medial basal hypothalamus
of ovariectomized rats and rhesus monkeys, which were
under continuous anesthesia with thiopental during
recording™® ™. Each volley was coincident with the
initiation of a luteinizing hormone pulse, suggesting the
existence of an electrophysiological correlation between
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the pulsatile pattern of GnRH secretion and a certain
neuronal oscillator. The authors hypothesized that this
neuronal oscillator is the GnRH pulse generator,
although its neuronal composition and supracellular
organization remain undetermined. In the present study,
we explored the effect of erotogenic stimulation of genital
organs on the subpopulation of hypothalamic mPOA
neurons corresponding to GnRH cells observed in vitro.
In addition, we sought to characterize the distinctiveness
of these neurons with respect to susceptibility to
feedback control by exogenous hormones.

RESULTS

Quantitative analysis of experimental animals

A total of 49 female Sprague-Dawley rats were used in
this study. Every morning of the experiment, a drop of
female rat vaginal secretion diluted in saline was imbibed
in the vaginal orifice, smeared on a slide, and stained
with hematoxylin-eosin after exsiccation. The estrous
cycle was classified on the basis of the cast-off cells
present in the secretion. Rats were randomly assigned to
two groups: proestrus/estrus group (n = 18) and
metestrus/diestrus group (n = 31). All rats were included
in the final analysis.

General properties of recorded neurons in the mPOA
A total of 928 hypothalamus neurons in the mPOA were
recorded in 49 female rats, 743 of which did not respond to
sexual stimulation. In the 185 responsive neurons, 120
displayed excitatory and 65 displayed inhibitory responses
to erotogenic stimulation applied to the clitoris. The
majority (> 90%) of units exhibited spontaneous activity.
However, a certain number of silent cells progressively
developed residual activity while their responses to
stimulation of reproductive organs were being tested.

In the present study, we focused on the gono-like
neurons, i.e. the units that responded to erotogenic input.
A total of 120 erotogenic neurons were studied. Most of
these neurons exhibited slow-firing rates (less than 4 Hz)
and could generally be activated by antidromic stimuli
applied to the region of the median eminence at a
constant current of 50-80 pA, for a 0.1 ms duration, at
0.5 Hz. Cells displaying spontaneous activity were found
either after long periods of recording or following testing
of previous units for their responses to clitoral stimulation.
The gono-like neurons exhibited a random firing pattern
composed of a mixture of rapid bursts and irregular
single spikes; there was a higher degree of variability in
the firing rate in gono-like neurons because firing
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occurred in episodes separated by quiescent periods.
The firing patterns of gono-like neurons typically
consisted of long or short periods of quiescence, brief
firing bursts separated by a few seconds, and a mean
firing rate of 0.3-4.0 Hz. Table 1 summarizes the
cumulative results for responsiveness at different periods
of the estrous cycle.

Table 1 Comparison of gono-neuron responsiveness to
erotogenic stimuli in the different periods of the estrous
cycle

Total neurons

(n)

Neurons Type

Type of cells " %)

Estrous phase

Proestrus/estrus 93 Excitatory 72 77.42
(n=18) Inhibitory 21  22.58
Metestrus/diestrus 92 Excitatory 48 5217
(n=31) Inhibitory 44  47.83

Data indicate the number (n) of various kinds of neurons. Type (%)
indicates the proportion of the number (n) of type of cells and total
neurons.

The background firing rate of gono-like neurons in the
hypothalamus was also variable throughout the estrous
cycle. The mean spontaneous firing rates were 1.81 +
0.44 spikes/second (n = 45) and 0.96 + 0.25
spikes/second (n = 39) in the periods of proestrus/estrus
and metestrus/diestrus, respectively. Neuronal
discharges were significantly higher in periods of
proestrus/estrus compared with periods of
metestrus/diestrus (P < 0.01).

Responses of gono-like neurons to erotogenic
stimulation

Gono-like neurons were activated by both erotogenic
(clitoral friction or vibrating baculum in the vagina and
cervix) and dorsal clitoral nerve stimulation. In periods of
proestrus/estrus, application of touch-tap stimulation on
the clitoris for 30 seconds resulted in a phasic response
prior to a short period of adaptation, which was followed
by a tonic discharge lasting throughout the period of
stimulation. A representative example from an individual
excitatory neuron is shown in Figure 1. Application of a
vibrating baculum to the vagina/cervix area caused
gono-like neurons to exhibit a clear monotonic stimulus-
response relationship. Electronic stimulation of 20 Hz,
0.5 ms, and 120 pA for a period of 30 seconds on the
dorsal clitoral nerves resulted in high neuronal firing rates
for the first few seconds, followed by sustained discharge
throughout the period of stimulation (Figure 2).

Responses to the application of erotogenic irritation were
guantitatively evaluated during the 30-second period of
stimulation, summarized in Table 2. Significantly higher

response values of neurons were obtained during the
proestrus/estrus period versus the metestrus/ diestrus
period (P < 0.01, P < 0.05; Table 2).

L LA
UL Wll UL

Estrus

Diestrus

0s 10s Clitoral friction 40s 60 s
Figure 1 Spontaneous discharges of hypothalamic
gono-neuron and responses to clitoral friction in estrus
and diestrus.

In excitatory gono-neurons during estrus, higher
background activity and increased responses to
erotogenic stimuli relative to the corresponding values
obtained during diestrus were observed. s: Second.
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Figure 2 Responses of a representative excitatory
gono-neuron to erotogenic stimulation.

Application of clitoral friction stimulation resulted in
elevated activity of gono-neurons, whereas
vaginal-cervical stimulation with vibrating baculum caused
moderate activation, and electrical stimulation applied to
the dorsal clitoral nerves resulted in marginal neuronal
discharges. s: Second.

Interestingly, clitoral friction resulted in higher neuronal
firing rates, especially during proestrus/estrus (Table 2).
In each case, the mean number of spikes evoked by
erotogenic stimuli was recorded at different phases of the
estrous cycle. Differences between the responses from
proestrus/estrus and those from metestrus/diestrus were
significant (P < 0.01, P < 0.05). The majority of inhibitory
gono-like neurons responded to only one type of
erotogenic stimulation, and had higher spontaneous
discharges compared with excitatory units (P < 0.05).
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Table 2 Comparison of gono-neuron responses to three types of erotogenic stimuli at different phases of the estrous cycle

Response values (spikes/s)

Stimulus Estrous phase Neurons (n)

Background Response

Clitoral friction Proestrus/estrus 54 1.80+0.36 7.84+1.19%
Metestrus/diestrus 66 0.94+0.15 3.81+0.322

Vibrating baculum Proestrus/estrus 29 1.97+0.31 4.85+0.71%
Metestrus/diestrus 25 1.12+0.23 3.13+0.47°

Dorsal clitoral nerve Proestrus/estrus 16 2.14+0.52 4.18+0.65%
Metestrus/diestrus 13 1.28+0.47 3.22+0.39"

Data are expressed as mean + SEM in each group. ®P < 0.01, °P < 0.05, vs. background (one-way analysis of variance and Tukey HSD analysis).

Clitoral friction (n = 65) and vibrating baculum (n = 38)
stimuli gave rise to a decreasing discharge rate and a rapid
silencing effect, followed by a low rate of firing that lasted
throughout the period of stimulation (from 3.29 £ 0.69 to
0.95 + 0.21 spikes/second for clitoral friction, and from
3.12+£0.73 10 1.79 + 0.58 spikes/ second for the vibrating
baculum, P < 0.01). These responses were followed, in
several cases, by long-lasting inhibition; this effect was
particularly clear when the vibrating baculum was used, but
was also noticeable with clitoral friction.

Negative feedback certification of gono-like neurons
by hormones

In the experiments testing hormone-induced negative
feedback of gono-like neurons, neurons exhibiting high
spontaneous activity were selected for observation. If
erotogenic stimulation induced excitatory or inhibitory
responses higher than 100%, negative feedback effects
were assessed by intravenously administrating three
exogenous hormones; B-estradiol (30-50 ng/kg),
testosterone (8 mg/kg), and hydrocortisone (20 mg/kg),
in a random sequence.The majority of excitatory
gono-like neurons (27/33) ceased firing upon
administration of estrogen (Table 3). Figure 4 shows an
example in which B-estradiol treatment inhibited
neuronal firing rates for approximately 5-10 minutes
after infusion of the hormone. During the administration
of B-estradiol, a mean inhibition of 2.05 + 0.36 t0 0.97 +
0.22 spikes/second and a mean inhibitory rate of 45.81%
were observed (Table 3; P < 0.01). Among the other six
gono-like neurons, four showed no response and two
exhibited marginally increased firing rates when estrogen
was administered. The animals of these six units were in
proestrus, which is characterized by high luteinizing
hormone secretion. The majority of inhibitory gono-like
neurons also suppressed firing upon administration of
estrogen (Table 3). Gono-like neurons of female rats,
whether excitatory (Figure 4) or down-firing, also induced
inhibitory discharges during and after administration of
testosterone. For the whole population of cells,
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testosterone was effective, but elicited less suppression
(1.68 + 0.28 to 1.03 + 0.31 spikes/second), and had a
lower inhibitory rate (27.25%, P < 0.05; Table 3)
compared with B-estradiol. In contrast, gono-like neurons
did not respond to hydrocortisone. Figure 4 and Table 3
show a representative example. The combined results of
the whole population showed that corticosteroid was
completely ineffective. GnRH immunohistochemistry
revealed that the site of recorded neurons detected by
electrophysiology was consistent with the site of GnRH-
immunoreactive responses in brain slices (Figure 4).

DISCUSSION

Identification of hypothalamic gono-like neurons in
physiological and endocrinological assays

Attempts to elucidate the in vivo physiological properties
of GnRH neurons using electrophysiological approaches
are difficult because of the diffuse distribution pattern and
paucity of this neuronal subtype (600-2 500 in the
mammalian brain) in the hypothalamus-preoptic
areal”*®. To overcome this obstruction, GnRH neurons
in mice and rats were genetically labeled by promoter-
driven transgenic manipulations so that GnRH neurons
could be visualized for identification before electrical
recording.

This approach has been highly successful in mice and
rats® 8 Nevertheless, these observations were all
performed in brain slices in vitro, and the properties of
GnRH neurons in physiological conditions remain
obscure. In the present experiments, we recorded and
characterized the activities of a subpopulation of
hypothalamic neurons, some of which were influenced
(185/928, 19.94%) by erotogenic stimulation of the
genital organs, and were controlled by negative feedback
with exogenous estrogenic hormones. These neurons
exhibited unique characteristics of gono-like neurons, or
those classified as GnRH units in vitro™>°,
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Table 3 Gono-like neuron responses to exogenous hormones

Response values (spikes/s)

Hormone Type Neurons (n) Inhibition (%)
Background After spikes
B-estradiol Excitatory 33 2.05+0.36 0.97+0.22% 45.81
Inhibitory 15 1.28+0.21 0.43+0.11% 67.36
Testosterone Excitatory 13 1.68+0.28 1.03+0.31° 27.25
Inhibitory 11 1.59+0.40 1.11+0.37° 38.58
Hydrocortisone Excitatory 13 1.24+0.14 1.09+0.15 8.70

Data are expressed as mean + SEM. ?P < 0.01, °P < 0.05, vs. background using one-way analysis of variance and Tukey HSD analysis.
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Figure 3 Gono-like neuron responses to exogenous
hormone administration.

Gono-like neuron firing was inhibited by B-estradiol,
partially suppressed by testosterone, and not affected by
hydrocortisone administrations. Inj.: International injection
of hormore.

The current understanding of the putative mechanisms
linking neuronal activity and GnRH release is primarily
based on extracellularly recorded multiple unit electrical
activity in the arcuate region of the medial basal
hypothalamus™®?%. Multiple unit activity is an
electrophysiological correlate of the GnRH pulse generator,
and is characterized by episodes of spike activity
associated with luteinizing hormone release. The episodic
multiple unit firings are separated by protracted intervals of
relative quiescence, corresponding to the interpulse
interval of serum luteinizing hormone levels. The
intermittent profile of multiple unit activity is also
reminiscent of the secretory pattern of GnRH® 2!\, Previous
studies of GNRH neurons have primarily relied upon either
immortalized transformed GnRH cell lines (GT1-7
cells)?# or cultured embryonic GnRH neurons®. In the
present study, we observed that a subpopulation of

hypothalamic neurons (approximately 20%) were
especially responsive to erotogenic inputs. Mallick and
colleagues observed mPOA neurons in male rats that
responded to stimulation of the dorsal penile nerve with
increased firing (excitatory in our delineation).
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Figure 4 Alabeled horseradish peroxidase (HRP) and
GnRH immunohistochemical positive hypothalamic
gono-like neuron in the electrophysiological recording site.

(A) Labeled HRP-positive hypothalamic gono-neuron.
Photomicrograph of the horizontal section of the
hypothalamic neuron showed an intense and
homogeneous distribution of HRP within the cell body.

(B) Photomicrograph of GnRH immunohistochemical
staining in another slice from the same area. GnRH-
immunoreactive product is abundant in the hypothalamic
unit. The insets show magnification of the HRP-positive and
GnRH-positive neurons. Scale bars in Aand B: 50 pum.

(C) The shaded region in the schematic coronal section in
(B) illustrates the approximate location of mMPOA neurons
satisfying the identification criteria.

(D) Extracellular electrophysiological recordings from a
spontaneously active mPOA neuron that was
antidromically activated from the median eminence with a
constant onset latency of 9 ms (top two traces). A
spontaneous action potential (arrow) of the mPOA neuron
triggered a stimulated spike (stimulus artifact), and the
antidromic spike occurred after the refractory period of the
cell elicited a constant antidromic action potential (third
trace).The antidromic spike occurred within the refractory
period of the cell cancels out the antidromic potential of
the cell (bottom trace).

GnRH: Gonadotropin-releasing hormone; mPOA: medial
preoptic area.
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This subpopulation of hypothalamic cells was inhibited
by exogenous estrogenic hormone via negative feedback
control, whereas corticosteroid was wholly ineffective. It
is possible that these defined units are indeed gono-like
neurons, equivalent to the GnRH cells recorded in vitro.
Nunemaker et al ® examined the negative feedback
effect of estrogen on the firing activity of green
fluorescent protein-labeled GnRH-1 neurons by
comparing ovariectomized mice, bearing an estradiol
capsule for 1 week, with ovariectomized controls.
Results indicated that estradiol-stimulated firing
frequency altered the episodic rhythm (low-frequency
rhythm) by increasing the duration of the quiescence
period in a subset (50%) of GnRH-1 neurons. The
episodic rhythm altered by estrogen appears to
represent the negative feedback effect in mouse GnRH-1
neurons®®®. Some researchers observed that estradiol
infusion rapidly increased firing frequency, spikes per
burst, and burst duration of primate GnRH-1 neurons!™.
Kimura et al ®"found that the administration of estrogen
to ovariectomized rats decreased the frequency of
multiunit activity volleys.

Evidence suggests that estrogen-receptive neurons
participate in the generation of reproductive behaviors and
convey the estrogen message to GnRH neurons.
Estrogen exerts its effects in the brain by binding to and
activating two members of the nuclear receptor family,
estrogen receptor (ER-a and ER-B). Estrogen is an
important feedback regulator for GnRH release.
Luteinizing hormone pulses and volleys of hypothalamic
electrical activity, two markers of GnRH secretion, and

GnRH release itself are each modulated by estradiol™ 223,

Debate continues, however, over the sites and
mechanisms of estradiol action on GnRH release.
Specifically, it is unclear whether estradiol acts directly
on GnRH neurons or through estrogen-sensitive
afferents. Historically, no evidence for estrogen
accumulation® or receptor expression®**® has been
found in GNRH neurons, suggesting that estradiol
feedback is conveyed to GhRH neurons via
estrogen-sensitive afferents®”. Recent studies, using more
sensitive methods, indicate that GnRH neurons express
ERB, indicating that direct action is also possible®®3%. Both
direct and transsynaptic mechanisms may cooperate in the
regulation of GnRH release. These findings reveal that
certain subpopulations of estrogen- receptive neurons in
hypothalamic areas known to regulate reproductive
behavior and GnRH neurons are glutamatergic in the
female rat. Thus, the estrogen signal could be propagated
through glutamate neurons to distant sites, and influence
the activity of postsynaptic neurons®?.
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Hypothalamic gono-like neuron activity and the
estrous cycle

Although it has been assumed that synchronized firing of
GnRH neurons is necessary for pulsatile GnRH secretion,
no clear evidence exists for this hypothesis. In the
present experiments, hypothalamic gono-like neurons
changed their spontaneous firing patterns throughout the
estrous cycle, such that significantly more spontaneous
discharges were observed during proestrus/estrus
compared with metestrus/diestrus. Both the number of
responsive gono-like neurons in single animals and the
percentage of excitatory gono-like neurons were greater,
and the number of inhibitory cells was smaller during
proestrus/estrus compared with metestrus/diestrus. In
studies of multiple unit activity recorded from the
hypothalamus, GnRH neuronal activities were consistent
with synchronistic and pulsatile discharges from multiple
cells, the direct consequence of which was the pulsatile
release of GnRH, which controls the function of the estrous
cycle. An episodic increase in multiple unit activity
recorded from the medial basal hypothalamus correlates
with pulsatile luteinizing hormone release™ ***%, and has
been proposed to reflect activity of luteinizing hormone
releasing hormone-1 neurons (LHRH-1). In vitro calcium
imaging studies have indicated that LHRH-1 neurons
appear to possess an intrinsic pulse-generating
mechanism“**¥, because they exhibit spontaneous
intracellular calcium oscillations, which synchronize at a
frequency similar to LHRH release**".. Nonetheless, the
electrophysiological properties of LHRH-1 neurons
responsible for pulsatile LHRH-1 release remain elusive.
Funabashi and colleagues recorded simultaneous
spontaneous action potentials from multiple cells using
immortalized GnRH neurons cultured on a
multi-electrode dish. The spontaneous discharges of
GnRH cells resembled bursts composed of 5-10 action
potentials that were recorded almost simultaneously from
several microelectrodes, suggesting synchronized
electrical activity of GnRH cells. Periodic bursts were
completely and reversibly blocked by 1-5 pM
tetrodotoxin, indicating that voltage-dependent Na*
channels were involved in their generation. Although the
precise mechanism of synchronized burst patterns
requires clarification, gap junction communication among
GnRH cells is at least partially involved“®. Tetel et al ¥
observed that stimulation of the vagina and cervix,
provided by the male during copulation or manually with
a probe, causes many behavioral and endocrine
changes associated with female reproduction. Moreover,
vaginal-cervical stimulation from mating or manual
probing increases the expression of Fos
immunoreactivity in discrete populations of neurons in
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the preoptic area, mediobasal hypothalamus, and
midbrain in rats, suggesting that these neurons respond
to this type of stimulation*”. Steroid hormones may elicit
some of their effects on female reproductive behavior
and physiology by altering the responsiveness of
ventromedial nucleus neurons of the hypothalamus to
vaginal-cervical stimulation®. Sexual stimulation
(copulation with intromission or vaginal-cervical
stimulation) induces c-fos MRNA and Fos-like
immunoreactivity within GnRH neurons of the female rat
preoptic area®. Estrogen and progesterone can
augment the responsiveness of certain GnRH neurons to
vaginal-cervical stimulation, consistent with the effects of
sexual activity on GnRH release™?.

Hypothalamic gono-like neurons in vivo and GnRH
neurons in vitro

In our observations, the great majority of gono-like
neurons exhibited spontaneous activity and a random
firing pattern composed of a mixture of rapid bursts and
irregular single spikes. Additionally, the firing rate was
highly variable. The firing patterns of gono-like neurons
typically consisted of long or short periods of quiescence,
brief firing bursts separated by a few seconds, and a
mean firing rate of 0.5-3.0 Hz. This frequency is similar
to that described in vitro in transgenic mouse GnRH-1
neurons*® ¥ cultured GnRH-1 neurons from mouse
olfactory placodes®®, and in primate GnRH neurons.
Extracellular recording studies revealed mean firing rates
of 7.18 £ 7.91 Hz in mPOA units that responded to dorsal
penile nerve stimulation in male rats®. Nunemaker and
Moenter 1*® ¥ also showed that mouse GnRH-1 neurons
exhibit a firing pattern consisting of bursts (trains of
multiple action currents) occurring at less than
20-second intervals, clusters (trains of multiple bursts)
that occur at 6-8 minute intervals, and episodes (trains
of multiple clusters) that occur at 20—30 minute intervals.
The authors categorized burst, cluster, and episodes as
high, intermediate, and low-frequency rhythms,
respectively. The firing patterns of GnRH neurons in
brain slices in vitro are similar to those observed in the
gono-like neurons in our in vivo experiments with female
rats. In addition, histological and immunohistochemical
studies showed an intense and homogeneous
distribution of horseradish peroxidase reaction product
and abundant GnRH-immunoreactive product in the
electrophysiologically recorded hypothalamic unit,
influenced by erotogenic stimulation of the genital organs
and controlled by negative feedback with exogenous
estrogenic hormones. Thus, this group of neurons likely
represent the subset of hypothalamic GnRH neurons
described in brain slices in vitro.

The electrophysiological method used in these
experiments can be applied to observe further
physiological and pathological characteristics and
changes, and the response to some interventions (such
as drugs or acupuncture) of this subset of hypothalamic
GnRH neurons in vivo.

Moreover, the studies presented here may serve as a
useful physiological model of this hypothalamic
subpopulation in future in vivo studies.

MATERIALS AND METHODS

Design
A randomized, controlled, animal experiment.

Time and setting

Experiments were performed at the Physiology
Laboratory of Institute of Acupuncture and Moxibustion,
China Academy of Chinese Medical Sciences, Beijing,
China, from May 2005 to May 2006.

Materials

Atotal of 49 healthy, 9-11 weeks old, virgin female
Sprague-Dawley rats, weighing 240-280 g and exhibiting
normal estrous cycles, were provided by the Institute of
Genetics and Developmental Biology, Chinese Academy
of Sciences, China (license No. SCSK-2002-0016). All
procedures were performed in accordance with the
Guidance Suggestions for the Care and Use of
Laboratory Animals, formulated by the Ministry of
Science and Technology of China’™.

Methods

Surgical preparation

Rats were initially anesthetized with an intraperitoneal
injection of urethane (1.0-1.2 g/kg; Duxin-Fine
Preparation Factor, Beijing, China). Rats were
tracheotomized to prevent aspiration of saliva and, when
required, to perform artificial ventilation. Catheters were
inserted into the left carotid artery and the jugular vein for
blood pressure monitoring and drug injection,
respectively. Heart rate and blood pressure were
continuously monitored and body temperature was
maintained around 37°C by means of a feedback-
controlled homeothermic blanket. The animal was placed
in a stereotaxic head frame (KOPF-900; Tokyo, Japan);
the skull was fixed and leveled between bregma and
lambda. A craniotomy was performed to remove bone
overlying the cortex, and this allowed electrodes to be
lowered into the hypothalamus and covered with liquid
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paraffin. The locations of the mPOA of the hypothalamic
region and the median eminence were defined based on
the brain atlas of Paxinos and Watson®®. The stereotaxic
coordinates for the mPOA and median eminence were
0.5-1.8 mm posterior to bregma, 0.4-0.9 mm lateral to the
midline, 7.0-8.0 mm below the skull surface and

2.5-3.0 mm posterior to bregma, at the midline,

9.5-10.0 mm below the skull surface, respectively.

Unit recordings

Spontaneous discharges from individual neurons
encountered within the mPOA were recorded
extracellularly using glass microelectrodes filled with a
solution of 1.0 M NaCl and pontamine sky blue (tip
impedance 10-20 MQ). To certify the cellular and
histochemical properties of the recording units, in the last
studied neuron of 13 experimental animals, recording
micropipette electrodes with 1.5 mm glass capillaries
(impedance 20—40 MQ) filled with 4% horseradish
peroxidase, 0.5 M KCl in 0.05 M Tris buffer, and pH 7.25
at 25°C, were used to deposit horseradish peroxidase at
the recording site with the following iontophoresis
parameters: 50 nA (positive) pulses (150 ms duration) at
4 Hz for 5 minutes. This procedure allowed further
immunohistochemical analysis of labeled neurons. The
cortex was covered with agar gel to minimize the
movements caused by respiration. The isolated action
potentials were fed into a window discriminator and
displayed on an oscilloscope screen (VC-10, Nihon
Kohden, Tokyo, Japan). The outputs of the window
discriminator and amplifier were fed into a data
collection system and a personal computer data
acquisition system (Power Lab) to compile peristimulus
time histograms or wavemark files for further analysis.
The spontaneous firing rate of mMPOA neurons was
continuously monitored for 5 to 10 minutes before and
after stimulation. As there was often
moment-to-moment fluctuation in mPOA neuronal
excitability that was associated with a change in
background activity, impulse counts in association with
a stimulation procedure were compared with
background activity for the 30-second period
immediately before the stimulation took place (“net
response”). If the impulse counts during stimulation
were 20% more or less than the background activity,
the neuron was considered to have excitatory or
inhibitory responses, respectively.

To identify mPOA neurons with axonal projections to the
median eminence, antidromic stimulation was performed
using a side-by-side bipolar stimulating electrode placed
into the median eminence. Antidromic activation of
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mPOA neurons was performed by applying square-wave
current pulses (0.5 ms) at 1 Hz with varying amplitude
(initially 0.6 mA) to determine threshold intensity. When a
gono-like neuron displayed a constant onset latency
during antidromic stimulation, additional tests were
performed to confirm its antidromic nature as previously
described®”. The unit responses of mPOA cells to
stimulation of the median eminence were subjected to
the following criteria to identify tested neurons as
tuberoinfundibular neurons in the
hypothalamus-adenohypophyseal system: (1) a constant
latency of the antidromic spike, (2) ability to follow high
frequency stimulation at approximately 200 Hz at a 1:1
ratio, and (3) collision or cancellation of the
stimulus-evoked spike by a spontaneous action potential.
For extremely short latency responses (< 5 ms), high
frequency stimulation could not always be demonstrated
because of interference from the stimulus artifact.
Collision of stimulus-evoked spikes with spontaneous
action potentials was not performed in a subset of
neurons because of a lack of spontaneous activity®”. All
gono-like neurons that responded to erotogenic
stimulation in the present study satisfied at least two of
the criteria.

Reproductive organ stimulus

In all experiments, manual touch-tap stimulation on the
clitoris was performed with a lubricated cotton ball for 30
seconds. Vaginal-cervical stimulation was manually
performed with a vibrating baculum probe (6 Hz) with
copulation-like intromission and vellication to all female
rats. In 11 female rats, the dorsal clitoral nerves were
exposed bilaterally and mounted on a pair of electrodes.
Electrical stimulation was delivered by a constant-current
stimulator (SEM-7203, Nihon Kohden, Tokyo, Japan) and
consisted of unipolar square waves of 0.5 ms duration at
an intensity of 100—200 pA for 30 seconds at 20 Hz.

Experimental procedures

Unit electrical activity of neurons at the recording
mPOA site induced by sexual stimuli

When cell activity was isolated from background noise, a
standard protocol was employed to determine the effects
of different sexual stimulations. If sexual stimulation
induced excitatory or inhibitory responses of the defined
population of hypothalamic neurons greater than 100%
of the unstimulated level, a feedback intervention test
was performed using intravenous infusion of $-estradiol
(30-50 ng/kg; Sigma, St. Louis, MO, USA), testosterone
(8 mg/kg, AcroSeal, NJ, USA), or hydrocortisone

(20 mg/kg; GuoYao, Shanghai, China). Neurons that met
the following criteria were identified as genital-related
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neurons in the hypothalamus: (1) stable and responsive
activation (including excitatory or inhibitory) upon
stimulation of the genital organs of receptive female rats
by clitoral friction, vibrating baculum in the vagina, and
cervix or dorsal clitoral nerve irritation; (2) feedback
inhibition by intravenous infusion of estradiol or
testosterone, but not hydrocortisone. Consequently,
these neurons were identified as hypothalamo-
hypophyseal neurosecretory cells.

Histological and immunohistochemical verification
of recording sites

To assess the histochemical properties of neurons that
were characterized electrophysiologically,
microiontophoretic injections of horseradish peroxidase
and subsequent immunohistochemical analysis were
performed in 27 recorded cells from 13 animals. This
method labeled one, two, or at most three neurons
(and/or occasionally glia) at physiological recording sites
in vivo. Because the labeled cell types cannot be known
with certainty a priori, and physiological response
properties cannot be ascribed to particular cells,
physiological response properties at the labeling site
could only be inferred. Animals surviving for 3 hours after
injection of horseradish peroxidase were deeply
anesthetized with 10% urethane, and a thoracotomy was
quickly conducted and intubation was performed from
the left ventricle to the aorta. The animal was then
perfused with 50-150 mL 0.9% NaCl (until the liver
whitened), followed by 500 mL of 4°C 1.0%
paraformaldehyde, 1.25% glutaraldehyde in 0.1 M PBS,
at pH 7.4, rapidly at first and then slowly, for no longer
than 30 minutes. The brainstem with attached
cerebellum was quickly removed and stored overnight
in 0.1 M PBS containing 30% sucrose. To locate
positive neurons, 40 um sections were cut on a
cryotome. Sections were treated with horseradish
peroxidase according to the tetramethylbenzidine-
sodium tungstate protocol and mounted on neutral
gum-coated slides.

Every other slice was counterstained for GnRH using the
ABC method following the manufacturer’s instructions
(PK-6101, Vector Laboratories, Burlingame, USA). Briefly,
brain sections were fixed with 4% paraformaldehyde in
PBS (pH 7.4) for 25 minutes, and then washed three
times in a mixture of Tris-buffered saline and Tween-20
(TBST) (20 mM Tris-HCI buffer, pH 7.4, 150 mM NacCl,
0.1% Tween-20) followed by quenching in 2% H,0, in
TBST for 30 minutes. Sections were subsequently
blocked with 2% bovine serum albumin and 10% normal
goat serum in TBST for 1 hour, then incubated overnight

at 4°C with rabbit anti-phospho-GnRH antibody
(#AB1567, Chemicon American) at 1:2 000. The next day,
sections were treated for 2 hours with the biotinylated
anti-rabbit antibody at 1:200, followed by 30 minute
incubation with avidin-biotin-horseradish peroxidase
complex (PK-6101, Vector Laboratories). Staining was
visualized using 2,3’-diaminobenzidine
tetrahydrochloride (DAB, 0.5 mg/mL in PBS containing
0.1% H,0,). To confirm the specificity of each antibody,
several sections were concurrently processed without
primary antibodies. All sections were examined under
bright field microscopy. Photomicrographs were taken
with a digital photomicroscope (Olympus, Tokyo,
Japan).

Statistical analysis

Data were expressed as mean + SEM. Homogeneity of
variances, one-way analysis of variance, and Turkey
HSD tests were performed to determine significant
differences between values (SPSS 13.0 software, SPSS,
Chicago, IL, USA). P < 0.05 was considered statistically
significant.
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