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Regulatory Role of Excitatory Amino Acids in Reproduction
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Glutamate, the major excitatory amino acid (EAA) trans-
mitter in the central nervous system, has been impli-
cated as a critical mediator in brain function. Glutamate
and its receptors are found in all key hypothalamic areas
critically involved in reproduction. Administration of
glutamate and its agonists can bring about LH release
in animals with a steroid background. Antagonists of the
ionotropic glutamate receptors inhibited LH release
and abolished the steroid-induced and the preovula-
tory LH surge. Both NMDA and non-NMDA receptor
antagonists can also inhibit pulsatile LH release in cas-
trated animals. The preoptic area has been implicated
as a primary site of action of NMDA, while non-NMDA
agonists have been suggested to act primarily at the
arcuate/median eminence level. While EAAs may act
directly on GnRH neurons to enhance GnRH release,
the majority of evidence suggests that an indirect mech-
anism, involving EAA activation of nitric oxide and/or
catecholamines, plays a major role in the GnRH-releas-
ing effects of EAAs. Furthermore, there is also some
evidence that the tonic inhibitory effect of opioids on
GnRH may also involve, at least in part, a suppression
of glutamate. Finally, EAA stimulation of GnRH/LH
release is markedly attenuated in middle-aged rats,
suggesting that a defect in glutamate neurotransmis-
sion may underlie the attenuated LH surge observed in

aging.
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Introduction

Glutamate, the major excitatory amino acid (EAA) in
the central nervous system, is an important neurotransmit-
ter in the control of brain function. It is widely localized in
synapses in the brain and a large number of glutamate re-
ceptor subtypes are found in the central nervous system.
Thus, it is recognized as a central regulator of a large num-
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ber of physiological processes and has also been implicated
in a number of pathophysiological syndromes and diseases,
such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, epilepsy, stroke, and brain injury. A number
of excellent reviews have appeared in the literature regard-
ing glutamate’s role in brain function (/—/17). Glutamate
receptors are also localized in a variety of hypothalamic
nuclei critical for the regulation of various reproductive
functions such as puberty, LH pulsatility, the midcycle surge
of gonadotropin, and reproductive behavior. The role of
glutamate in these important reproductive and neuroendo-
crine events will be reviewed in this article.

Excitatory Amino Acid Receptors
and Their Localization in the Hypothalamus

Types of EAA Receptors

The more than 23 receptor proteins along with their
splice variants form two major classes of EAA receptors,
namely, ionotropic and metabotropic receptors. The iono-
tropic receptors contain integral, cation-specific ion-chan-
nels, whereas metabotropic receptors are coupled to G pro-
teins and modulate the production of second messengers
such as inositol phosphates and/or adenylate cyclase. To our
knowledge the role of metabotropic receptors on reproduc-
tion is currently unclear and requires extensive additional
work. Thus, this review will deal with only ionotropic EAA
receptors. The ionotropic receptors can be subdivided into
N-methyl-p-aspartate (NMDA), kainate, and pL-o-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors according to their selective agonists. Multiple
subunits exist for each class of EAA receptors, which com-
bine together to form a functional EAA receptor. Activa-
tion of the ionotropic EAA receptors leads directly to the
opening of a group of ion channels that have different per-
meabilities to Na*, K*, and Ca* ions. The ionotropic recep-
tors are large molecules with molecular masses of 100,000
or more (/,12). NMDA receptor channels are regulated by
Mg* and glycine. Mg™* binds to a site inside the NMDA re-
ceptor—coupled ion channel resulting in a block of the chan-
nel (13,14). Glycine, on the other hand, is a steric enhancer
of the NMDA receptor (15,16). In AMPA receptors, the
Glu R2 subunit does not allow calcium to pass through its
channels and, when expressed with other subunits to form the
receptor, is impermeable to calcium (/7,18).
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EAA Receptor Localization
in the Hypothalamus and Pituitary

A significant number of EAA receptor subunits have
been localized in the hypothalamus and the pituitary. Mod-
erate to dense immunostaining for the NMDA-R1 receptor
was demonstrated by Bhat et al. (/9) in the female rat in the
organum vasculosum of the lamina terminalis (OVLT),
ventromedial nucleus (VMN), supraoptic nucleus (SON),
arcuate nucleus (ARC), median eminence (ME), medial pre-
optic area (MPOA), and parvocellular paraventricular nucleus
(PVN). Moderate to dense immunostaining for NMDA-R1
receptor mRNA was also reported by Kus et al. (20) and
Petralia et al. (27) in almost all hypothalamic nuclei of the
male rat. Petralia et al. (27) have reported moderate NMDA -
R1 immunostaining in the male rat anterior pituitary and
Bhat et al. (22) found that approx 9-11% of LH and FSH
cells co-localize the NMDA-R1 subunit. GH- and prolactin-
containing cells also co-localize the NMDA-R1 receptor
subunit (22).

Using polyclonal antibodies to AMPA-type glutamate
receptor subunits, Brann et al. (23) found that AMPA GluR1
subunit staining was moderately dense in OVLT, ARC,
SON, PVN, and suprachiasmatic nucleus (SCN) with lighter
staining in MPOA in the female rat. GluR2-3 antibody
showed a similar pattern of staining and GluR4 antibody
showed a very light staining in ARC and MPOA. AMPA
GluR subunits are also widely distributed in the male rat
hypothalamus (24). Kainate binding has been reported to
be high in ARC and ME of the monkey (25), and GluRS5
subunit and GIuR6 subunit mRNA distribution in the rat is
similar to that described above (26,27). The distribution of
each class of ionotropic receptors was confirmed by Meeker
etal. (28) by receptor-binding studies. The approximate rela-
tive densities of ionotropic glutamate receptors was NMDA
>kainate>AMPA.

In addition to the presence of EAA receptors in the
majority of hypothalamic nuclei in strategic positions that
control reproduction, studies have revealed that in the hypo-
thalamus of the rat and the monkey, dense glutamate immu-
nostaining was found in the PVN, SON, lateral hypothala-
mic area, SCN, ARC, infundibular stalk and ME (reviewed
in ref. 3). The highest level of glutamate activity was ob-
served in the presynaptic axon terminals approaching 100
mM, with much lower concentrations in astrocytic processes

(approx 4-5 mM) (29-32).

Role of Excitatory Amino Acids
on LH Secretion and LH Pulsatility

Effect of EAA Agonists on LH Secretion

The first report that glutamate can stimulate LH secre-
tion came from the laboratories of Olney et al., using subcu-
taneous and intracerebroventricular (ICV) administration
(33), and Ondo et al. (34) in the male rat. Glutamate did not
alter FSH secretion. The effect of glutamate was considered

to be at a hypothalamic site because direct pituitary injec-
tions failed to alter LH levels (35). Subsequent studies dem-
onstrated that glutamate was also able to stimulate LH secre-
tion in the prepubertal male monkey (36) and the immature
female rat (37).

The first report that NMDA, the selective agonist for the
NMDA receptor, could stimulate LH secretion in the male
rat came from the laboratory of Cierco in 1978 (38). That
NMDA brought about an increase in LH in male animals
was confirmed in rats (35,39—43), monkeys (36,44), and
hamsters (45,46). In female animals it has been demon-
strated that NMDA stimulates LLH secretion and less con-
sistently FSH secretion in the intact immature female rat
(47—49), the estrogen-primed ovariectomized rat and ewe
(37,47,50-52), in the cycling female rat (53,54) and the
monkey (55). A comparison of the effects of NMDA with
other EAA ionotropic receptor agonists after ICV injections
in ovariectomized estrogen-primed adult female rat is shown
in Fig. 1. Peak levels of LH occur 10 min after the ICV
injection, and the effect is transient as LH levels return to
the baseline within 30-60 min postinjection.

Kainate administration has been shown to bring about
LH elevation in male rats (35,38), male monkeys (36), and
the female rat (53). The effect of AMPA on LH release has
not been studied extensively, although there are reports that
AMPA increases LH release in the hamster (56), the ram
(57), and the adult ovariectomized estrogen-primed female
rat as shown in Fig. 1. Thus, the major excitatory amino
acid glutamate and the three selective ionotropic receptor
agonists NMDA, kainate and AMPA are able to bring about
LH release in a variety of species of animals.

Steroid Dependency of EAA Effects on LH Secretion

Based on the observation that the administration of NMDA
to intact and steroid-primed ovariectomized animals brings
about LH release while it has either no effect or is actually
inhibitory in non-steroid primed ovariectomized animals,
it has been widely postulated that EAA effects are steroid
dependent (37,40,52,54,58-60).

The first question that arose from these findings was
whether steroid hormones up regulate EAA receptor con-
centrations in the hypothalamus as this would explain the
steroid effects on LH release. This issue was investigated by
Brann et al. (61,62) who found that neither acute nor chronic
treatment with estradiol or progesterone altered NMDA
receptor binding or NMDA-R1 mRNA levels in the hypo-
thalamus of female rats. Likewise, NMDA receptor bind-
ing or NMDR-R1 mRNA levels were not changed in the
hypothalamus of male rats treated with testosterone. Simi-
larly Kus et al. (20) using in situ hybridization techniques
found that castration or dihydrotestosterone treatment had
no effect on NMDA-R1 mRNA levels in the ARC and
MPOA of male rats. On the other hand, Wieland (63) found
that estradiol plus progesterone caused a significant increase
in [*H] glutamate binding in the POA of the ovariectomized
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Fig. 1. Temporal and dose characteristics of the stimulation of LH
secretion after the cerebroventricular administration of either
AMPA (A), kainite (B), or NMDA (C) in ovariectomized estrogen-
primed adult female rats. All three EAAs stimulated LH release
rapidly with peak values generally observed 10 min after injec-
tion. n = 6 animals per group. *p < 0.05, **p <0.01. [From Brann
and Mahesh (1997). Endocr. Rev. 18, 678-700.]

rat. The increase in [*H]glutamate binding was not displaced
by NMDA, indicating that the increased binding was prob-
ably due to an elevation of non-NMDA receptor sites. The
findings of Brann and Mahesh (64) that estradiol plus pro-
gesterone treatment increased AMPA receptor Glu R1 sub-
unit immunoreactive levels in the POA and ARC of imma-
ture female rats, and Diano et al. (65) that estradiol upreg-
ulated Glu R1 and Glu R2-3 immunoreactive levels in
the adult rat further support the above-mentioned results.
Changes in the NMDA-R1 mRNA levels during develop-
ment have been reported by several investigators (66—68).

The absence of a change in NMDA-R1 receptor with ste-
roid treatment and an enhanced response to NMDA on LH
secretion was partially explained by Arias et al. (59) by dem-
onstrating that NMDA stimulated GnRH release equally
well from hypothalamic fragments obtained either from
steroid-primed or non-steroid-primed ovariectomized rats,
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Fig. 2. Effect of progesterone on POA release rates of glutamate
(A) and serum LH (B) in estrogen-primed ovariectomized adult
rat. The animals were ovariectomized 2 wk before use. Estradiol
(E2; 5 pg) was injected for 2 d followed by vehicle (Veh) or pro-
gesterone (P4; 1 mg/rat) at 09:00 h on the third day. Preoptic
release rates of glutamate were determined by microdialysis. Per-
fusate samples were collected from the POA in 30-min fractions
from 12:00 h to 17:30 h and analyzed by HPLC. Blood was col-
lected hourly from a jugular cannula and LH levels were deter-
mined by RIA. *p < 0.05 as compared to E2. [From Ping et al.
(1994). Neuroendocrinology 59, 318-324.]

indicating that increased sensitivity of the pituitary to GnRH
in steroid primed rats may be the major reason. However,
one cannot rule out the influence of other hypothalamic
factors that may augment or interfere with LH secretion.

Role of EAAs in the Steroid-Induced
and Preovulatory LH Surge

It is well established that estrogens and progesterone
play an important role in triggering the preovulatory surge
of LH and estradiol treatment followed by progesterone
treatment in ovariectomized female rats can induce a pro-
estrous-type LH surge (69,70). To examine the regulatory
role of excitatory amino acids in inducing this preovula-
tory-type LH surge, Ping et al. (71) carried out microdial-
ysis studies of the hypothalamic area before and during the
LH surge induced by estradiol and progesterone treatment
in the adult ovariectomized rat (Fig. 2). The release rate of
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glutamate was significantly enhanced in the preoptic area of
the hypothalamus 3-5 h after progesterone administration
that preceded the preovulatory-type LH surge. Aspartate
release rates were also enhanced by the steroid treatment in
the preoptic area, whereas the neurally inactive amino acid
serine did not change significantly. Thus, it appeared that
the mechanism involved in the steroid-stimulated LH re-
lease was mediated through the release of EAAs in the pre-
optic area. Work by Jarry et al. (72) also shows that POA
release rates of glutamate and aspartate are increased dur-
ing the estrogen-induced LH surge. They further demon-
strated that the increase in glutamate and aspartate release
rates occurred only in the POA and not in the medial basal
hypothalamus during the estrogen-induced LH surge (73).
Goroll et al. (74) have also demonstrated increased rates of
aspartate and glutamate in the POA at the time of puberty.
Similarly, Carbone et al. found higher concentrations of glu-
tamate and aspartate in the POA/MBH of 30-d-old female
rats as compared to 16-d-old rats (75).

It is relevant at this point to comment on the possible
mechanisms involved in the increased release of glutamate
at the time of preovulatory surge. The work of Jarry et al.
(72) showed that the increase in glutamate release was pre-
ceded by a decrease in the levels of y-aminobutyric acid
(GABA). Because, in the hypothalamus, the enzyme glu-
tamic acid decarboxylase (GADg;) converts glutamate into
GABA, Undaetal. (76) examined the expression of GADg¢;
in the POA of immature ovariectomized female rats treated
with estradiol followed by progesterone to induce the pre-
ovulatory LH-type surge. Progesterone administration re-
sulted in a significant decrease in the GADg; mRNA levels
and protein (unpublished results) in the POA just preced-
ing the LH surge. The administration of the progesterone
receptor antagonist RU486 resulted in the attenuation of the
LH surge and prevented the decrease in GADg; mRNA. Sub-
sequent studies in the adult cycling rat showed that RU486
administration blocked the LH surge and increased GADyg;
mRNA levels in the POA (77). In addition, GADg; mRNA
levels showed a significant increase in the non-RU486-
treated cycling rat at 1800 h, the start of the termination of
the LH surge (77). The importance of GADg; in reducing
the levels of GABA and increasing the release of glutamate
was further shown in the monkey in which antisense to
GADg; brought about LH release, which was attenuated
by the NMDA receptor antagonist MK801 (78). However,
Leonhardt et al. (79) has also reported an increase in GAD¢;
mRNA as well as a GABA transporter during the preovu-
latory LH surge.

In order to establish a physiological role for EAA neuro-
transmission in endocrine signals involved in the preovu-
latory-type LH surge, several investigators have employed
specific EAA receptor antagonists to block EAA neuro-
transmission and studied the effect on the steroid-induced
LH surge. A role for EAA neurotransmission in the estra-
diol-induced LH surge was demonstrated by Urbanski and

Ojeda (48,80) and Lopez et al. (81), who showed that the
administration of NMDA and non-NMDA antagonists
blocked the estradiol-induced LH surge in immature and
adult ovariectomized rats. Likewise, work by our labora-
tory (50,82) demonstrated that the administration of an
NMDA receptor antagonist completely blocked the proges-
terone-induced LH and FSH surge in the estrogen-primed
ovariectomized immature rat. The kainate/ AMPA receptor
antagonist DNQX was also demonstrated to attenuate the
progesterone-induced LH surge (83). In further work from
our laboratory, the selective AMPA antagonist NBQX was
also found to attenuate the steroid-induced LH surge in the
adult ovariectomized rat (84).

Because there could be questions of whether models of
steroid-induced LH surge can be regarded as physiologi-
cal, our laboratory used the NMDA antagonist MK-801 in
the adult cycling rat. The blockade of NMDA receptor-
mediated neurotransmission by MK-801 treatment resulted
in the abolishment of the proestrous LH surge, whereas mean
levels of FSH did not change significantly (50). Non-NMDA
receptors also appeared to be important for the LH surge as
DNQX administration to PMSG-primed immature rats sig-
nificantly attenuated the preovulatory LH surge without
modifying the FSH surge (83). Schwartz and co-workers
(54) also found that the NMDA receptor antagonist MK-801
completely blocked the proestrous LH surge in the adult
female rat.

Thus, based on the several studies mentioned above and
a variety of experimental models and the adult cycling rat,
it is reasonable to conclude that during the ovulatory cycle,
ovarian steroids trigger the release of EAAs, which, in turn,
stimulate GnRH secretion and LH release.

Role of EAAs on Pulsatile LH Secretion

Repetitive NMDA stimulation has been demonstrated
to produce GnRH pulses in vitro and LH pulses in vivo with
each stimulation (36,53). The competitive NMDA recep-
tor antagonist AP5 suppressed pulsatile LH release in the
castrated male rat (85) and MK-801 abolished pulsatile
GnRH release in the male hypothalamus in vitro (86). Work
from our laboratory showed that a single ICV administra-
tion of APS decreased mean and trough levels of LH and
FSH and their pulse frequency in the adult castrated male
rat, while it took multiple injections of the non-NMDA antag-
onist DNQX to suppress LH pulses (87). In the ovariecto-
mized female rat, AP5 and DNQX were both able to sup-
press mean LH levels and LH pulse frequency (88). Because
DNQX suppresses both kainate and AMPA receptors, the
individual role of kainate and AMPA needs to be further
investigated. Thus, in addition to regulating the preovula-
tory LH surge, EAAs also regulate pulsatile LH release.

Zuo et al. (89) recently reported that middle-aged rats dis-
play an attenuated GnRH response to glutamate agonists
on proestrous afternoon as compared to young proestrous
rats. Quantitative RT-PCR also revealed significantly lower
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NMDA-R1 mRNA levels in the POA and ARC/ME of mid-
dle-aged rats as compared to young proestrous rats (89).
Thus, the decreased hypothalamic glutamate response may
be due to a decrease in hypothalamic glutamate receptors.

Site of Action of EAAs in the Regulation of LH Secretion

Evidence showing that the direct injection of glutamate in
the hypothalamus or into the third cerebroventricle induced
LHrelease (19,34,51) seemed to indicate that the hypothal-
amus was the primary site for EAA action for LH release.
This concept was further supported by the fact that GnRH
antagonists blocked the ability of EAAs to stimulate LH
release (41,90,91). Furthermore, direct injection of gluta-
mate into the anterior pituitary (34) or treatment of pitu-
itary cell cultures with NMDA in static culture (92) did not
bring about LH release. However, ionotropic glutamate
receptors have been reported to be present in the pituitary
by several investigators (17,21,22,24,93), and a few studies
have shown enhancement of LH and other pituitary hor-
mones with glutamate agonists in perifused pituitary cell
cultures (94-96). Nevertheless, the hypothalamus is regarded
to be the primary site of action of EAAs in the release of LH.

Toidentify the discrete site of action of EAAs in the hypo-
thalamus, several investigators have used c-Fos immunore-
activity as a neuronal marker of activation after EAA treat-
ment. Results from our laboratory showed that the admin-
istration of AMPA or kainate in the third ventricle of an
estrogen-primed ovariectomized adult rat resulted in the
activation of c-Fos in the ARC (93). In addition, AMPA and
kainate are more potent than NMDA in stimulating GnRH
release in vitro from proestrous rat ARC/ME fragments (89).
Similarly, Negro-Vilar and co-workers found that AMPA
and kainate were much more potent than NMDA in stim-
ulating GnRH release from male rat ARC/ME fragments
(97,98). Furthermore, the glutamate-induced GnRH release
from ARC/ME fragments from male rats was blocked by the
AMPA /kainate receptor antagonist DNQX but not the NMDA
receptor antagonist AP-7. The above evidence points to the
ARC/ME as the primary site for non-NMDA glutamate re-
ceptors, although kainate has also been shown to stimulate
LH release when injected in POA (35).

The injection of NMDA results in the activation of c-
Fos immunoreactivity in the ARC, ME, OVLT, PVN, and
the cerebral cortex, and in the noradrenergic cells of the
locus coeruleus in immature and adult rats (93,99-101).
This indicates that NMDA can act at multiple sites inside
and outside the hypothalamus. Considerable evidence in the
literature points to POA as the major site of NMDA action
in the release of LH. This evidence consists of LH stimu-
lation after NMDA is injected in the MPOA (35) and the
ability of NMDA to stimulate LH secretion even after the
destruction of ARC by monosodium glutamate treatment
(49,102).In addition, NMDA has been demonstrated to stim-
ulate POA GnRH synthesis and secretion (74, 103). Further
confirmation was obtained by Liaw and Barraclough (104)

by demonstrating arise in OVLT/rostral POA GnRH mRNA
levels 1 h after the administration of NMDA. Antisense oli-
gonucleotide to NMDA-R2A subunit was also found to in-
hibit pulsatile GnRH release from the complete POA/medial
basal hypothalamus fragment but not when the medial basal
hypothalamus fragment was used alone (705).

In summary, the POA appears to be a major site of action
of NMDA in the regulation of GnRH-induced LH release,
whereas the ARC/ME appears to be an important site for
non-NMDA receptor agonist regulation of GnRH release.

Mechanism of Action on Excitatory Amino Acids
in the Regulation of LH Secretion

Is the Regulation of GnRH Neurons Direct or Indirect?

The majority of evidence supporting a direct effect of
EAAs on GnRH neurons has come from the immortalized
GnRH neuron (GT1-1 and GT1-7) cell lines. This was based
on the ability of glutamate, NMDA, AMPA, and kainate to
stimulate GnRH release from GT1-7 cells in vitro, an effect
blocked by specific EAA ionotropic receptor antagonists
(106,107). GT1-7 cells have also been shown to express
the NMDA-R1 mRNA transcript (107-109). However, in
situ hybridization studies have revealed that less than 5%
of the GnRH neurons in the adult male and female rats
express NMDA-R1 mRNA (710). GnRH neurons in adult
male Syrian hamsters also did not colocalize NMDA-R1
receptor mRNA or protein or AMPA subunit mRNA (//1,
for review). It was also reported by two separate groups that
GnRH neurons do not express c-Fos after treatment with
NMDA but neurons that surround the GnRH neurons did
(100,101). 1t has also been demonstrated that GnRH neurons
in the hypothalamus are immune to the neurotoxic effects
of glutamate, kainite, and NMDA (//2). These results sug-
gested that NMDA may not stimulate the GnRH neuron
directly; rather, its actions may be mediated through other
interneurons. However, a direct effect of EAAs on the GnRH
neuron cannot be ruled out. In fact, studies with GnRH-
green fluorescence protein (GFP) transgenic mice have shown
that glutamate agonists can depolarize GnRH neurons upon
direct application of glutamate on GnRH—GFP labeled
neurons (/13).

More recent work has shown that female rat hypotha-
lamic neurons in the ventromedial nuclei, periventricular
nuclei, preoptic nuclei, and the arcuate nuclei colocalize
estrogen receptor-o and the vesicular glutamate transporter-
2 (VGLUT-2) mRNA (114). VGLUT has been used exten-
sively as a marker of glutamate neurons. These results sug-
gest that glutamate neurons are targets of estrogen action.
Examination of synaptic input to intermittent firing of GnRH
neurons appeared to be stimulated by AMPA inputs and
NMDA (115,116). Estrogens were also shown to enhance
glutamate and L-arginine—evoked GnRH release in male rat
hypothalamic explants as well as the effects of AMPA/kain-
ate agonists (/7). The effects of glutamate appeared to be
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attenuated by AMPA/kainate antagonists (/7). Studies of
Ottem et al. (118) showed that 80% of the GnRH neurons in
the MPOA and less than 40% in the lateral preoptic area con-
tained NMDA mRNA. Administration of NMDA doubled
the GnRH mRNA levels in the medial preoptic neurons but
increased GnRH mRNA less than 30% of the cells in the
lateral preoptic nuclei. In contrast, estrogen treatment in-
creased GnRH mRNA levels to the same extent in both areas
and this increase was not blocked by the NMDA antagonist
MKS801. Thus, NMDA receptors appear to directly influ-
ence preferential neurons in the MPOA and it is unlikely that
this activation is involved in the estrogen-induced increase
in GnRH mRNA (/18). Further studies with the vesicular
glutamate transporter-1 (VGLUT-1) and vesicular gluta-
mate transporter-2 (VGLUT-2) showed weak to moderate
intensity of staining of VGLUT-1 and moderate to intense
density of staining of VGLUT-2 in the MPOA in the female
rat (119). VGLUT-2-but not VGLUT-1-labeled axon termi-
nals were found to establish asymmetric synaptic contacts
with GnRH neurons mainly on their dendrites. In the male
rat, VGLUT-2 mRNA was expressed in the GnRH neuron
axon terminals in the POA, OVLT, and ME (7/20). Further
studies have shown that all neurons in the anteroventral peri-
ventricular nucleus of the female rat express VGLUT-2 as
well as the glutamic acid decarboxylase and vesicular GABA
transporter (VGAT) (121). These dual-phenotype synaptic
terminals contact GnRH neurons and at the time of the gon-
adotropin surge the VGAT-containing vesicles decrease
and VGLUT-2-containing vesicles increase in those termi-
nals (121). Further work in the area of GABA and glutamate
transporters is expected to clarify the potential direct effects
of glutamate on the GnRH neuron.

Catecholamines as Potential Mediators
of EAA Actions on the GnRH Neuron

NMDA and non-NMDA receptors have been demon-
strated in the locus coeruleus where many hypothalamic-
projecting catecholamine cell bodies are located (/22), and
ICV injection of NMDA induces c-Fos in noradrenergic
neurons of the locus coeruleus and dopaminergic neurons
in the medial basal hypothalamus (/0/). EAAs have also
been shown to stimulate hypothalamic norepinephrine re-
lease intherat (/23—125). Thus, dopaminergic or noradren-
ergic neurons could play arole in mediating the EAA effects
on GnRH release. Liaw and Barraclough (/04) reported
somewhat contradictory results with pretreatment with the
o-1 adrenergic antagonist, prazosin, which blocked NMDA-
induced LH release in four out of seven rats, while the
remaining three showed a significant stimulation of LH after
NMDA. The use of norepinephrine synthesis inhibitors also
produced contradictory results with the block of NMDA-
induced LH release in one study (49) and no effect found
in another study (/26). In vitro studies of McCann and co-
workers (/27) appeared to be more conclusive as phentolam-
ine, a noradrenergic o-receptor antagonist, clearly blocked

the ability of glutamate to stimulate GnRH release from ARC/
ME fragments from male rats. Dopamine appears to be less
important than norepinephrine as Price et al. (43) found that
pretreatment with dopamine antagonist had no effect on N-
methyl-aspartate—induced LH release in the male rat.

Interaction Between Glutamate Neurons
with Nitric Oxide in the Hypothalamus

Studies from a number of laboratories have shown that
the novel gaseous neurotransmitter nitric oxide plays an
important role in mediating glutamate effects on the GnRH
neuron (128,129). Work from our laboratory and others
have shown that nitric oxide—containing neurons are pres-
entin key reproductive hypothalamic nuclei such as OVLT,
POA, and ME (19,130,131). However, GnRH neurons in
the OVLT and POA from male and female rats did not
contain nitric oxide synthase (NOS); rather, GnRH neu-
rons were often surrounded by nitric oxide—containing neu-
rons, and potential contacts between the two neuronal types
in the OVLT and POA were observed (19,130,131). Fur-
thermore, there was a significant overlap between en passant
GnRH neuronal fibers and nitric oxide neuronal fibers in
the ME (19). The major form of NOS in the hypothalamus
was found to be b-NOS (brain NOS or neuronal NOS),
while e-NOS (endothelial NOS) and m-NOS (macrophage
or inducible-NOS) expression was low (132).

That nitric oxide neurons could be a target for glutamate
action in the hypothalamus was demonstrated by Bhat et al.
(19), who found that nitric oxide neurons in many hypotha-
lamic nuclei colocalize with NMDA-R1 receptor. Func-
tional evidence for such a role of nitric oxide came from the
studies of Rettori et al. (/128), who showed that the gluta-
mate-induced GnRH release from ARC/ME fragments in
vitro was blocked by a competitive inhibitor of nitric oxide
NG-monomethyl-L-arginine (NMMA) as well as the nitric
oxide scavenger hemoglobin. Similarly Grumbach and co-
workers (129) showed that GT1-1 cell line of immortalized
GnRH neurons contained NOS activity and NO agonists
brought about GnRH release in vitro and NO antagonists
blocked the NMDA-induced GnRH secretion. Moretto et
al. (133) were the first to demonstrate that nitric oxide itself
stimulated GnRH release from hypothalamic fragments and
from immortalized GnRH neurons in vitro. This finding
was confirmed by Rettori et al. (/28) and Grumbach and co-
workers (129). A functional role of nitric oxide in the in-
duction of the steroid-induced and preovulatory LH surge
was first demonstrated by Kalra and co-workers (134,135),
who showed that the surge was blocked in the rat by NO
inhibitors. Aguan et al. (1/36) also demonstrated that the ster-
oid-induced LH surge in the adult ovariectomized rat was
attenuated by the administration of b-NOS antisense oligo-
nucleotides. e-NOS antisense oligonucleotide administra-
tion also attenuated the LH surge, suggesting that e-NOS,
while lightly expressed in the hypothalamus, still may have
an important role in control of LH secretion.
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In summary, the evidence that GnRH neurons are sur-
rounded by NOS-containing neurons that colocalize gluta-
mate receptors and that NO antagonists block the glutamate-
induced GnRH release clearly points to NO being a poten-
tial mediator of EAA-induced GnRH release.

While the mechanism of how nitric oxide mediates glu-
tamate signals to induce GnRH release remains to be elu-
cidated, one of the suggested pathways is by binding to and
modifying the function of heme-containing signaling en-
zymes. Nitric oxide donors have been shown to stimulate
cGMP levels in the POA of female rats (/32) and cGMP
analogs have been shown to stimulate GnRH release. Con-
versely, a cGMP-dependent protein kinase inhibitor has
been also shown to block nitric oxide—stimulated GnRH
release (133).

Glutamate-Opioid Interaction

Itis well recognized that opioids tonically inhibit GnRH
release and LH secretion in the rat ovarian cycle at all times
except the time of the LH surge (/37-139). The tonic inhi-
bition by opioids can be counteracted by the administration
of the opioid antagonist naloxone, which brings about an
elevation in LH secretion. The opioid antagonist naloxone
was found to increase NOS activity in the POA and MBH
preceding the naloxone-induced elevation of serum LH
(140). Prior treatment with a glutamate receptor antagonist
was found to block both the naloxone-induced LH surge
(140,141) and the naloxone-induced increase of hypotha-
lamic NOS activity (1/40). These findings suggest that the
inhibitory tone exerted by opioids was by suppressing endog-
enous glutamate secretion, which was reversed by naloxone
treatment. This was found to be the case as Bhat et al. (140)
demonstrated a significant increase in glutamate release in
the POA within 15 min of naloxone treatment using the
microdialysis technique. Evidence that the glutamate trans-
porter VGLUT-2 synapsing terminals establish asymmet-
ric synapses with beta-endorphin—positive neurons has just
been provided by Kiss et al. (142).

Potential Direct Effects of Excitatory
Amino Acids on the Ovary, Testes,
and Reproductive Behavior

Effects of EAAs on the Ovary and Testes

Relatively little work has been done on the presence of
EAAs in the ovary, but more extensive work has been done
on the testes. The earliest report was the occurrence of p-
aspartic acid in the male and female octopus (/43). In the
male octopus high concentrations of p-aspartic acid were
found in the prostate, Needham’s sac, vas deferens, and the
testis. In the female octopus, high concentrations of D-aspar-
tic acid were found in the oviduct, accessory nidamental
gland, and the ovary. In the ovary of the female green frog,
testosterone was found to be high associated with low levels
of p-aspartic acid and low in association with high levels of

D-aspartic acid (/44). However, in the testes of the green
frog, high levels of p-aspartic acid are associated with high
testosterone levels (/45). In the lizard, high levels of b-aspar-
tic acid were associated with high levels of ovarian estra-
diol, and p-aspartic acid was found to stimulate ovarian aro-
matase (146).

In the male rat, p-aspartic acid was synthesized in the
testes along with testosterone about 17 d after fertilization
before birth and at sexual maturity (/47). Injections of b-
aspartic acid in the male rat resulted in accumulation in the
pituitary and testes and p-aspartic acid stimulated testoster-
one synthesis in the rat testes in vitro (/48). p-aspartate was
also found to stimulate further testosterone synthesis in the
rat Leydig cell stimulated with human chorinic gonado-
tropin and this synthesis was inhibited by L-cysteine sulfi-
nic acid, an inhibitor of p-aspartate uptake in Leydig cells
(149). The effect of p-aspartate appeared to increase ste-
roidogenic acute regulatory protein (STAR) mRNA and
protein levels (150). Ionotropic glutamate receptors have
also been reported in the mouse testes along with glutamate
transporters (151).

Role of EAAs in Reproductive Behavior

Work by several groups of investigators have indicated
that EAAs may regulate reproductive behavior in male and
female animals. The work of Hsu et al. (/02) showed that
systemic injection of NMDA induced lordosis behavior in
female rats. This NMDA injection also resulted in GnRH
release, and the authors concluded that the GnRH release
may be responsible for the lordosis behavior. In a subse-
quent study, Gargiulo and Donoso (157) demonstrated that
an intraventricular injection of NMDA to estrogen-primed
ovariectomized rats induced lordosis behavior and LH re-
lease. Prior treatment with a GnRH antagonist blocked the
NMDA-induced LH release but had no effect on NMDA-
induced lordosis behavior. The stimulatory effect of NMDA
on lordosis behavior required an estrogen background.

There have been few reports suggesting that glutamate
inhibits lordosis behavior (152—154). However, the results
from another study (/55) show that NMDA antagonists AP-
5 or MK-801 inhibit lordosis behavior in estrogen-treated—
progesterone-primed ovariectomized rats, whereas non-
NMDA receptor antagonists did not have any effect. Collec-
tively, these data suggest a regulatory role of glutamate
neurotransmission in lordosis behavior.

In the male rat, the administration of an NMDA receptor
antagonist MK801 reduced experience-based facilitation of
mounting such that experienced animals treated with MK801
behaved similar to inexperienced animals. Subsequently,
Melis et al. (156) showed glutamate and aspartate levels in-
creased significantly in the PVN of male rats in which erec-
tion and copulatory behavior was induced when exposed
to estrogen—progesterone-treated ovariectomized rats. No
erection or copulatory behavior occurred if the rats were
exposed to non-receptive (untreated ovariectomized) female
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rats, nor was there any change in the paraventricular gluta-
mate or aspartate. The administration of NMDA in the para-
ventricular region strongly inhibited erection and copulatory
behavior whereas an AMPA antagonist was less effective.
Thus, the data obtained in male and female rats suggest that
NMDA signals may mediate steroid signals in the CNS to
facilitate reproductive behavior.

Conclusions

Extensive work supports a regulatory role for glutamate
neurotransmission in the control of GnRH and LH secretion.
Both NMDA and non-NMDA receptors have been impli-
cated in control of pulse and surge GnRH/LH secretion.
NMDA receptors in the preoptic area may be particularly
important to glutamate regulatory control of GnRH/LH
secretion, whereas non-NMDA receptors in the ARC/ME
have also been implicated in the control of GnRH/LH secre-
tion. Whether glutamate acts directly on GnRH neurons or
indirectly via interneurons to control GnRH secretion is a
subject of continued debate. Evidence for a direct effect
have come from electrophysiological studies in GnRH—
GFP-tagged transgenic mice and from immortalized GnRH
neuronal cell lines. Evidence for an indirect action involv-
ing nitric oxide, catecholamines, and other molecules has
come from both in vivo and in vitro studies using pharma-
cological approaches such as inhibitors and antisense oligo-
nucleotides. The discovery of vesicular glutamate transport-
ers and their use as markers of glutamate neurons has added
a new tool in the arsenal of neuroendocrinologists. This
tool should be very useful in studying direct versus indirect
glutamate control of GnRH neurons and in identifying
populations of glutamatergic neurons that are controlled by
steroid feedback, and which play an important role in GnRH/
LH secretion. Thus, while much knowledge has been ac-
quired in the last decade or so on EAAs and reproduction,
there is still considerable work ahead to gain a full under-
standing of the complex milieu of factors that control GnRH/
LH secretion, and how precisely EAAs interact with these
other factors and steroids to exert control of pulsatile and
surge gonadotropin secretion.
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