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In rats and monkeys in vivo administration of agonists of
th.e neuroexcitatory amino acids glutamate and aspartate
triggers the release of luteinizing hormone (LH) [14, 17, 21
27, 30, 37]. These observation may be relevant to the hypo-’
thalamic mechanisms thought to be involved in pulsatile se-
cretion of LH and its changes at onset of puberty. Such an
hypothesis has been raised in recent studies using agonists
and antagonists of neuroexcitatory amino acids in the im-
nllature monkey [14, 26] and in the rat [2, 34]. In these expe-
r1menj[s, it has been assumed that the study of LH provided
an estimate of changes in gonadotropin-releasing hormone
(GnRH) seqretion. This was based on indirect observations
sugggsting that the effects of neuroexcitatory amino acids
are mediated in the hypothalamus [14, 21, 24, 30, 33]. In

addition, most studies have been directed towards receptors
to N-methyl-D, L-aspartate (NMDA), while in the central
nervous system, at least two types of distinct amino acid re-
ceptors have been characterized using kainate and NMDA
as specific ligands [35]. The aim of this study was to evaluate
directly the putative changes in GnRH secretion induced by
neuroexcitatory amino acids and to determine if different
types of receptors are involved.

Materials and Methods

Rats -

Male Wistar rats aged 50 days at the time of the experiment
were purchased from Janssens (Beerse, Belgium). They were
housed 6 per cage under constant temperature and a light-dark
schedule (lights on 06.00-20.00 h) with free access to food and
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water. For each experiment, a group of 12 rats were killed around
13.00 h. The retrochiasmatic hypothalamus was rapidly dissected
as previously described [6, 7] and incubated in vitro.

Incubation of Hypothalamic Explants

A static in vitro system was used, as previously described [6, 7],
in order to study 12 hypothalami individually, each explant beingin
0.5 ml culture medium which was renewed every 7.5-min period.
Culture medium was Dulbecco’s modified eagle’s medium (Flow
Laboratories, MacLean, Va., USA) which contained 25 mM
glucoée, 1.8 mM Ca?*, 1 mM Mg?*, and 0.4 mM glycine. Eagle’s
minimum essential medium (Flow Laboratories) was also used after
being enriched with leucine 5.2 mg/dl and glucose 350 mg/dl in
order to obtain a medium similar to Dulbecco’s modified Eagle’s
medium except the absence of glycine. Culture medium contained
bacitracin at a final concentration of 20 wM in order to prevent de-
gradation of GnRH by hypothalamic peptidases [29].

Radioimmunoassay of GhRH

_From the 0.5-ml samples collected every 7.5 min, 0.1 ml was
assayed in duplicate, according to a method decribed previously [5,
6], using the RR-5 anti-GnRH antiserum generously supplied by
Dr. A. Root (St. Petersburg, Fla., USA). Since the sensitivity of the
assay varied between 0.5 and 1.0 pg/tube, the detection limit of
GnRH release was 5 pg/7.5 min. The standard curves were
prepared in Dulbecco’s modified Bagle’s medium. The absence of
nonspecific effects on the binding of radiolabelled GnRH and on
the second antibody was checked in the presence of the different
substances used.

Radioimmunoassay of LH

Serum concentrations of LH were determined in duplicate by
double-antibody radicimmunoassay as previously described [5],
using NIAMDD rat pituitary gonadotropin reagents kindly sup-
plied by the Pituitary Agency of the National Institutes of Health.
Results were expressed with reference to the rat standard IRP-1.

Study Protocols

Experiment 1. Intact rats (4—12/series) were injected subcutan-
eously with NMDA (Sigma, St. Louis, Mo., USA) 30 mg/kg body
weight or with saline (controls). One, 3, 5, 7.5, and 10 min after the
injection, the rats were sacrificed. Trunk blood was collected, and
serum for the radioimmunoassay of LH was obtained after centrifu-
gation. Immediately after decapitation, the hypothalamus was dis-
sected and transferred to the incubator where the release of GnRH
in culture medium was measured after a 7.5-min incubation period.

Experiment 2. The in vitro release of GnRH from 9 to 12 indivi-
dual hypothalami was studied in the presence of increasing concen-
trations (0.001-100 m M) of kainate (Sigma) or NMDA applied for
7.5 min at 15-min intervals. Quisqualate (Sigma), a ligand to recep-
tors distinct from those binding kainate and NMDA [32, 35], and
quinolinate (Sigma), a possible endogenous ligand to NMDA re-
ceptors [31], were also tested. The results were expressed as incre-
ment in GnRH release, i.c., the difference between the levels of
GnRH release observed immediately before and after the applica-
tion of a test substance.

Experiment 3. The effect of kainate 50 mM or NMDA 50 mM
on GnRH release in vitro was evaluated under different conditions.
Controls were obtained in medium containing Ca?* 1.8 mM, Mg**
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Fig. 1. Serum LH concentrations (lower panel) and levels of
GnRH release from individual hypothalami in vitro (upper panel)
in relation to time after subcutaneous injection of NMDA 30 mg/
kg or saline in 50-day-old male rats. The significance of differences
is indicated by p values.

1 mM, and glycine 0.4 mM. The effects of kainate and NMDA
were studied in the presence of D-600 0.1 mM (Methoxy Verapa-
mil; Knoll, Ludwigshafen, FRG), a calcium channel blocker [4],
and in medium enriched with CA2* 4 mM or Mg?* 1 mM or using
glycine-free medium. In addition, the effect of NMDA was studied
in the presence of equimolar concentrations of AP35 (Tocris, Neura-
min, Bukhurst Hill, UK), a competitive antagonist of NMDA re-
ceptors [16]. In these experiments, the basal level of GnRH release
was determined under the same conditions as for NMDA or kai-
nate stimulation. .

Experiment 4. The in vitro GnRH release induced by NMDA
50 mM was studied in the absence of glycine or in the presence of
increasing glycine concentrations (0.01-10,000 pA1).
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VEprer'iment 3. The effects of high frequency or continuous sti-
mulanon of'(‘3r;RH release by NMDA were studied by incubating
‘hypothalami in'the presence of NMDA 50'm M applied every other

7.5-min ‘period for 120 ‘min or during continuous ‘exposure ‘to

NMDA 50 mM for 75 min.

Statistical Analysis

t The significance of differences was calculated using Studen\t’s t
est.

QRgsults

As shown in figure 1, in vivo administration of NMDA
‘3_0 mg/kg s.c.'induced an'increase in-the secretion of LH in
vivo and in‘the release of GnRH in vitro. When compared to
the data obtained ‘1 'min after NMDA ‘injection or 5 min
after saline injection, LH serum concentrations and GnRH
rg!ease 1in 'vitro ‘were ‘significantly increased (p <0.005)5
‘min aftgr NMDA injection. The peaklevel of GnRH reélease
{ndl.lcedrby NMDA was:‘observed 7.5 min after NMDA in-
jection, whilethe rise in LH serum concentrations occurred
up to 10 min after NMDA injection.

‘ —Incqbation ‘of rat hypothalami in vitroin the presence of
Increasing concentrations of kainate or NMDA resultedin a

‘dose-related ‘stimulation ‘of ‘GnRH release (fig. 2, left
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) Fig. 4. GnRH release from individual rat hypothalami in vitro
(upper panel: increment; lower panel: absolute levels) during inter-
mittent ‘(upper panel) or continuous (lower panel) exposure to
NMDA 50 mM. ; '

panel). At concentrations of 10, 50 and 100 mM, NMDA
was about twice as potent (p <0.05) as kainate in eliciting
the release of GnRH. At a 50-mM concentration, quinoli-
nate, a putative endogenous ligand of NMDA receptors, in-
duced a GnRH increment of 34.9£4.9 (SEM) pg/7.5 min
(n=10) which was 2.2-fold greater than the response to
50 mM NMDA (p <0.001). In contrast, 10 mM
quisqualate did not affect the release of GnRH (increment
1.7+1.0 pg/7.5min;n=11).

As shown in the right panel of figure 2, the response of
GnRH to kainate or NMDA 50 mM was abolished (p
<0.001) in the presence of D-600, a Ca* channel blocker.
When compared to controls obtained in médium containing
1.8 mM Ca2*, | mM Mg?*, and 0.4 mM glycine, the stimu-
latory effect of 50 m M kainate was not significantly affected
by increased concentrations of Ca?* (up to 5.8 mM) or
Mg?* (2 mM) or by using glycine-free culture medium. In

. contrast, the stimulatory effect of NMDA 50 m M was blun-

ted in Ca?*-enriched medium (p <0.001) and abolished (p
<0.001) in the presence of Mg?* 2 mM or when using gly-
cine-free medium. In addition, equimolar concentrations of
AP35, a competitive antagonist specific of NMDA receptors,
suppressed (p <0.001) the response of GnRH to NMDA
(fig. 2).

While no response to 50 mM NMDA was observed in
the absence of glycine (fig. 3), the use of low glycine concen-
trations (0.01-1 pM maximized the NMDA-induced re-
lease of GnRH which was significantly greater (p <0.001)
than the release seen in the presence of higher glycine con-
centrations (100-10,000 pM).

As shown in figure 4, the increment in GnRH release in-
duced by NMDA 50 mM occurred repetitively when inter-
mittent- NMDA stimulation was performed every other
7.5-min period. The amplitude of GnRH response to
NMDA remained similar during eight successive stimula-
tions. In contrast, continuous exposure to NMDA 50 mM
for 75 min resulted in an initial increase in GnRH release,
immediately followed by a decrease back to the baseline
level which was unchanged throughout the entire subse-
quent period of stimulation. :

Discussion

In this paper, we provide the first direct evidence that
neuroexcitatory amino acids trigger the release of GnRH.
Several authors have previously suggested that the hypotha-
lamus was the primary site where ncuroexéitatory amino
acids could affect the secretion of LH. After neonatal expo-
sure of rodents to excito-toxic amino acids such as mono-
sodium glutamate, which destroy the vast majority of peri-
karya in the arcuate nucleus [22], the response of LH'to
NMDA administration is abolished [23]..Although not tes-
ted at concentrations higher than 10 pM, NMDA does not
affect the release of LH from rat and monkey pituitary
cultures in vitro [30, 33]. In the rat, pituitary hormone secre-
tion including LH is activated by intrahypothalamic injec-
tion of quinolinic acid, a ligand to NMDA receptors [21].
More recently, the LH-releasing effect of NMDA in mon-
keys was shown to by prevented by pret’reat'mént with a
GnRH receptor antagonist [14].

In the central nervous system, the receptors to excitatory
amino acids have been classified in three groups according
to the exogenous agonists which bind selectively to these
receptors: NMDA, kainate, and quisqualate [32, 35, 36].
Receptors to NMDA and kainate have been demonstrated
in the hypothalamus where the concentration of kainate-
binding sites is predominant over NMDA-binding sites [9].
A subtype of NMDA receptors is bound by quinolinic acid
which is derived endogenously from tryptophan [31, 32].
Among these ligands, NMDA-[27, 37], kainate [27), and
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quinolinate [17, 21] have been shown to induce the release
of pituitary hormones, particularly LH. Our data indicate
that both NMDA and kainate receptors may be involved in
the mechanisms regulating GnRH secretion, while recep-
tors to quisqualate do not seem to play any role.
Quisqualate was not effective at 10 mM, while NMDA was
consistently effective at the same concentration. A possible
effect of quisqualate at higher concentrations has not been
excluded. Our data confirm the observations of Price et al.
[27] showing that NMDA and kainate receptors may med-
iate the stimulation of LH release. After the early report of
Price et al. [27], the difference between effects mediated
through kainate and NMDA receptors has been elucidated.
In fact, a series of mechanisms are selectively involved in the
activation of NMDA receptors: noncompetitive antagonism
by Mg?* [3, 12], inhibition by elevated Ca?* concentrations
[20], modulation by glycine which potentiates NMDA ef-
fects at low concentrations [18], competitive antagonism by
APS5 [16], and desensitization during continuous exposure
to NMDA [13]. In this paper, we have shown that the
NMDA-induced release of GnRH bears all those characte-
ristics of NMDA receptor mediated effects as evidenced in
other systems. We have also shown that kainate-induced re-
lease of GnRH is mediated through non-NMDA receptors,

since this effect is not affected by factors such as glycine or
Mg?* concentrations. While NMDA and kainate are potent
exogenous activators of receptors to excitatory amino acids,

quinolinic acid is of particular interest, since it represents a
possible endogenous ligand to NMDA receptors [25, 311

On a molar basis, the GnRH-releasing activity of quinoli-

nate is greater than that of NMDA, although the potency of
quinolinate has been originally reported to be one tenth of
the NMDA potency [31].

A major unresolved issue is the significance of our obser-
vations for the mechanisms controlling the release of hypo-
thalamic peptides under physiological conditions. In this
respect, questions arise from the concentrations of agonists
used which may be much higher than the concentrations of
endogenous substrates activating NMDA and kainate re-
ceptors. For instance, quinolinate has been found at mi-
cromolar concentrations in most brain areas [19], while we
have used millimolar concentrations in vitro . Furthermore,
Nemeroff et al [21] have observed a stimulation of LH after
intrahypothamalic injection of a quinolinate amount which
was 100 times less than the one we have used in vitro. In
contrast, molar concentrations of kainate or glutamate have
been applied by some investigators to the hypothalamus in
vivo [1] or in vitro [15] in order to obtain neuroexcitatory
effects.

In our experiments, repeated exposure to very high con-
centrations of NMDA (50 mM) for 2 h failed to alter the
response of GnRH. Thus, it may be argued that the neuro-
toxic effect which characterizes the use of high concentra-
tions of excitatory amino acids [22, 28] did not occur during

our experiments. This suggests either that, under our expe-
rimental conditions, only a small fraction of the amount of
NMDA applied is effectively distributed to the receptors or
that there is a low receptor sensitivity to the agonist. The
first hypothesis is consistent with the high affinity of many
acidic amino acids to divalent cations [3]. Thus, it is possible
that NMDA or kainate are partly complexed with Ca?* or
Mg?* and inactivated. The second hypothesis is supported
by the recent findings of Cicero et al. [8]. These authors have
found that the LH response of male rats to NMDA was
maximal between 20 and 35 days of age, minimal at 40 days,
and virtually absent at 60 days. This might explain the req-
uirement of very high concentrations during our experi-
ments in 50-day-old rats.

The concentrations of Mg2* used in our experiments may
be an alternative explanation to the high concentrations of
NMDA required. In some systems, micromolar concentra-
tions of Mg?* inhibit the neuronal response to NMDA [3].
Since 1 mM Mg2?* has been used in our control experi-
ments, the effect of NMDA may have been counteracted,
resulting in the need for high concentrations of amino acid
well above those physiologically active. However, other ob-
servations do not support that explanation. A 1-mM con-

centration of Mg?* is physiologically present in the central |

nervous system and does not result in the requirement of
very high NMDA or quinolinate concentrations during in
vivo experiments [21]. In addition, Drouva et al. [11] have
shown that the depolarization-induced release of GnRH
from hypothalamic fragments in vitro is similar in the ab-
sence of Mg?* or in the presence of 1 mM Mg?*, while
7.5 mM Mg?* have inhibitory effects. In fact, our data indi-
cate that increasing Mg?* concentrations from 1 to 2 mM
may suppress the excitatory effects of NMDA. Complemen-
tary experiments are required to evaluate the neuroexci-
tatory and neurotoxic properties of the amino acids in the
absence of Mg?* or using very high Mg?* concentrations.

-Glycine is known to depress neuroexcitability [10],
molar concentrations resulting in a decreased firing rate of
tuberal hypothalamic neurons in vitro [15]. Recently,
Johnson and Ascher [18] have demonstrated the facilitatory
effect of nanomolar glycine concentrations on the electro-
physiological response to NMDA. This led us to study diffe-
rent glycine concentrations. In the absence of glycine, no
GnRH release is induced by NMDA 50 m M. However, gly-
cine may not be a prerequisite to the effect of NMDA, since
an increase of NMDA concentrations may overcome the re-
duced excitability caused by the absence of glycine [18].
While maximal responsiveness of GnRH to NMDA is ob-
served in the presence of glycine 0.01-1 pM, higher con-
centrations result in a reduced response, indicating a possi-
ble regulatory role of glycine on the NMDA-induced secre-
tion of GnRH.

The desensitization of the GnRH response to continuous
exposure to NMDA suggests that an intermittent activation
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of receptors to neuroexcitatory amino acids is a prere.ql.lis.ite
to the neurosecretory activity of GnRH neurons. This is in-
teresting in the light of the pulsatile nature of GnRH relee.lse
[6] and supports the concept that endogenous substrate blI.l-
ding to neuroexcitatory amino acid rec‘eptors plays arole in
the mechanism controlling the pulsatile release of GnRH.
Our experiments do not allow to delineate whether the des-
ensitization occurs at the NMDA receptor level [13] or whe-
ther the desensitization results from the u!trashort loop
negative feedback of GnRH on its own secretion [7}. '

In order to demonstrate the role of hypothalamic amino
acid receptors in the control of gonadotropin secretion,
NMDA has been administered intermittently to prepuber-
tal female rats [34] or prepubertal male monkeys.[26], ata
frequency consistent with an adult hypothalamui GnRH
pulse generator. This treatment results ina precocious pu-
bertal development in both species. More recently, it h'fls
been shown that AP35 inhibits the pulsatile release of LH in
the male rat [2]. This finding strongly supports thc? phy-
siological role of NMDA receptors in the regula'tlon of
GnRH secretion. Following our previous observatloys on
the pulsatile pattern of GnRH release in vitr.o [6, 7] with an
increasing frequency around 3 weeks of age in ma_lle rats [6],
important questions are to be addressed regardl‘ng the ef-
fects of amino acid receptor antagonists in relation to age
and sexual maturation.
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