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Neuroendocrine Mechanism of Onset of Puberty
Sequential Reduction in Activity of Inhibitory and Facilitatory N-Methyl-D-Aspartate Receptors

Jean-Pierre Bourguignon,*" Arlette Gerard,t Maria-Luz Alvarez Gonzalez,* and Paul Franchimontt
*Department of Pediatrics and tRadioimmunoassay Laboratory, University of Liege, B-4000 Liege, Belgium

Abstract

In humans and in several animal species, puberty results from
changes in pulsatile gonadotropin-releasing hormone (GnRH)
secretion in the hypothalamus. In particular, the frequency of
pulsatile GnRHsecretion increases at the onset of puberty, as
can be shown by using hypothalamic explants of male rats of 15
and 25 d. Previous observations from us and others suggested
that the initiation of puberty could involve a facilitatory effect
of excitatory amino acids mediated through N-methyl-D-aspar-
tate (NMDA) receptors. Wefound that GnRHsecretion could
be activated through NMDAreceptors only around the time of
onset of puberty (25 d). The aim of this study was to clarify
why this activation did not occur earlier (at 15 d) and could no
longer be observed by the end of puberty (at 50 d). Westudied
GnRHsecretion in the presence of MK-801, a noncompetitive
antagonist of NMDAreceptors or AP-5, a competitive antago-
nist. Weshowed that, in the hypothalamus of immature male
rats (15 d), a highly potent inhibitory control of pulsatile
GnRHsecretion in vitro was mediated through NMDArecep-
tors. These data were confirmed in vivo because administration
of the antagonist MK-801 (0.001 mg/kg) to immature male
rats resulted in early pubertal development. Onset of puberty
(25 d) was characterized by the disappearance of that NMDA
receptor-mediated inhibition, thus unmasking a facilitatory ef-
fect also mediated through NMDAreceptors. During puberty,
there was a reduction in activity of this facilitatory control
which was no longer opposed by its inhibitory counterpart. We
conclude that a sequential reduction in activity of inhibitory and
facilitatory NMDAreceptors provides a developmental basis
for the neuroendocrine mechanism of onset of puberty. (J. Clin.
Invest. 1992. 90:1736-1744.) Key words: AP-5 * MK-801-
neuroexcitatory amino acids puberty * pulsatile gonadotropin-
releasing hormone secretion * N-methyl-D-as~artate

Introduction

The precocious onset of sexual maturation can result from a
premature activation of gonadotropin-releasing hormone
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(GnRH)' neurons either induced chemically in laboratory an-
imals ( 1, 2) or caused by pathological processes in humans (3).
This indicates that the onset of puberty is determined by matu-
rational changes in the hypothalamus or the suprahypotha-
lamic central nervous system. In the hypothalamus, GnRHis
secreted in a pulsatile manner driven by a pacemaker system or
pulse generator (4-6). In different species, the onset of puberty
is characterized by an increased frequency of pulsatile GnRH
secretion (7-10). Wehave particularly studied the male rat
which is prepubertal at 15 d of age. The most early pubertal
changes in testicular size and spermatogenesis are seen at 25 d,
whereas the end of puberty is attained by 50 d of age ( 1). By
using hypothalamic explants of male rats, we have shown that a
twofold increase in frequency of GnRHsecretory pulses oc-
cuffed between 15 and 25 d of age ( 1). The mechanism con-
trolling that increase in frequency of pulsatile GnRHsecretion
at the onset of puberty is not elucidated. This mechanism could
consist of either switching off an inhibitory control such as that
of opioid peptides ( 12, 13) and/or switching on a facilitatory
control such as proposed for the excitatory amino acids, gluta-
mate and aspartate ( 1, 2).

The excitatory role of these amino acids or their agonists,
kainate and N-methyl-D-aspartate (NMDA), in controlling the
pituitary-gonadal system has been extensively documented.
These agonists have obvious excitatory effects in vivo ( 1, 2, 14)
and in vitro ( 15, 16) whereas an inhibition is obtained by using
specific antagonists to NMDAreceptors such as AP-5 or MK-
801 (17, 18). Based on all these data, it was hypothesized that
the NMDAreceptors involved in GnRHsecretion would be
increasingly activated from the time of onset of puberty. We
proposed to assess indirectly the activation of those receptors
by using the noncompetitive antagonist MK-801 (11, 19) in
that the antagonistic effect of this "use-dependent" compound
was directly related to the degree of activation of the receptor
by the agonist (20). Thus the sensitivity of GnRHsecretion to
the suppressing effect of MK-801 provided an index of endoge-
nous activation of NMDAreceptors involved in the GnRH
pulse generator ( 1 1, 19). In this study we have tested the hy-
pothesis that NMDAreceptors could mediate not only a facili-
tatory control but also an inhibitory control of pulsatile GnRH
secretion, particularly before onset of puberty.

Methods

Animals and products. Male Wistar rats (Janssen Pharmaceutica,
Beerse, Belgium) housed in standardized conditions ( 14-h light/ 10-h

1. Abbreviations used in this paper: CRH, corticotropin-releasing hor-
mone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hor-
mone; NMA, N-methyl-D,L-aspartate; NMDA,N-methyl-D-aspartate.
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darkness, 24-260C, free access to food and water, weaning at 21 d of
age) were studied at different ages (15, 25, 35, and 50 d). Culture
medium for incubation of hypothalamic explants consisted of Eagle's
minimum essential medium (MEM), purchased from Flow Laborato-
ries, Inc., McLean, VA. The agonists of excitatory amino acids NMDA
and N-methyl-D,L-aspartate (NMA), a racemic mixture, as well as ve-
ratridine, a depolarizing alcaloid opening the Na+ channel (21 ), were
purchased from Sigma Chemical Co., St. Louis, MO. (+)-5-
Methyl, 10-1 -dihydro-5H-dibenzo[a,dI-cyclohepten-5, I0-imine ma-
leate (MK-801), a noncompetitive NMDAreceptor antagonist (22),
was generously supplied by Merck, Sharp & DohmeResearch Labora-
tories, Rahway, NJ. DL-2-Amino-5-phosphonovaleric acid (AP-5), a
competitive NMDAreceptor antagonist (17), was purchased from
Sigma Chemical Co. The highly specific RR-5 anti-GnRH antiserum
was kindly provided by Dr. A. Root, St Petersburg, FL.

Incubation of hypothalamic explants and radioimmunoassay of
GnRH. Retrochiasmatic hypothalamic explants were studied by using
a procedure described in detail previously ( 18, 23). Briefly, 12 animals
were studied in each experiment. After decapitation, the retrochias-
matic hypothalami were rapidly dissected and transferred to 12 individ-
ual chambers containing 0.5 ml of Eagle's MEMenriched with glycine,
magnesium, and glucose to obtain final concentrations of 10, 1, and 25
mM, respectively. This was a static incubation system, the total incuba-
tion volume (0.5 ml) being sampled and renewed every 7.5 min for 3-4
h. The collected fractions were kept frozen until assayed. GnRHwas
measured in the collected fractions following a radioimmunoassay pro-
cedure described previously (23, 24). The limit of detection was 5
pg/7.5-min fraction, which was the value assigned to data below that
limit. The coefficient of variation was calculated by introducing 0.5 ml
of medium containing synthetic GnRHin the experimental system for
7.5 min. This was done repeatedly on 15 occasions using different
concentrations (10-50 pg/0.5-ml fraction) in the range of those se-
creted endogenously. The recovery was 94%. Calculation of the coeffi-
cient of variation included variability resulting from the sampling pro-
cedure using different incubation chambers and the radioimmunoas-
say. The intraassay coefficient of variation varied between 8%and 14%
for GnRHsecretory levels of 50 and 10 pg/0.5-ml fraction, respec-
tively. Interassay coefficient of variation was 10-18%. For GnRHpulse
detection analysis, the 14% value was used in that data subjected to
analysis were obtained within a single experiment and assay while some
measured values were close to the detection limit of the assay.

Experimental protocols. Using 12 individual hypothalamic ex-
plants obtained at 15 d (six controls and six incubated individually in
the presence of MK-801 during the whole study period of 240 min),
the effect of MK-801 on the frequency of spontaneous GnRHsecretory
pulses was studied. For each tested dose of MK-801 (10-' to 10-4 M),
six different explants were studied. A similar study was performed us-
ingAP-5 (10'2to 10-4M).

In another series of experiments using individual explants obtained
at 15 d (six in each experiment), the increase in GnRHsecretion in-
duced by a 7.5-min depolarization with veratridine (50MUM) was stud-
ied repeatedly in the absence or in the presence of increasing MK-801
concentrations ( 10-16 to 10-4 M). The antagonist was used for 15 min,
including 7.5 min during veratridine stimulation. In an initial set of
experiments, veratridine stimulatory episodes were performed at 52.5-
min intervals, thus beyond the period of refractoriness caused by
GnRHinhibitory autofeedback (25). In a second set of experiments,
veratridine was used at 37.5-min intervals, thus within the refractory
period resulting in blunted GnRHresponse (25). The response of
GnRHsecretion to veratridine was calculated as the difference between
the levels obtained immediately before and during the depolarization.
In order to include data from different experiments in the same analy-
sis, the data were expressed as a percentage of the initial response to
veratridine.

In a final series of in vitro experiments, individual explants ob-
tained at 15, 25, and 50 d of age were studied. Every 30 min, the
explants were exposed for 7.5 min to increasing concentrations of
NMA(0.0 1-50 nM). For those experiments, NMAwas used instead of

NMDAin that the former preparation was less expensive than the
latter although, using a 10-fold factor between the different concentra-
tions tested, we did not find any significant difference between GnRH
secretory responses to NMAand NMDA. The effects of NMAon
GnRHsecretion was studied in the absence (controls) or in the pres-
ence of l0-'4 Mof MK-801 throughout the whole experiment. The
increment in GnRHsecretion induced by NMAwas calculated as the
difference between GnRHsecretory levels obtained immediately be-
fore and during exposure to NMA.

Immature male rats were treated using saline or MK-801 at three
different doses (0.1, 0.01, and 0.001 mg/kg body wt) given as a daily
s.c. injection from 9 to 16 d of age. The animals were distributed in
three litters, each containing three controls and six animals receiving a
similar dose of MK-801. The animals were killed at 35 d of age. The
hypothalamic explants were used to study the inhibition of veratridine-
induced secretion of GnRHby increasing concentrations of MK-80 1,
as shown previously (1 1, 19). The data obtained were compared with
those reported earlier in intact rats studied between Sand 75 d of age. In
addition, the testes were removed and weighed, and testicular cells were
dissociated and studied by flow cytometry analysis as described earlier
( I1 ). This allowed calculating the proportion of elongated spermatids,
the most mature form of germ cells identified using this technique.

Statistical analysis. The significance of GnRHsecretory pulses ob-
served spontaneously was assessed using the PULSARprogram (26,
27) as described previously ( I 1, 18). The significance of differences in
interval between GnRHsecretory pulses and differences in GnRHse-
cretory responses to repeated veratridine challenges was calculated us-
ing ANOVAwith correction for repeated determinations and the
Scheffe Ftest (28). To analyze the dose-response relationship between
MK-80 1 concentration and GnRHresponse to veratridine, regression
lines were calculated after logit transform of GnRHsecretory response
to veratridine and taking the logarithm of the dose. From these regres-
sion lines, the concentrations of MK-801 resulting in a 50% inhibition
of the release of GnRH(IC50) were calculated. The different regression
lines and IC50 obtained after different treatment regimens in vivo were
compared by covariance analysis (28). Comparison between GnRH
secretory responses to NMAin control explants and in the presence of
MK-801 was made using the Utest of Mann-Whitney. This test was
also used to compare the proportion of elongated spermatids in testicu-
lar cell homogenates of intact rats and rats treated using MK-80 1. All
results were considered to be significant at the 5% critical level.

Results

As shown in Fig. 1, the frequency of pulsatile GnRHsecretion
from 1 5-d-old explants was significantly increased in the pres-
ence of very low concentrations of the noncompetitive NMDA
receptor antagonist, MK-801 ( 10-'3 to 10-" M). Incubation
in the presence of 10-'3 M of MK-801 resulted in a mean
4 1-min interval between GnRHpulses, thus no longer differ-
ent from that seen at 25 d (39±11 min, mean±l SD, n = 65
explants). A further increase in MK-801 concentration (10-°0
to 10-6 M) resulted in no significant differences in GnRH
pulse frequency, although high MK-801 concentrations (10-5
and l0-4 M) reduced or suppressed pulsatile GnRHsecretion.
Using hypothalamic explants of 25-d-old rats (data not
shown), we were unable to observe any increase in GnRH
pulse frequency in the presence of low MK-801 concentrations
( l0-'" to 10"- M) while we confirmed the inhibitory effect
shown previously ( 11).

In Fig. 2 are shown the variations in frequency of pulsatile
GnRHsecretion from 1 5-d-old explants in the presence of AP-
5, a competitive NMDAreceptor antagonist. A low concentra-
tion of AP-5 (10-10 M) resulted in a slight but not significant
increase in GnRHinterpulse interval (72±5 vs. 65±6 min)
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whereas a greater concentration of AP-5 (10'- M) accounted every 37.5 miu
for a significantly reduced interval (41±6 min). This latter sponse of GnR
effect was similar to that obtained using I0 -'" Mof MK-80 1. effect was simil

In Fig. 3 are shown representative profiles of GnRHsecre- sodes. As show
tion from 1 5-d-old hypothalamic explants exposed to veratri- tory autofeedb
dine repeatedly in the absence or in the presence of increasing tween depolari
MK-801 concentrations. When the interval between veratri- the pulse genei
dine challenges was 52.5 min, i.e., longer than the refractory centrations ( 11
period after a GnRHsecretory episode (Fig. 3, upper panel), a sponse resultir
similar GnRHresponse was obtained repeatedly in the absence since the respc
of MK-80 1. The analysis of variance showed no significant significantly gr
difference in GnRHsecretory response among the control ex- to 10-'" M of
plants although a significant change occurred when GnRHre- veratridine war
sponse to veratridine was studied in the presence of increasing response, whet
concentrations of MK-80 1. In using 10-12 to 10-6 Mof MK- of higher MK-
801, no difference was seen whereas high MK-80 1 concentra- tions. Using
tions (l0-5 to 10-' M) resulted in a marked inhibition of shown), we fc
GnRHsecretion in response to veratridine. secretion of G

Whenexplants of 1 5-d-old rats were exposed to veratridine longer be prey

Figure 1. Effect of increasing concentrations of
MK-80 1, a noncompetitive NMDAreceptor
antagonist, on the frequency of pulsatile
GnRHsecretion by hypothalamic explants of
15-d-old male rats. Upper panel: mean (±1 SD)
interval between GnRHpulses from individual
explants studied without or in the presence of
MK-801 (n = 6 in each group). Lower panels:
representative profiles of GnRHsecretion from
individual explants (four in each group) incu-
bated in the absence of MK-801 (controls) or
in the presence of 10-'3, 10-8, and 10-5 Mor
MK-801. (A) Significant GnRHsecretory
pulse. *Significant difference in GnRHinter-
pulse intervals versus controls.

n (Fig. 3, lower panel), the initial secretory re-
MHwas followed by a reduction. This inhibitory
larly observed at all subsequent depolarizing epi-
,n previously, this effect resulted from the inhibi-
ack of GnRHoperating because the interval be-
izing episodes was within the refractory period of
rator (25). In the presence of low MK-80 1 con-
0-f5 to 10"'l M), the inhibition of GnRHre-
ng from the autofeedback could be prevented
onse of GnRHto veratridine was restored and
reater than in control conditions. In using 10-15
f MK-801, mean GnRHsecretory response to
Ls found to vary between 63% and 84% of initial
reas the response fell below 30% in the presence
.-801 concentration as well as in control condi-
explants of 25- and 50-d-old rats (data not
4und that the reduction of veratridine-induced
FnRH by the inhibitory autofeedback could no
rented by MK-801 ( 10-'5 to 10-6 M).
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Figure 2. Effect of increasing concentrations of
AP-5, a competitive NMDAreceptor antagonist,
on the frequency of pulsatile GnRHsecretion
by hypothalamic explants of 15-d-old male rats.
Upper panel: mean (+1 SD) interval between
GnRHpulses from individual explants studied
without or in the presence of AP-5 (n = 6 in
each group). Lower panels: representative pro-
files of GnRHsecretion from individual explants
(four in each group) incubated in the presence
of 10-12, 10-'°, 10-6, and IO-4 Mof AP-5. (A)
Significant GnRHsecretory pulse. *Significant
difference in GnRHinterpulse interval versus
controls.

In Fig. 4 are shown the NMA-induced increments in
GnRHsecretion from hypothalamic explants of 15-, 25-, and
50-d-old rats in control conditions or in the presence of a very
low MK-801 concentration (10-14 M). In using hypothalamic
explants of prepubertal rats (15 d), MK-801 10-14 Mresulted
in a significantly increased (P < 0.05) secretion of GnRHin
response to low concentrations of NMA(0.05-1 mM). Such
an effect was no longer observed using 5 or 10 mMof NMA,
which did not elicit any significant increase in GnRHsecretion
either in control conditions or in the presence of MK-801 I0- "

M. In both conditions, NMA20 and 50 mMcaused a similar
increase in GnRHsecretion. At onset of puberty (25 d), there
was a greater sensitivity of GnRHsecretion to NMAthan at 15
d in that 1 mMof NMAresulted in a significant increase of
GnRHsecretion in control conditions. This effect was slightly
potentiated in the presence of MK-801 10-14 M. By the end of
sexual maturation (50 d), GnRHsecretion showed a low sensi-
tivity to NMAin control conditions, similar to that seen at 15

d. However, this effect was no longer potentiated by MK-801
which resulted in a significant reduction of the response to 20
and 50 mMof NMA.

In Fig. 5 are shown the long-term effects of antagonism of
NMDAreceptors in immature male rats by MK-801 adminis-
tration in vivo between 9 and 16 d of age. In the animals treated
by using vehicle or MK-801 0.1 or 0.01 mg/kg per day, the
developmental changes in IC_0 of MK-801 inhibiting GnRH
response to veratridine in the hypothalamus and the pubertal
increase in proportion of elongated spermatids in the testis
were not affected because no significant differences were ob-
served at 35 d. In contrast, significantly earlier changes in those
parameters (P < 0.05) were observed in rats treated by using
the lowest dosage of MK-801 (0.001 mg/kg).

In Fig. 6, we propose a model integrating our observations
on the developmental changes in the control of pulsatile
GnRHsecretion by neurons activating NMDAreceptors. Our
experimental preparation contains GnRHaxons deafferented
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cretion from individual hypothalamic explants

of 1 5-d-old rats exposed repeatedly to veratri-
dine (50 MM) for 7.5 min, this depolarizing
episode occurring either in the absence of

MK-801 or in the presence of increasing con-

_centrations of MK-80 1. The secretory response

7o 20 30) 4() 50 60 70 80 of GnRHto veratridine is studied at 52.5-min
intervals (upper panels) or at 37.5-min inter-

7.5 - min FRACTIONS vals (lower panels).

from their perikarya and modulated presynaptically by a pace-
maker system or pulse generator where neurons activating ex-

citatory and inhibitory NMDAreceptors can affect the occur-

rence of GnRHsecretory pulses. This effect can be exerted
either through variations in the frequency of the pulse genera-
tor or through variations in the amplitude of the stimulation so

that some stimulation of reduced intensity would not result in
any detectable secretory pulse. In the prepubertal male rat, at
15 d, a potent NMDAreceptor-mediated inhibitory control of
the GnRHpulse generator restrains the frequency of pulses
and prevents the expression of an active excitatory control me-
diated through a similar type of receptors. At 25 d, the inhibi-
tory pathway has lost much of its potency so that the activity of
the excitatory control can be fully expressed. This results in an

increased frequency of pulsatile GnRHsecretion. Between 25
and 50 d, i.e., during puberty, the activity of the excitatory
pathway decreases as well in that it is no longer opposed by a

potent inhibitory pathway. Therefore, a low activity ofthe excit-

atory pathway can be sufficient to keep the pulse generator
working in a pubertal manner.

Discussion

In this study, we directly evaluated the developmental changes
in the control of pulsatile GnRHsecretion by activation of
NMDAreceptors. Such a study was only possible after we had
validated the suitability of our experimental model and made
the following observations: (a) Despite the absence of GnRH
perikarya in the studied hypothalamic explants which do not
include the preoptic area (29), pulsatile GnRHsecretion could
be observed in vitro ( 18, 23, 24). This indicated that secretory
activity of GnRHaxons could be modulated by a neuronal
pulse-generating machinery included in the studied explants.
(b) Pulsatile secretion of GnRHby these explants showed a

twofold increase in frequency by the time of onset of puberty
( 11, 24). (c) The control of the interval between GnRHsecre-
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obtained at 15, 25, and 50 d and repeatedly exposed
NMAat increasing concentrations. The study is per
sence (o) or in the presence (. ) of 10-'4 Mof MK-8
of individual explants studied in each group is indic
rentheses. *Significant difference between control an(

tory pulses involved an ultrashort inhibitory at
account of this process, a GnRHsecretory pul
by a period of refractoriness which was longer
than from the time of onset of puberty (25). (d
feedback of GnRHcould be observed after a
secretion induced by veratridine, a depolarizinj
probe of GnRHsecretory pulse (19, 25).

The occurrence of episodic increase in GnF
ing a static incubation system is unlikely to re
ological artefact because these episodic change,
by changes in culture conditions such as calciun
nesium and glycine concentrations ( 15, 23). ]
changes in episodic GnRHsecretion that we
such as increase in frequency at onset of pubertj
with data obtained in vivo (7-10). Finally, l
search was a continuation of previous studies, il
to work in similar conditions for the presen
Nonetheless, a possible influence of the samplir

of the occurrence of GnRHpulses using the static incubation sys-
/1 tern cannot be ruled out. Studies using a continuous perifusion

system are in progress.
I/' The investigation of the role of NMDAreceptors in the

control of onset of puberty was based on the following observa-
/ ,.' tions: (a) The hypothalamic explants contained NMDArecep-

tors involved in the physiological control of GnRHsecretion
15days inasmuch as the agonist NMAcould elicit GnRHsecretion

(15) and the antagonist MK-801 could suppress pulsatile
GnRHsecretion ( 18). (b) The degree of endogenous activa-
tion of NMDAreceptors involved in GnRHsecretion could be
estimated indirectly using the noncompetitive antagonist MK-

T-/8 1 801 because its antagonistic effect was use or agonist dependent
-. (20). Therefore, the sensitivity to the antagonistic effect of

MK-801 was directly related to the level of activation of the
NMDAreceptors by their agonist. Weshowed previously that
such a concept applied to GnRHsecretion and that the sensitiv-
ity to MK-80 1 effects could be regarded as an index of endoge-

25days nous activation of the studied receptors ( 1 1, 19). (c) Both the
sensitivity of GnRHsecretion to the suppressing effect of MK-
801 and the response to the administration of NMAincreased
markedly by the time of onset of puberty ( 11 ). This indicated
that excitatory amino acids playing a facilitatory role in GnRH

a secretion were increasingly activated at that time. Such an hy-
pothesis was consistent with numerous studies showing the
stimulatory effect of excitatory amino acids on GnRHand/or

/ ; luteinizing hormone (LH) secretion in the male rat ( 14, 30-
,, /1 32), the female rat (2, 16, 17, 32-36), the hamster(37, 38), the

lamb (39), and the monkey ( 1, 40).
,' 7 Based on those observations, the neuroendocrine changes

50 days leading to onset of puberty could be viewed as the development
or the activation of a facilitatory pathway controlling GnRH
secretion through NMDAreceptors. Such a concept did not
necessarily require any restraining component in that the quies-

D 20 50mM cent phase of the pituitary-gonadal axis before onset of puberty
A could result from an absent or low activity of the facilitatory

thalamic explants pathway. However, this interpretation could not account for a
for 7.5 min to puzzling observation from our group ( 11) and Cicero et al.

formed in the ab- (41 ): the increased activation of NMDAreceptors seen at on-
;01. The number set of puberty was transient because the level of activation of
rated between pa- those receptors was reduced by the end of puberty and similar
d MK-801 groups. to that seen before onset of puberty. Wehypothesized that the

increased secretion of gonadal hormones during puberty could
account for such changes. However, we showed recently that

atofeedback. On the developmental changes in activation of NMDAreceptors
Ise was followed involved in GnRHsecretion occurred in orchidectomized rats
r before puberty as in intact animals, indicating that this maturational neuroen-
') This ultrashort docrine process was independent of the gonads ( 19).
pulse of GnRH The hypothesis that NMDAreceptors could mediate a not
g agent used as a only facilitatory but also inhibitory control of GnRHsecretion

emerged from the incidental observation that the long refrac-
LH secretion us- tory period separating two veratridine stimulatory episodes at
-flect a method- 15 d of age was no longer operative in the presence of the
sare modulated NMDAreceptor antagonist MK-801 (42). The present data
n, glucose, mag- provide direct evidence of an inhibitory control of pulsatile
In addition, the GnRHsecretion in intact immature animals, in vitro and in
have reported, vivo. The use of two different NMDAreceptor antagonists

y, are consistent such as MK-80 1 and AP-5 resulted in findings consistent with
because this re- their different mechanisms of action. As a noncompetitive and
t was important use-dependent antagonist, MK-80 1 was effective in accelerat-
t investigation. ing GnRHpulse frequency at remarkably low concentrations,
mg technique on suggesting that inhibitory NMDAreceptors were very potently
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activated in the hypothalamus of immature male rats. By using
AP-5, a similar acceleration of GnRHpulse frequency could be
obtained though high concentrations were required as expected
from the competitive nature of this antagonist. Further confir-
mation of the existence of NMDAreceptor inhibition before
puberty was obtained through the early development of pu-
berty after administration of MK-801 to immature animals.
This could be regarded as a long-term effect since the animals
were treated between days 9 and 16 whereas the neuroendo-
crine and testicular effects were studied at 35 d of age. Thus, the
consequences of an experimental neuroendocrine manipula-
tion restricted to 1 wk in immature animals were still observ-
able 3 wks later, during puberty.

Although we disclosed a potent inhibitory role of NMDA
receptors in restraining pulsatile GnRHsecretion in the hypo-
thalamus of immature rats, we showed that a facilitatory path-
way was already established at that age. This was shown by the
suppression of pulsatile or veratridine-induced GnRHsecre-
tion in the presence of high MK-801 concentrations at 15 d and
by the highly sensitive response of GnRHto NMAin explants
with inhibitory NMDAreceptors blocked using extremely low
MK-801 concentrations. In using AP-5, this dual role of
NMDAwas not apparent because very high concentrations
were required to antagonize the inhibitory receptors. In con-
trast, the dual role of NMDAreceptors in the immature hypo-
thalamus was obvious using MK-801 to study pulsatile GnRH
secretion as well as GnRHsecretory response to veratridine
and NMDA. It is possible that we overestimated the level of
endogenous activation of NMDAreceptors involved in a facili-
tatory effect at 15 d in that blockade of the inhibitory compo-
nent could result in a compensatory activation of the facilita-
tory receptors. However, this hypothesis does not invalidate
the concept of a dual system with prominently inhibitory ef-
fects at 15 d. Because the NMDAreceptors are mainly inhibi-
tory and, to a lesser extent, facilitatory to GnRHsecretion in
the immature rat, it is understandable that only low doses of
MK-801 resulted in early puberty. Based on use dependency,
those low doses (0.001 mg/kg per day) blocked preferentially
the highly activated inhibitory receptors whereas higher doses
(0.01 and 0.1 mg/kg per day) interacting with both inhibitory
and facilitatory receptors resulted in no effect on timing of
puberty. The dual role of NMDAreceptors in the control of
GnRHsecretion may help in understanding some previous
findings not consistent with a solely facilitatory role of NMDA
receptors. For instance, precocious vaginal opening was in-
duced by neonatal administration of monosodium glutamate
(35) known to usually inhibit the pituitary-gonadal axis (43-
45). Also, sexual maturation was delayed but not completely
suppressed by prolonged in vivo administration of NMDAre-
ceptor antagonists (33, 35).

The changes in frequency of pulsatile GnRHsecretion that
we have observed could result either from true differences in
frequency of activity of the GnRHpulse generator or from
differences in amplitude of GnRHsecretory pulse, thus being
detectable or below the threshold for detection of a significant
pulse. The relief by MK-80 1 of the refractory period following
a veratridine-induced pulse of GnRHsecretion strongly sug-
gests that a frequency-modulated mechanism accounts for the
inhibitory effects mediated through NMDAreceptors. It is pos-
sible that antagonism of NMDAreceptors would result in re-
duced neurosecretion of corticotropin releasing hormone
(CRH) which can be involved in the inhibitory regulation of
GnRHsecretion. Such an hypothesis was raised by Reyes et al.

(46) based on the inhibitory action of NMAon pulsatile LH
secretion in ovariectomized monkeys while cortisol was stimu-
lated by the agonist. However, sex steroid replacement therapy
resulted in an increase of LH and cortisol in response to NMA,
the NMA-induced inhibition of LH being no longer observed
whereas cortisol response was unchanged (47). This suggested
that control of GnRHand CRHsecretion through NMDA
receptors could be dissociated, increased CRHsecretion being
not necessarily associated with reduced GnRHsecretion.

Based on the dual system that we observed, it is conceivable
that puberty results from sequential changes in the balance
between inhibitory and facilitatory effects mediated through
NMDAreceptors. Both effects could show a reduction in activ-
ity with age. First, the inhibitory receptors would be less active
at onset of puberty, resulting in the disclosure of the activity of
the facilitatory receptors. These receptors being no longer op-
posed by their potent inhibitory counterpart would in turn be
less active after onset of puberty, thus accounting for the reduc-
tion in response to NMDAand the loss of sensitivity to MK-
801 seen throughout puberty. According to this hypothesis, a
commondevelopmental feature of the inhibitory and facilita-
tory effects is a reduction in activity with age. Such a concept is
in agreement with the observation that maturation of the re-
ceptors to excitatory amino acids in different areas of the cen-
tral nervous system is characterized by a peak activity during
the first week of postnatal life and a subsequent decline to a
minimal activity attained by 3-5 wk of life (48-50). Very re-
cently, dramatic changes in current generated through NMDA
receptor activation were shown between 15 and 25 d (51). In
addition, the toxic effects of monosodium glutamate or
NMDAon hypothalamic neurons are selectively more potent
during the early postnatal life than later (45-47, 52). Thus, the
hypothalamic process of neuroendocrine maturation leading
to onset of puberty can be related to the more general process of
central nervous system maturation characterized by the pro-
gressive reduction in activity of some receptors to excitatory
amino acids. Then, the interplay between inhibitory and facili-
tatory pathways activating such receptors could be a key mecha-
nism to account for a timed event such as onset of puberty.
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