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Gonadotropin-Releasing Hormone and NMDA Receptor Gene
Expression and Colocalization Change during Puberty in

Female Rats
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During development, an increase in gonadotropin-releasing
hormone (GnRH) release occurs that is critical for the initiation
of puberty. This increase is attributable, at least in part, to
activation of the GnRH neurosecretory system by inputs from
neurotransmitters, such as glutamate, acting via NMDA recep-
tors. We examined changes in GnRH and NMDA-R1 gene
expression by RNase protection assay of preoptic area-anterior
hypothalamic (POA-AH) dissections of female rats undergoing
normal puberty or in which precocious puberty was induced by
treatment with the glutamate agonist NMA. GnRH mRNA levels
increased significantly throughout normal development; this
was accelerated by treatment with NMA. NMDA-R1 mRNA
levels increased only between P10 and P20. The acceleration of
the elevation in GnRH mRNA levels by NMDA suggests that a
stimulation of GnRH gene expression may be a rate-limiting

factor for the onset of puberty. This is attributable to a post-
transcriptional mechanism because GnRH primary transcript
levels, an index of proGnRH gene transcription, were not ob-
served to change during puberty. Alterations in the colocaliza-
tion of GnRH neurons with the NMDA-R1 subunit during pu-
berty also were assessed immunocytochemically. The
percentage of GnRH neurons that double-labeled with
NMDA-R1 was 2% in prepubertal rats and 3% in pubertal rats;
this increased to 19% in postpubertal rats. Taken together,
these studies suggest that an increase in glutamatergic input to
GnRH neurons plays a role in the increase in GnRH release and
gene expression that occurs at the initiation of puberty.
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The release of gonadotropin-releasing hormone (GnRH) from
neuroterminals in the median eminence is low during the juvenile
period in mammals. GnRH release increases at the onset of
puberty; this is thought to be the rate-limiting factor for the
initiation of puberty, because pulsatile infusion of GnRH to
prepubertal animals induces precocious puberty (Wildt et al.,
1980; Urbanski and Ojeda, 1987). Because the GnRH neurose-
cretory system is already morphologically and functionally mature
long before the onset of puberty (Silverman et al., 1982; Gold-
smith and Song, 1987), it is probable that changes in inputs to the
GnRH system are responsible for the increase in pulsatile GnRH
release that ultimately results in the attainment of adult repro-
ductive function. For example, increases in stimulatory inputs
from noradrenergic (Advis et al., 1978; Raum et al., 1980; Gore
and Terasawa, 1991), neuropeptide Y (Sutton et al., 1988; Minami
et al., 1990; Gore et al., 1993; Gruaz et al., 1993), and glutama-
tergic (Gay and Plant, 1987; Urbanski and Ojeda, 1990) neurons
precede the onset of puberty. Similarly, a decrease in inhibition
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from GABAergic neurons probably also contributes to the timing
of puberty (Mitsushima et al., 1994). However, the cellular and
molecular mechanisms involved in mediating the effects of neu-
roactive substances on GnRH neurons at the onset of puberty are
primarily unknown, and it is crucial to study these mechanisms to
understand the process by which GnRH release increases at the
onset of puberty.

There are numerous cellular/molecular levels at which neuro-
active substances can cause an increase in GnRH release during
puberty, including transcription of the proGnRH gene, post-
transcriptional regulation such as mRNA stability, and post-
translational mechanisms such as processing of the GnRH pro-
hormone, as well as secretion itself. Our laboratory and others
have reported previously that changes in the steroid or neuro-
transmitter environment can result in increases in cytoplasmic
GnRH mRNA levels (Petersen et al., 1991, 1996; Liaw and
Barraclough, 1993; Gore and Roberts, 1994, 1995) independent of
transcription of the GnRH gene (Gore and Roberts, 1994, 1995).
This suggests that GnRH mRNA levels are regulated to a large
extent by a post-transcriptional mechanism such as mRNA stabil-
ity. We also found in mice that GnRH cytoplasmic mRNA levels
and nuclear primary transcript levels increase during develop-
ment, but with a different time course (Gore et al., 1995), indi-
cating an uncoupling of transcriptional and post-transcriptional
processes.

In the present study, we investigated the cellular and molecular
mechanisms associated with the pubertal increase in GnRH re-
lease. We addressed the following questions: (1) Is an increase in
GnRH gene mRNA levels associated with the pubertal increase in
GnRH release at the onset of puberty? (2) Is this a transcriptional
or post-transcriptional event? (3) When precocious puberty is
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induced by NMA, does this accelerate any observed changes in
GnRH gene expression? (4) Do NMDA receptor mRNA levels
change during puberty? (5) Does glutamate act directly on
NMDA receptors on GnRH neurons, and does this change during
puberty?

MATERIALS AND METHODS
Animals

Female Sprague Dawley rats aged postnatal day (P) 21-41 or timed-
pregnant rats were purchased from Harlan Sprague Dawley (Indianapo-
lis, IN). Animals were housed three per cage in a temperature-controlled
room with a 12 hr light, 12 hr dark cycle (lights on at 7:00 A.M.). Food
and water were available ad libitum.

Experimental design

Experiment I: changes in GnRH and NMDA-R1 gene expression during
puberty. Rats aged P10, P20, P25, P29-P31, P30-P32, P34-P36, P35-P37,
and P41 (n = 6-8 rats/group) were used in this study. For ages P10, P20,
and P25, rats were killed by decapitation. The other rats were injected
with either NMA (40 mg/kg, s.c.) or saline vehicle twice daily at 1:00 P.M.
and 3:00 P.M., beginning on P25, and monitored for vaginal opening
(VO) and first diestrus (D). Injections were discontinued on VO. Rats
and their age-matched counterparts were killed on the day of VO (P29-
P31 for NMA-injected rats and P34-P36 for control rats), D (P30-P32
for NMA and P35-P37 for controls), or P41. Brains were removed, and
the preoptic area-anterior hypothalamus (POA-AH) was dissected as
described previously (Jakubowski and Roberts, 1992; Gore and Roberts,
1994) with a stainless steel brain slicer (model RBM-4000C, Activational
Systems, Warren, MI), snap-frozen in liquid Freon on dry ice, and stored
at —80 C.

Experiment II: neuroanatomical distribution of GnRH neurons and
NMDA-RI subunit. Rats aged P21, P36 (day of VO), or P41 (n =
3-4/group) were anesthetized deeply with chloral hydrate (500 mg/kg)
and perfused intracardially with 3 ml of saline followed by 60 ml of 4%
paraformaldehyde. Brains were removed and post-fixed for 4-6 hr in 4%
paraformaldehyde and then transferred to 0.05 M phosphate buffer (PB)
for storage at 4 C. Sections (40 um) were cut on a vibratome (Ted Pella,
Redding, CA) and stored in PB containing sodium azide (0.5%).

RNA extraction and RNase protection assay

RNA from frozen POA-AH dissections was extracted as described pre-
viously (Jakubowski and Roberts, 1992; Gore and Roberts, 1994). Cyto-
plasmic and nuclear RNA was suspended in 20 ul of hybridization
solution (0.1 M EDTA, pH 8, and 4 M guanidine thiocyanate; final pH 7.5)
for RNase protection assay. The following DNA subclones were used as
probes: (1) GnRH complementary (¢) DNA (cGnRH), 362 base pairs
(bp) in length, spanning the HindIII site in exon 1 to the BamHI site in
exon 4, and subcloned into a pBS(+) vector (Stratagene, La Jolla, CA);
(2) cyclophilin (1B15) cDNA, 111 bp, spanning from the PstI and Xmnl
restriction sites, and subcloned in a Bluescript KS(+) vector; (3) a proGnRH
genomic fragment covering 506 bp of the intron B-exon 3-intron C junction
(B3C) and subcloned in the EcoRI and HindIII sites of a pBS(+) vector; (4)
an NMDA-R1 cDNA clone complementary to 284 bp of the N terminus,
spanning the BamHI and HindIII restriction sites, and subcloned into Blue-
script KS(+) vector; this clone was kindly provided by Dr. Stuart Sealfon
(Mount Sinai Medical Center, New York, NY).

Solution hybridization/RNase protection was performed as described
previously (Jakubowski and Roberts, 1992; Gore and Roberts, 1994).
Briefly, ¢cGnRH, B3C, and NMDA-R1 probes were labeled with
[a-*?P]UTP to high specific activity (~1,300,000 cpm/ng) and 1B15 probe
was labeled to low specific activity (~60,000 cpm/ng) in a final volume of
25 wl (20 pl of RNA and 5 ul of probe). Cytoplasmic samples were
incubated with cGnRH, NMDA-R1, and 1B15 probes in the same tubes.
For standard curves, probes were mixed with increasing known amounts
of cGnRH (0-1.25 pg), 1B15 (0-250 pg), B3C (0-0.5 pg), or NMDA
(0-100 pg) reference RNAs. Samples (POA-AH RNA) and standards
were allowed to hybridize for 1618 hr at 30 C; the remainder of the assay
was conducted as described previously (Jakubowski and Roberts, 1992;
Gore and Roberts, 1994). Gels were exposed to x-ray film for 18-36 hr to
produce an autoradiogram and to a phosphor-imaging screen (Molecular
Dynamics, Sunnyvale, CA) for 18 hr for quantitation. The amount of
radioactivity in each sample was determined by comparison with the
amount of reference RNA calculated by regression analysis.
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Table 1. Age (postnatal day) of rats at vaginal opening and
first diestrus

NMA Control p
Vaginal opening 30.0 £0.2 346 0.3 0.0001
Diestrus 31.0 =03 35804 0.0001

Rats were injected with NMA or saline (control) twice daily beginning on P25. NMA
treatment caused a significant advancement in the timing of vaginal opening and first
diestrus as compared with saline injection.

Immunocytochemistry

Fluorescent immunocytochemistry was performed with the rabbit poly-
clonal antibody to GnRH [SW-1; kindly provided by Dr. Susan Wray
(Wray et al., 1988)] and the mouse monoclonal antibody to NMDA-R1
[54.1; kindly provided by Dr. John Morrison (Siegel et al., 1994; Huntley
et al.,, 1994)]. Sections were washed with PB for 5 min and then with PB
plus 2% normal goat serum plus 2% normal horse serum for 20 min.
Primary antibodies (1:250 for 54.1 and 1:2000 for SW-1) were added and
incubated for 2 d at 4 C. Then, sections were washed three times for 10
min in PB. The secondary antibodies (goat anti-rabbit Texas Red for
SW-1 and goat anti-mouse FITC for 54.1) at concentrations of 1:200 were
added and incubated for 2-4 hr. Sections then were washed three times
for 5-10 min in PBS. Sections were mounted onto gelatin-subbed slides
and coverslipped (Gel/Mount, Fisher Scientific, Springfield, NJ).

Analyses

The amount of GnRH and NMDA-R1 mRNA in POA-AH dissections in
Experiment I was normalized to cyclophilin mRNA levels in the same
sample to minimize gel-loading variation, as described previously (Gore
and Roberts, 1994, 1995). Changes in levels of RNAs were compared
across development by two-way ANOVA, followed by Fisher’s protected
least significant difference (PLSD) post hoc test. Significance was set at
p < 0.05.

In Experiment II, sections stained for GnRH and NMDA-R1 subunit
were examined with a Zeiss Axiophot Fluorescence Microscope equipped
with the appropriate filters for visualization of the fluorescent signals. In
this study, every sixth section was immunostained and evaluated. Each
GnRH neuron initially was identified and counted by scanning each tissue
section from the rostral to caudal extent of each brain at 200X and scored
as NMDA-R1-positive or -negative at 400X. These results were recorded
onto sequential atlas reproductions in the rostral to caudal axis (Paxinos,
1986). Colocalization of GnRH and NMDA-R1 immunostaining within a
cell was identified by fluorescent microscopy, using different fluorophores
linked to the specific antibodies. Omission of the primary antibodies, or
preabsorption of the primary antibody with 2 ug of GnRH before
application to the tissue, was used in control experiments. Adjacent
sections also were processed for only one primary antibody and then
examined with the inappropriate filter to check for bleed-through of the
fluorophores. Subsequent to this data collection, the sections were reex-
amined at 630X, using a Plan-Neofluor 63X/1.25 numerical aperture
(N.A.) oil objective. Images were collected with a Zeiss LSM 410 inverted
confocal microscope; a suitable contrast/brightness setting that yielded a
high-resolution image for the cells was determined and used to produce
the images. The stored images then were transferred to Adobe Photoshop
3.0 (Macintosh) and printed with a phaser printer (Tektronics). The
occurrence of NMDA-R1-positive GnRH neurons for each rat was ex-
pressed as a percentage of the total number of GnRH neurons. Differ-
ences in mean percentage of NMDA-R1-positive GnRH neurons were
determined by one-way ANOVA, followed by Fisher’s PLSD post hoc
test for comparisons between groups. The level of significance was set at
p < 0.05.

RESULTS

Experiment I: changes in GhRH and NMDA-R1 gene
expression during puberty

Effects of NMA on the timing of the onset of puberty

Repeated injections of NMA beginning on P25 caused a signifi-
cant advance in the timing of vaginal opening (VO; p < 0.0001)
and first diestrus (D; p < 0.0001) as compared with injection of
saline vehicle (Table 1). VO occurred at P30.0 = 0.2 d of age in
the NMA-treated group, compared with P34.6 = 0.3 d in control
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Figure 2. GnRH cytoplasmic mRNA
levels increase during puberty; this is
accelerated by treatment with NMA.
GnRH mRNA levels (normalized to cy-
clophilin) were analyzed in rats from
P10 to P41 treated with NMA or saline
(control). The days of vaginal opening
(VO) and first diestrus (D) for each
group are indicated below the x-axis.
GnRH mRNA levels increased signifi-
cantly during puberty in control rats
(p < 0.05). This was accelerated signif-
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Figure 3. GnRH primary transcript in
representative nuclear samples from
rats during normal and precocious pu-
berty. Levels of GnRH primary tran-
script were measured in individual
POA-AH dissections by RNase protec-
tion assay; a representative single nu-
clear POA-AH fraction for both treat-
ment groups at each postnatal age is
shown. On the /eft is a standard curve
with increasing amounts of reference |

Primary __
Transcript

fgB3CmRNA © 2
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RNA for the B3C probe. The specific
protected band is indicated by the arrow
on the far left. GnRH primary transcript
levels did not increase during puberty,
nor were they affected by treatment
with NMA.

in control rats (~P35), and the day of first diestrus (~P36) and P41.
A significant decrease in GnRH mRNA levels was observed between
VO (~P35) and D (~P36). Treatment with NMA twice daily begin-
ning on P25 resulted in GnRH mRNA levels significantly above
control levels at the day of VO for NMA-treated rats (~P30) and
D for control rats (~P36; p < 0.05).

GnRH primary transcript levels

A representative RNase protection assay showing GnRH primary
transcript in individual POA-AH dissections (nuclear fraction) is
shown in Figure 3. Two-way ANOVA indicated that levels of
GnRH primary transcript did not change during development
from P10 to P41 (p = 0.635; Fig. 4) and that treatment with NMA
had no significant effect on GnRH primary transcript levels (p =
0.092).
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NMDA-RI mRNA levels

NMDA-R1 subunit mRNA levels increased significantly in
control rats only from P10 to P20 (p < 0.01; Fig. 5). A
representative RNase protection assay showing levels of
NMDA-R1 mRNA in individual POA-AH dissections is shown
in Figure 1. Treatment with NMA had no effect on NMDA-R1
mRNA levels (p = 0.225).

Experiment II: neuroanatomical distribution of GnRH
neurons and NMDA-R1 subunit

Immunofluorescent GnRH and NMDA-R1-positive neurons
were detected in the rostro—caudal extent in the POA-AH in all
rats examined. In this study, every sixth section was immuno-
stained and evaluated; GnRH neurons were localized in regions
of the rat brain consistent with previous reports of GnRH neuro-
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Figure 4. GnRH nuclear primary tran-
script levels do not change during pu-
berty or by treatment with NMDA.
GnRH primary transcript levels were
analyzed in rats from P10 to P41 treated
with NMA or saline (control). See Fig-
ure 2 for description of axes and treat-
ments. GnRH primary transcript levels
did not change significantly during de-
velopment and were unaffected by treat-
ment with NMA. n = 6-8/group.
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nal distribution (Witkin et al., 1982). Expression of detectable
NMDA-R1 in GnRH neurons increased significantly from the
prepubertal (P21) and pubertal (day of VO, P36) to the postpu-
bertal (P41) stage in these female rats (p < 0.01; Table 2).
Representative examples of GnRH-positive neurons, some
double-labeled for the NMDA receptor, are shown in a postpu-
bertal rat in Figure 6. Regardless of the level of expression,
neurons that contain both GnRH and NMDA-R1 were seen
consistently in the region of the OVLT/POA and only occasionally
were seen in the regions caudal to the OVLT/POA or the septal
regions. The rostro-caudal distribution of GnRH neurons that
are double-labeled with NMDA-R1 is mapped in Figure 7.

DISCUSSION

In the present study, we found that changes in glutamatergic
inputs to GnRH neurons may play a critical role in the initiation
of puberty. Furthermore, we have elucidated some of the cellular/
molecular mechanisms by which glutamate exerts its actions on
GnRH neurons. In Experiment I, we investigated changes in
GnRH gene expression during normal and precocious puberty. In
normally developing female rats, GnRH mRNA levels increase
gradually from P10 to P41, confirming previous reports
(Jakubowski et al., 1991; Dutlow et al., 1992). Our present de-
tailed analysis of changes in GnRH mRNA levels indicates that
they increase significantly on the day of vaginal opening (VO).
Thus, the elevation in release of GnRH peptide that occurs at and
is critical to the onset of puberty probably reflects increases in
biosynthesis of the decapeptide. The decrease in GnRH mRNA
levels observed between VO and D in the present study is con-

Figure 5, NMDA-R1 mRNA levels in-
crease from P10 to P20 but do not
change during puberty. NMA-R1
mRNA levels were analyzed in rats
° from P10 to P41 treated with NMA or
saline (control). See Figure 2 for de-
scription of axes and treatment.
NMDA-R1 mRNA levels increased sig-
nificantly between P10 and P20; no fur-
ther changes were observed during de-
velopment. Treatment with NMA had
no effect on NMDA-R1 mRNA levels
in the POA-AH. *p < 0.05 versus all
other days; n = 6-8/group.

sistent with the observation in adult-cycling female rats that
GnRH mRNA levels are low on diestrus (Zoeller and Young,
1988; Park et al., 1990; Gore and Roberts, 1995). We studied the
mechanism for these changes in GnRH mRNA levels by measur-
ing GnRH primary transcript levels, an index of gene transcription
(Yeo etal., 1996). Because GnRH primary transcript levels do not
change between P10 and P41, the elevation in GnRH mRNA
levels probably is attributable to a post-transcriptional mechanism
such as an enhancement in GnRH mRNA stability, i.e., a decrease
in degradation of GnRH mRNA. A similar phenomenon was
reported for cycling female rats on diestrus II (Gore and Roberts,
1995) and in male rats administered NMA (Gore and Roberts,
1994); thus, post-transcriptional changes in GnRH mRNA levels
probably represent a crucial mechanism by which GnRH gene
expression is regulated by neurotransmitters and steroids and
during development. That this mechanism is not universal during
development, however, is exemplified by the pro-
opiomelanocortin system in which primary transcript and mature
mRNA increase in parallel (Scott et al., 1990).

The increase in GnRH mRNA levels during puberty occurs at
an earlier age in rats given repeated injections of NMA at the
prepubertal stage. Thus, stimulation of NMDA receptors on
GnRH neurons or on interneurons causes an activation of the
GnRH system at the mRNA level. Because this occurs post-
transcriptionally, as repeated injections of NMA cause no change
in GnRH primary transcript levels, it is possible that factors in the
cytoplasm involved in stabilizing the mRNA or preventing its
degradation are affected by activation of NMDA receptors. The
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Table 2. Expression of NMDA-R1 subunit in GnRH neurons as
detected by immunocytochemistry

Total # # NMDA- % NMDA-
GnRH  Rl-positive R1-positive
neurons GnRH GnRH
counted neurons neurons
Prepubertal (P21)
A3 48 1 2
A5 63 2 3
A21 82 0 0
A20 79 1 1
Mean + SEM 68 =8 1+04 2*+0.6
Pubertal (Day of VO:P36)
A24 52 1 2
A25 68 2 3
A26 46 2 4
A27 73 3 4
Mean = SEM 60 £ 6 2+04 305
Postpubertal (P41)
A6 60 18 30
A7 50 13 26
A28 67 6 9
A31 61 11 12
Mean = SEM 604 12 x2*% 19 = 5*

The number of GnRH neurons that were double-labeled with the NMDA-R1
subunit was determined in prepubertal, pubertal (day of vaginal opening), and
postpubertal rats. The identification number of each rat is indicated on the left.
Although few GnRH neurons were double-labeled in prepubertal and pubertal rats,
this increased significantly in postpubertal rats.

*p < 0.01 versus prepubertal and pubertal.

concept that NMDA acts at a post-transcriptional level in GnRH
neurons is supported further by the observation that treatment of
rats with NMDA did not stimulate expression of cFos, a putative
indicator of gene activation (transcription), in GnRH neurons
(Saitoh et al., 1991; Lee et al., 1993). Furthermore, the rapidity
with which NMDA stimulates acute increases in GnRH mRNA
levels in adult rats (Petersen et al., 1991; Liaw and Barraclough,
1993; Gore and Roberts, 1994) indicates a more rapidly regulated
mechanism than transcription, such as mRNA stability.

We observed an increase in NMDA-R1 mRNA levels in the
POA-AH between P10 and P20. This finding is in agreement with
that of another group (Nyberg et al., 1995), who reported a similar
increase in female rats between P15 and P20. NMDA-R1 mRNA
levels increase at a slightly different age, between P20 and P25, in
the arcuate nucleus/median eminence (Nyberg et al., 1995). Other
non-neuroendocrine brain regions exhibit differential develop-
mental patterns of NMDA-R1 mRNA expression: increases of
this transcript were reported between P3 and P15, and P15 and
P67 in frontal cortex and hippocampus (Franklin et al., 1993). In
cerebellum and brain stem, NMDA-R1 mRNA levels did not
change between P3 to P15, whereas increases were observed
between P15 and P67 (Franklin et al., 1993). Consistent with our
finding, it has been reported that the ability of female rats to
respond to injections of NMDA with an increase in luteinizing
hormone (LH) release is observed first at P15 (MacDonald and
Wilkinson, 1992). Furthermore, activation of NMDA receptors
for 5 d with a single daily injection of NMDA (20 mg/kg) between
P21 and 25 or P24 and 28 was sufficient to induce precocious VO,
whereas giving NMDA between P16 and P20 did not affect the
timing of VO (Smyth and Wilkinson, 1994). This age limitation
may be attributable to the fact that the NMDA receptor system on
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Figure 6. GnRH neuron double-labeling with the NMDA-R1 subunit in
a postpubertal rat. Double-immunolabeling of GnRH neurons with the
NMDA-R1 subunit in a postpubertal rat. 4, B, Images from the same
section stained for GnRH and NMDA-R1 immunoreactivity, respectively.
A neuron double-labeled for the two antigens is marked by the asterisk;
another NMDA-R1-positive neuron that does not immunostain for
GnRH is seen in B, also. C, D, Images from the same section stained for
GnRH and NMDA-R1, respectively. A neuron with detectable GnRH but
not NMDA-R1 immunoreactivity is indicated by the triangle. The two
GnRH-positive neurons depicted in A and C are representative of others
observed in this study in that they demonstrated intense perinuclear
staining. Bar in D, 10 um.

GnRH and/or interneurons is not established sufficiently, i.e.,
NMDA receptors are deficient in number or function; therefore,
application of exogenous NMDA is ineffective in stimulating
precocious puberty before P21. The finding that NMDA-R1
mRNA levels are in the process of increasing in the POA-AH
between P10 and P20 supports this hypothesis.

Another limitation that would prevent exogenous NMDA from
stimulating precocious VO when it is administered between P16
and P20 is that endogenous inhibitory inputs to GnRH neurons,
for example from the GABA system, may be quite strong before
puberty and that this inhibition must be removed before stimula-
tory inputs from glutamatergic and other systems increase GnRH
release sufficiently to result in the onset of puberty. This is
supported by the finding that GABA levels are elevated before
puberty and decrease at the onset of puberty (Mitsushima et al.,
1994). Changes in the overall inhibitory and excitatory tone from
inputs of neurotransmitters, trophic factors, and steroids probably
all combine to coordinate the timing of the onset of puberty.

The results of Experiment II indicate an anatomical site for
glutamate action on the GnRH neurosecretory system and dem-
onstrate the presence of the NMDA-R1 subunit on GnRH neu-
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a. Prepubertal (P21)

b. Pubertal (Day of VO; P36)

c. Postpubertal (P41)

Figure 7. Rostro—caudal representation of GnRH neurons double-labeling with NMDA-R1. The rostro—caudal distribution of double-labeled neurons
was determined in a representative prepubertal (A21; P21; a), pubertal (A25; day of vaginal opening; b), and postpubertal (A31; P41; c) rat. A series of
sections from the level of the diagonal band of Broca to the rostral hypothalamic level, illustrating GnRH neurons containing (®) or not containing (©)
detectable NMDA-R1 subunit immunoreactivity, is presented. The sections represented in a—c show detectable NMDA-R1 subunit immunoreactivity in
GnRH neurons in the region of the OVLT and caudal, with the highest expression in the postpubertal animal. ac, Anterior commissure; dbb, diagonal
band of Broca; cc, corpus callosum; lo, lateral olfactory tubercle; poa, preoptic area; ms, medial septum; oc, optic chiasm; ovlt, organum vasculosum of

the lamina terminalis; son, supraoptic nucleus.

rons in the developing female rat brain. The R1 subunit confers
the ability to bind the ligand; thus, its presence indicates the
potential for a functional NMDA receptor (Monyer et al., 1992;
Nakanishi, 1992). Although the colocalization of NMDA recep-
tors previously has not been established on GnRH neurons in the
rat (Abbud and Smith, 1995) and hamster (Urbanski et al., 1995),
preliminary reports have confirmed our findings in the rat
POA-AH (Ulibarri et al., 1994; Eyigor and Jennes, 1995). Also, it
is well established that GT1 cells, a mouse hypothalamic tumor-
derived cell line that has many properties of GnRH neurons
(Mellon et al., 1990), express NMDA receptors (Mahachoklert-
wattana et al., 1994; Spergel et al., 1994), and so it is possible that
GnRH neurons in the mouse brain also express the NMDA
receptor. The presence of NMDA-R1 subunit on GnRH neurons
in rats indicates that at least some of the effects of glutamate on
GnRH release and gene expression occur directly on GnRH
neurons, although it is probable that glutamate also may exert
indirect effects via interneurons contacting GnRH neurons.

To our knowledge, this is the first report focusing on the
expression of NMDA-R1 on GnRH neurons during pubertal
development. Our results show that the expression of NMDA-R1
on GnRH neurons increases significantly from the prepubertal to
the postpubertal period. This finding is intriguing in light of the
observation that synaptogenesis in the hypothalamus increases
markedly during puberty (Matsumoto and Arai, 1977; Marani et
al., 1981), suggesting the likelihood of an increase in glutamater-
gic synapses on GnRH neurons. Furthermore, synaptogenesis is
accelerated in animals that are administered monosodium gluta-
mate, which activates glutamate receptors (Marani et al., 1982);

thus, in the present study, repeated injections of NMA may
accelerate this synaptogenesis. However, because the alteration in
detectable NMDA-R1 subunit on GnRH neurons is not observed
until after the onset of puberty, it is likely that this developmental
increase in colocalization plays a role in events subsequent to the
onset of puberty, such as the development of adult estrous cycles.
This remains to be determined. Also, it has been reported that,
whereas the total number of GnRH neurons does not change
during postnatal development, the morphological appearance of
these neurons shifts from a smooth to an irregular contour (Wray
and Hoffman, 1986a,b). This irregular shape of GnRH neurons
may result in an increased surface area, thereby allowing for a
greater number of synaptic inputs from glutamate and other
neurons.

The GnRH neurons that double-label with the NMDA-R1
receptor subunit seem to be concentrated in the OVLT/POA.
Several experiments, including electrochemical stimulation (Ever-
ett et al., 1964) and deafferentation or lesion studies (Samson and
McCann, 1979; Wise et al., 1981; Kalra and Kalra, 1983), have
demonstrated that this is an important region for the induction of
an LH surge and ovulation. Other studies have suggested that
there may exist a primary subpopulation of GnRH neurons local-
ized in this same region that is crucial for producing higher levels
of GnRH in times of greater demand, e.g., the LH surge (Rubin
et al., 1994; King et al., 1995). This subpopulation of GnRH
neurons may be under developmental regulation, and it is quite
possible that those neurons that express the NMDA receptor
represent a phenotypically distinct subpopulation of GnRH neu-
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rons. These may subserve the induction of puberty as well as the
maintenance of reproductive cycles in the adult female rat.
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