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Abstract
The loss of reproductive capacity during aging involves changes in the neural regulation of the
hypothalamic gonadotropin-releasing hormone (GnRH) neurons controlling reproduction. This
neuronal circuitry includes glutamate receptors on GnRH neurons. Previously, we reported an
increase in the expression of the NR2b subunit protein of the NMDA receptor on GnRH neurons in
middle-aged compared to young female rats. Here, we examined the functional implications of the
NR2b subunit on the onset of reproductive aging, using an NR2b-specific antagonist ifenprodil.
Young (3–5 mos.) and middle-aged (10–13 mos.) female rats were ovariectomized (OVX), 17β-
estradiol (E2) or vehicle (cholesterol) treated, and implanted with a jugular catheter. Serial blood
sampling was undertaken every 10 minutes for 4 hours, with ifenprodil (10mg/kg) or vehicle injected
(i.p.) after one hour of baseline sampling. The pulsatile release of pituitary LH and levels of GnRH
mRNA in hypothalamus were quantified as indices of the reproductive axis. Our results showed
effects of ifenprodil on both endpoints. In OVX rats given cholesterol, neither age nor ifenprodil had
any effects on LH release. In E2-treated rats, aging was associated with significant decreases in
pulsatile LH release. Additionally, ifenprodil stimulated parameters of pulsatile LH release in both
young and middle-aged animals. Ifenprodil had few effects on GnRH mRNA; the only significant
effect of ifenprodil was found in the middle-aged, cholesterol group. Together, these findings support
a role for the NR2b subunit of the NMDAR in GnRH/LH regulation. Because most of these effects
were exhibited on pituitary LH release in the absence of a concomitant change in GnRH gene
expression, it is likely that NMDA receptors containing the NR2b subunit plays a role in GnRH-
induced LH release, independent of de novo GnRH gene expression.
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INTRODUCTION
Excitatory amino acids play a major regulatory role in the neuronal release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus, and subsequently luteinizing hormone
(LH) from the pituitary gland, thereby affecting reproductive function. Glutamate is the most
abundant excitatory amino acid in the brain, and acts via both N-methyl-D-asparate (NMDA)
and non-NMDA (AMPA and kainate) receptors to stimulate neuronal targets, including GnRH
neurons (reviewed in [1]). NMDA and AMPA receptors have been co-localized on GnRH
neurons [2–4], and there is abundant evidence for the activation or inhibition of GnRH/LH
release in response to NMDA and non-NMDAR agonists and antagonists, respectively, both
in vitro and in vivo[5–14]. This includes their involvement in the control of the pulsatile pattern
of LH release [5,9–11], which is necessary for normal physiologic function [15–17]. Thus,
glutamate receptors are part of the neural circuitry that regulates reproductive neuroendocrine
function.

During the transition to middle age, female rats exhibit a number of changes in their
reproductive capacity, including a shift from a regular (4–5 day) estrous cycle to an irregular
(greater than 5 day) cycle and finally acyclicity [18,19]. During this period, a decline in LH
levels [20], and changes in GnRH/LH pulsatile release, including decreases in LH amplitude
and interpulse interval [21–23] can be detected. Additionally, the effect of age on GnRH gene
expression is debated, as studies show increases, decreases and no change dependent upon the
methodology used and hypothalamic nuclei assayed (reviewed in [24]). GnRH protein
expression during this transition period also shows very little to no significant changes [2,25–
27]. This suggests that the major change to the reproductive axis during this time is not to the
expression of GnRH neurons, but rather its regulation by the neural circuitry influencing its
actions. Numerous neurotransmitters and neurotrophic factors act on the GnRH neuron, both
directly and indirectly. These are also undergoing age-related changes, and thus affect
functional alterations in the hypothalamic control of reproduction.

There is evidence that hypothalamic glutamate plays a role in these age-associated changes,
both through changes in glutamate release [28] and through altered responsiveness of
NMDARs [12] due to changes in glutamate’s interactions with NMDARs. The NMDAR-
stimulated release of mean LH seen in young rats is attenuated in middle-aged females [14]
and aged (21–23 months) males [12]. To the authors’ knowledge, effects of NMDAR inhibition
on LH release have not been reported in an aging rat model. However, administration of the
NMDAR antagonist AP-5 to adult gonadectomized male [5,10] or female [11] rats results in
a decline of LH pulse amplitude and mean levels in both males and females, as well as a decline
of LH pulse frequency and interpulse interval in females. Thus, we suggest that age-associated
changes in the expression or function of hypothalamic NMDARs contributes to alterations in
GnRH/LH pulsatile release.

Effects of glutamate agonists and antagonists on GnRH neurons are also modified by the steroid
hormone environment. There is substantial co-expression of the NMDAR with estrogen
receptors in the hypothalamus and preoptic area, suggesting that glutamate and estrogens may
act on the same target cells to influence GnRH neurons [29,30]. In most studies, effects of
NMDAR activation on GnRH neurons are enhanced in the presence of estradiol [31,32].

In the present study, we focused on the role of one NMDAR subunit, NR2b, in its age-related
regulation of pulsatile LH release in female rats. The choice of the NR2b subunit was based
upon previous evidence showing that this subunit specifically undergoes developmental and
age-associated increases in its expression on GnRH neurons [2,33], and the NR2b gene is
associated with a quantitative trait locus thought to be involved in the regulation of puberty in
mice [34]. Along with their expression on GnRH cells, NMDARs are also abundantly
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expressed on non-GnRH neurons in the hypothalamus, including regions that regulate GnRH
release, and these also undergo age-related changes [3,30,31]. Thus, effects of NMDAR
activation on GnRH release involve both direct and indirect actions. Here, we used an NR2b
selective antagonist, ifenprodil, to assess the role of the NR2b subunit on GnRH activity in the
context of aging (young vs. middle-aged) and hormone environment (ovariectomy plus vehicle
or 17β-estradiol).

METHODS
Animals

A total of 75 female Sprague-Dawley rats were used in this study, with 38 young (3–5 mos.)
and 36 middle-aged (10–12 mos.). All were purchased from The University of Texas at Austin
Animal Resource Center rat colony (Austin, TX), which contains animals received and bred
from Harlan Sprague-Dawley, Inc. (Indianapolis, IN). Animals were group housed (2–3/cage)
in a temperature-controlled room (21–22°C) with a 12-h light, 12-h dark reverse cycle (lights
on at 0100h). Food (standard rat chow) and water were provided ad libitum. All animal
protocols were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals[35] following protocols approved by The University of Texas at Austin IACUC.

Surgical Procedures
The cycling status of all young and middle-aged animals was first determined through
examination of daily vaginal cytology, observed for a minimum of 10 days. Rats were
characterized as regularly cycling (4–5 day estrous cycles), irregularly cycling (6+ day estrous
cycles) or acyclic (persistent estrus). Cycling animals were ovariectomized (OVX) at 1000 h
on diestrus (for young, regularly cycling and middle-aged, irregularly cycling animals).
Acyclic rats were OVX on persistent estrus (middle-aged, acyclic animals). Surgeries were
performed under isoflurane gas anesthesia and rats were treated post-operatively with 5 mg/
kg Rimadyl. Four to six weeks later, animals were subcutaneously implanted at 1000 h with a
Silastic capsule (capsule dimensions: inner diameter 1.96mm; outer diameter 3.18mm)
containing either 5% 17β-estradiol/95% cholesterol (E2) or 100% cholesterol (Choi; Sigma-
Aldrich, St. Louis, MO) as vehicle, under isoflurane anesthesia (day 0). Young animals
received an implant 1.0 cm in length; middle-aged animals received an implant 1.5 cm in length.
Different lengths were used to account for size differences associated with age differences
[36]. Following surgery, animals were housed individually. Two days following hormone
replacement (day 2), animals were implanted with a jugular catheter (modified from [37]). Rats
were anesthetized with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). A Silastic
catheter (0.51 mm inner diameter, 0.94 mm outer diameter) was inserted into the right jugular
vein and advanced into the right atrium. A cannula (Plastics One, Roanoke, Virginia), located
at the distal end of the catheter, was subcutaneously routed around the neck and out through
an incision on the top of the head. Here, it was affixed to the skull with stainless steel screws
and dental acrylic cement. Catheters were flushed daily and patency verified using 0.1 ml or
30 U/mL heparinized saline, 62 mg/mL Timentin. In cases where the jugular catheter did not
remain patent through serial blood sampling, animals were given a new catheter in the left
jugular vein (day 4) and serial blood draws were resumed on day 6. There was no effect of this
process on any results.

Serial Blood Sampling
On day 4, during from 1000 to 1400h, animals were placed in aquaria divided into two chambers
with no visual or tactile contact. Catheters were attached to St. Gobain tubing (inner diameter
0.508 mm; outer diameter 1.524 mm; VWR #63018–044), attached to a 22G needle with a 3cc
syringe filled with 5U/mL heparinized saline. Syringes were suspended from the top of the
aquaria, allowing the animals to move freely during serial blood sampling. 0.2 cc of blood was
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collected into heparinized microcentrifuge tubes (1000 U/mL) every 10-minutes for four hours.
Following each collection, bloods were centrifuged at 600 × g for 5 minutes. Serum was
collected and stored on ice. The remaining red blood cells were resuspended in an equal volume
of 5U/mL of heparinized saline and reinfused into the animal in order to maintain hematocrit
levels.

Drug administration
Animals were administered either vehicle (0.1% tartaric acid) or ifenprodil tartrate (10 mg/kg
BW; ddH2O; Sigma-Aldrich, St. Louis, MO) intraperitoneally (i.p.) following one hour of
serial blood sampling. This dose and route were chosen based on preliminary and published
in vivo experiments, showing central nervous system effects in both mice and rats [38,39].
Specifically, Narita et al.[38] used a 10 mg/kg i.p. dose in mice to demonstrate the involvement
of the NR2b subunit in ethanol withdrawal, and further showed a change in the NR2b subunit
limbic forebrain population following treatment. Rodrigues et al.[39] used varying
concentrations of ifenprodil (1 mg/kg, 3 mg/kg and 10 mg/kg) to demonstrate a dose-dependent
inhibition of fear acquisition in rats, with 10 mg/kg showing the strongest effects. In a pilot
study in our laboratory we examined the effects of both 1 mg/kg and 10 mg/kg dose on LH
levels in female rats, and found the 10 mg/kg dose to be most effective. Higher doses were not
examined due to concerns about neurotoxicity.

Collection of hypothalamic tissue and trunk blood
Following serial blood samples (4 hours) animals were humanely euthanized by decapitation.
Trunk bloods were collected, allowed to clot, and centrifuged at 6000 × g. Serum was stored
at −80 C for later LH and estrogen radioimmunoassay. Brains were removed and the preoptic
area-anterior hypothalamus (POA-AH) was dissected, as described previously [40]. Briefly,
dissections were done using a cold, stainless steel brain matrix, flash-frozen on dry ice, and
stored at −80 C.

RNA Extraction for Real-Time PCR
RNA was extracted from frozen POA-AH tissues using a well-established in house double
detergent lysis buffer system, adapted from Jakubowski and Roberts [40]. Briefly, tissues were
homogenized via extrusion through a 22-gauge needle, treated with proteinase K, and RNA
was extracted in phenol chloroform and precipitated in ethanol. Nuclear and cytoplasmic
portions were separated using a two buffer system. The cytoplasmic RNA of each animal was
treated with DNase Free kit (Ambion, Austin TX) according to manufacturer’s specification.
RNA integrity was confirmed using a bioanalyzer (Agilent 2100) and concentration determined
using Nanodrop ND-1000. RNA was then stored at −80 until use in real-time PCR.

Real Time PCR
GnRH gene expression was determined in the POA-AH and normalized to a housekeeping
gene, cyclophilin [41,42]. A reverse transcriptase reaction was carried out using 2 ug of
cytoplasmic RNA with Superscript II Reverse Transcriptase (Invitrogen, Carlsbad CA),
according to the manufacturer’s instructions. Product was stored at −20 C until use, at which
time, cDNA was diluted 1:5 before PCR reactions were performed.

Real-time PCR was performed using the Stratagene Brilliant® qPCR master mix and were run
on a Stratagene MX3000 (Stratagene La Jolla, CA) using the following reaction parameters:
1 cycle at (95C for 10 minutes followed by 45 cycles at 95C for 30 seconds, 55C for 1 minute,
and 72C for 30 seconds. All reactions were run using primer and probe sequences developed
and tested in house (GnRH) or previously published (cyclophilin; [41] (IDT, Coralville IA
primers; Eurogentec) at concentrations listed in Table 1. A validation experiment was
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performed for the GnRH and cyclophilin assays to ensure that the reaction efficiencies were
comparable. Each product was run on a 3% agarose gel to confirm amplicon length and
specificity. A no reverse transcriptase (no RT) control was run for each sample to determine
if genomic contamination was present. Any samples containing significant contamination were
discarded from analysis (Ct < 10). A positive control was run on each plate to determine
interassay variability.

Relative expression of GnRH mRNA levels, normalized to cyclophilin mRNA levels and
calibrated with a positive control, was determined using the delta delta Ct method [43]. Samples
were run in triplicate and analyzed in duplicate to account for pipetting errors. Interassay
variability was 9.0%.

Radioimmunoassay (RIA)
LH—LH in serum samples was determined in single samples using double antibody RIA. This
RIA was performed using the rat LH RP-3 standard, iodinate and antibody from the National
Hormone and Pituitary Program of the NIDDK (kindly provided by Dr. A.F. Parlow). Three
assays were performed. The assay sensitivity was 0.03 ng/tube at 85% binding. The intraassay
variability ranged from 3.6–12.3%. Interassay variability was 2.95%.

Estradiol—E2 levels were determined in serum samples from trunk bloods when there was
residual serum from the LH assay. The DSL ultrasensitive estradiol kit (DSL-4800, Diagnostic
Systems Laboratories, Inc., Webster, TX) was used according to the included instructions.
Samples were run in duplicate in a single assay. The intraassay variability was 2.8%.

Statistical Analysis
Pulse analysis—A computer based pulse detection method, Cluster, was used to analyze
pulsatile release of LH [44]. This is available in the Pulse_XP software suite provided by
Michael L. Johnston (University of Virginia, VA). This algorithm identifies significant
increases and decreases within a data set in relation to measurement error inclusive to
experimental data. A moving nadir (referred to as a test nadir and defined as a cluster of points)
of two points for test nadir were compared to two experimental points using pooled t-test to
determine significant rises within the data set. The entire data set is examined for increases in
significance through shifting of test nadir and experimental points by one sample. This
continues through the entire series, and upon completion, the process moves in reverse to
determine significant falls in the data. A peak is defined as a significant increase followed by
a significant decrease, and thus a peak must be surrounded by nadirs on each side.

In this analysis, we used parameters suggested by the program developers. In brief, this includes
2 points used to define peaks and nadirs, a t statistic of 2.75 for significant increases and 1.5
for significant decreases, and two degrees of freedom for sample mean [44]. Analyses include
mean LH (average LH value for the entire experimental period from the second to the
penultimate sample (see below)), pulse frequency (number of peaks) and amplitude (height of
peaks), pulse width (in minutes) and area (defined as the product of the mean peak subtracted
from the average of the pre- and post-peak nadirs multiplied by the peak width), interpeak
intervals (between peak regions) and interpeak concentrations [44]. Significant changes in
these variables were determined using one-way and two-way analysis of variance (ANOVA)
and the Kruskal-Wallis non-parametric test, when normality assumptions were violated. The
effects of age and drug, as well as their interactions, were tested. Post-hoc analyses were
performed when a significant main effect was detected. An effect was considered significant
at p < 0.05.
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Raw data were rescaled to fit all points within the same range. Any animals with one or more
data point reaching minimal or maximal detectability of the LH RIA assay were excluded based
on recommendations from a biostatistician, Dr. W. Y. Wendy Lou. Thus, the numbers of
animals shown in the Results differ from the initial numbers of animals assigned to this study.
The final n’s used for analysis are presented in the figure legends. The initial data point for
each data set was dropped to limit effects of stress on LH levels during the initiation of serial
blood sampling, and the final data point was excluded from analysis because it was collected
at the time of terminal decapitation. Finally, no differences were observed in irregularly cycling
middle-aged animals (N=25) when compared to those in persistent estrus (N=8), so these
groups were combined.

GnRH mRNA analysis—GnRH mRNA levels were normalized to the housekeeping gene
cyclophilin in each animal. All results are expressed as the mean ± SEM. ANOVA was
performed by the Statview 5.0 program for Macintosh computer to ascertain differences
between groups. Results were considered significant at p < 0.05.

RESULTS
Effects of ifenprodil on LH release in young and middle-aged female rats

The LH profiles for two representative animals from each group of cholesterol and 17β-E2
treated animals are shown in Figure 1 and Figure 2 respectively. Rats had detectable pulses of
LH in all treatment groups. As expected, serum LH levels were high in OVX, cholesterol-
treated young and middle-aged rats (Fig. 1) and were low in OVX, E2-treated rats due to
negative feedback of E2 on GnRH and LH (Fig. 2).

Cholesterol treated animals—The selective NR2b antagonist, ifenprodil, had no effect
on the parameters of total and pulsatile LH release, including area under the LH curve (Fig.
3A), area under the peak (Fig. 3B), mean LH release (Fig. 3C), or LH peak amplitude (Fig.
3D). In addition, in OVX, cholesterol-treated rats, none of these parameters differed between
young and middle-aged rats. In this group, as well as in the estradiol animals described below,
the following parameters were not significantly affected by ifenprodil: pulse frequency, pulse
width, interpeak intervals, and interpeak concentrations (data not shown).

17β-Estradiol-treated animals—In contrast to the cholesterol group, there was both an
age and drug effect observed for serum LH levels. Post-hoc analyses showed that middle-aged
E2-treated animals had significantly lower levels of LH as compared to young animals in the
measurements of area under the LH curve (Fig 4A; p < 0.003), area under the peak (Fig. 4B,
p = 0.0346), mean LH (Fig. 4C; p = 0.001), and peak amplitude (Fig. 4D; p = 0.0039).
Additionally, administration of ifenprodil caused increases in three of these parameters: area
under the LH curve (Fig. 4A; p = 0.0151); mean LH (Fig. 4C; p = 0.014) and peak amplitude
(Fig. 4D; p = 0.0134), but not area under the peak.

Effects of Ifenprodil on GnRH mRNA expression in the POA-AH of young and middle-aged
female rats

No effects of either age or hormone on GnRH mRNA levels were observed, as these were
similar in cholesterol and E2-treated rats, as well as young and middle-aged rats (Fig. 5). The
only significant difference detected was for drug (ifenprodil vs. vehicle) in the middle-aged,
cholesterol-treated rats. In this group, GnRH mRNA levels were modestly but significantly
lower in ifenprodil-treated rats (p < 0.05) as compared to their vehicle treated counterparts.
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17β-Estradiol levels in young and middle-aged, ovariectomized female rats
The average E2 levels for OVX young and middle-aged, cholesterol-treated rats were 1.01 ±
0.14 pg/ml and 0.76 ± 0.26 pg/ml, respectively. The average E2 levels for OVX, E2-treated
young and middle-aged rats were 332 ± 102 pg/ml and 314 ± 51 pg/ml, respectively. Although
levels of estradiol were higher than anticipated and were often supraphysiological, each
treatment group included animals with levels ranging from the physiological to the
supraphysiological range, and there were no differences in results from animals across this
range of estradiol levels. The results also showed comparable levels of E2 in the young and
middle-aged rats.

DISCUSSION
The present results add to the mounting evidence for the regulation of the neuroendocrine
hypothalamus by glutamate, showing for the first time a functional role for the NR2b subunit
of the NMDAR. Here, we used the NR2b-selective antagonist ifenprodil and measured its
effects on serum LH levels as a proxy for GnRH release, which cannot be measured in the
general circulation. However, actions of NMDAR agonists/antagonists on pituitary LH release
are mediated exclusively through hypothalamic GnRH neurons [1,7,12–14,45,46], and
therefore, any effects of ifenprodil on LH release likely represent its effects on hypothalamic
GnRH release. Our current study show that treatment with ifenprodil results in significantly
higher levels of pulsatile LH than vehicle controls. Both young and middle-aged rats were
responsive to ifenprodil, and this effect was limited to rats given estradiol (but not cholesterol)
treatment, suggesting that the steroid environment modifies effects of NMDAR-acting drugs
on GnRH output. The implications of these findings, as discussed in greater detail below, are
that the subunit composition of the NMDAR plays a role in its function in the reproductive
neuroendocrine system.

NMDAR regulation of GnRH neurons: Role of the NR2b subunit
Previous studies have shown that at the dose used in the current study, ifenprodil is a selective
antagonist for NMDARs containing the NR2b subunit [47,48], crosses the blood brain barrier
[49,50], and exerts actions in the central nervous system for at least 2 hours [50] and up to 12
hours post-application [38]. Here, ifenprodil injection enhanced pulsatile LH release in young
and middle-aged OVX, estradiol-treated rats. This finding suggests that the presence of the
NR2b subunit in NMDARs affecting GnRH neurons decreases their responsiveness to
endogenous glutamate. This result may be explained by the stoichiometry and properties of
the NMDAR, which is a heteromeric complex composed of an NRl subunit, necessary for
channel function, co-assembled with one or more types of NR2 (a-d) or NR3 (a, b) subunits.
The subunit composition of the NMDAR alters its properties, influencing channel kinetics,
intracellular responses, and ligand affinities [51]. NRl, NR2a, and NR2b are the most abundant
subunits expressed in the hypothalamus [52–54] and all are co-expressed by GnRH cell bodies
and nerve terminals [2,26,32,55]. Of these, only the NR2b subunit shows age-associated
changes, increasing its co-expression on GnRH neurons in the preoptic area-anterior
hypothalamus (POA-AH), an area rich in GnRH perikarya, of middle-aged females as
compared to their young counterparts [2]. A previous report indicated that the presence of the
NR2b subunit in the NMDAR complex is associated with a decreased probability of channel
opening, increased deactivation time, and slower recovery from desensitization when
compared to NR2a [56]. Thus, it is our belief that the previously demonstrated age-related
increase in NR2b co-expression on the GnRH neurons of the POA-AH, and hence an increase
in the ratio of NR2b to NR2a containing receptors, causes delayed and decreased channel
opening, resulting in a decline in the efficiency by which the NMDAR stimulates GnRH
release. Our current results showing an enhancement of pulsatile LH release by ifenprodil,
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which selectively blocks receptors containing NR2b but would enable activity of NMDARs
that do not contain NR2b, is consistent with this hypothesis.

In the present study, we observed a significant increase in area under the LH curve, mean LH,
and LH pulse amplitude following ifenprodil treatment in both age groups of estradiol-treated
OVX rats. We interpret this to mean that blockade of NMDARs containing the NR2b subunit
allows other (non-NR2b containing) NMDARs to mediate effects of glutamate, resulting in
either an increase in the number of GnRH neurons firing or the amount of peptide being released
during individual neuronal firing. This is further supported by the observed increase in mean
LH and area under the LH curve. Furthermore, the lack of significant change of LH area under
the peak suggests that ifenprodil is acting to increase baseline levels of LH, rather than simply
increase the concentration released during each pulse.

We were surprised that OVX, estradiol-treated rats of both age groups responded in a similar
way to ifenprodil. However, both age groups have NR2b-containing NMDARs, albeit at
differing levels [2,26,31], and both received a treatment that altered the NMDAR population.
Ifenprodil binds only to NMDARs containing the NR2b subunit, and its effectiveness at
inhibiting these channels is determined by the receptor stoichiometry, specifically, the number
of NR2b subunits encompassed within the channel [57]. Moreover, as discussed below, not
only does ifenprodil act upon GnRH neurons, but it also exerts effects on afferents to this
system that may also possess NMDARs with NR2b subunits. Thus, the heterogeneous nature
of this receptor, as well as the multiple mechanisms by which it may exert influence on the
reproductive axis (both directly and indirectly) suggests that ifenprodil may exert broad effects
on this hypothalamic neural circuitry regulating GnRH. This may underlie why both young
and middle aged rats are responsive to ifenprodil, as it may be through different populations
of NMDARs, and warrants further investigations to tease apart these mechanisms.

It seems counterintuitive that blockade of receptors for an excitatory amino acid such as
glutamate may result in an up-regulation of pulsatile LH release. We feel that the most
reasonable explanation is that the effects of ifenprodil are occurring not only on GnRH neurons
themselves, but also on neurons that make direct and indirect inputs to GnRH cells. For
example, GABA-containing neurons, the principal inhibitory neurotransmitter in the brain and
the counterpart to glutamate’s role as the principal excitatory neurotransmitter, inhibit GnRH
release [58,59]. If this GABAergic inhibition is stimulated by glutamate, the removal of
glutamatergic input by ifenprodil to these GABAergic neurons would disinhibit GnRH
neurons, thereby facilitating GnRH release. It is even possible that the same neurons co-express
glutamate and GABA and that the balance of their outputs affect GnRH release, as postulated
by Ottem et al.[60]. Moreover, there are age-alterations in hypothalamic-preoptic GABA
release and biosynthesis in rats [61]. Thus, the balance of glutamate and GAB A regulation of
GnRH neurons, directly and/or indirectly, may play important roles in neuroendocrine
regulation.

Estradiol-NMDAR interactions
Ifenprodil significantly enhanced pulsatile LH release only in OVX rats treated with estradiol,
but not cholesterol treated OVX rats. These findings are consistent with previous evidence for
an enhanced sensitivity of the GnRH neurosecretory system to NMDAR agonists or antagonists
in the presence of estrogens [13,31,62]. For example, pulsatile LH release in adult female OVX
rats was enhanced by NMDA in E2- but not vehicle-treated animals [13]. Similarly, MK-801,
a competitive NMDAR antagonist, affected pulsatile LH release only in E2- but not vehicle-
treated sheep [62]. The site of convergence of estrogens and glutamate is still unknown, but in
the case of GnRH release, it is likely to occur via inputs to the GnRH system rather than in
GnRH neurons themselves [63]. Importantly, estrogen receptor alpha (ERα) and NMDARs are
co-expressed in cells in regions of the hypothalamus and preoptic area that regulate GnRH
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neurons [29], suggesting an anatomical site at which endogenous glutamate and estrogens can
interact upon the same target cells to enhance the sensitivity of the GnRH system. Alternatively,
or in addition, we cannot exclude the possibility that an enhanced pituitary responsiveness to
GnRH in the presence of estradiol may amplify effects of ifenprodil on LH pulsatility. Taken
together, this evidence suggests that NMDAR antagonists may require modulation by estrogen
in order to affect pulsatile LH release, a conclusion that is consistent with the results of this
study showing stimulatory effects of ifenprodil only in estradiol-treated rats.

Effects of ifenprodil on LH release occur independently of effects on GnRH gene expression
Overall, robust effects of ifenprodil on GnRH mRNA levels, an index of GnRH gene
expression, were not detected. Only the middle-aged, OVX rats that were cholesterol (but not
estradiol) treated had decreased GnRH mRNA levels following ifenprodil compared to its
vehicle control. This change, while significant, was not large in magnitude, and it is notable
that this same group of rats did not respond to ifenprodil with a significant change in pulsatile
LH release. This finding, together with our observations that ifenprodil significantly increases
pulsatile LH release in the estradiol-treated young and middle-aged rats, suggests an
uncoupling of GnRH biosynthesis and GnRH release. Therefore, the majority of the effects of
ifenprodil probably occur on the secretory pool of GnRH vesicles that stimulate LH pulses
from the pituitary gland, without causing changes in GnRH biosynthesis, at least at the time
points measured. There are several alternative or complementary explanations. It is possible
that changes in GnRH mRNA may occur more rapidly (e.g., within 15 minutes to 1 hour),
similar to what has been reported for effects of N-methyl-D,L-aspartate (NMA) [42,64],
whereas in the current study, rats were euthanized four hours after ifenprodil injection.
Alternatively, GnRH mRNA may replenish pools of the GnRH peptides over a longer time
course. Future studies evaluating the time course of effects of ifenprodil on GnRH gene
expression will enable us to detect whether this is a target for effects of NR2b antagonism. The
concept that NMDAR agonists and antagonists may exert differential effects on GnRH cell
bodies (as manifested by changes in gene expression) and on GnRH nerve terminals (as
manifested by GnRH release) is one that we have posited previously [65] and is consistent with
reports that not only do GnRH cell bodies co-express NMDAR subunits [2], but that GnRH
nerve terminals express NMDAR subunits [55,66,67] and may be a direct site of regulation by
glutamate, independent of activity on GnRH perikarya.

Previous studies show that administration of NMDAR agonists stimulate GnRH gene
expression, and that this effect is dependent upon reproductive status, age, sex, hormonal status,
and the time points observed following administration [42,68,69]. There is much less
information as to the effect of NMDAR antagonists on GnRH gene expression. Seong et al.
[70] reported that administration of the NMDAR antagonist MK-801 to OVX, estrogen and
progesterone treated adult female rats caused a decrease in GnRH gene expression in
hypothalamic fragments. Ottem et al.[69] found that while estrogen induced an increase in
GnRH gene expression in lateral and medial POA, MK-801 was not effective in inhibiting this
increase. Our results showed no effect of ifenprodil on GnRH gene expression in estradiol-
treated OVX rats of either age, and a small but significant decrease in GnRH mRNA levels
only in middle-aged OVX rats, in the absence of estradiol. These data reinforce previous work
showing that the sensitivity of this system, depending upon time of day, estrous cycle status,
and/or hormonal environments, together determine GnRH gene expression.

Conclusions
This study provides further evidence that the subunit composition of the NMDAR, and
specifically the NR2b subunit, contributes to the regulation of GnRH/LH release in the female
hypothalamus. Blockade of NMDAR-NR2b in the presence of estradiol has a stimulatory effect
on GnRH neurons, resulting in increased pulsatile LH output. Although pulsatile release of LH
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was similarly affected by ifenprodil in the two age groups, GnRH mRNA expression was
selectively decreased only in one group, the cholesterol-treated middle-aged rats. These results
suggest a dissociation of effects of glutamate, acting through NMDA receptors containing the
NR2b subunit, on pulsatile GnRH release and GnRH gene expression.
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Figure 1.
Individual profiles of pulsatile LH release, measured in serum samples collected every 10
minutes in representative young (A, B) and middle-aged (C, D) OVX, cholesterol replaced
female rats. Please note that the x-axis scales vary among treatment groups to better
demonstrate individual pulses. Animals were injected with vehicle or ifenprodil (10 mg/kg)
one hour after blood sampling began. Arrows indicate the time point immediately preceding
the injection. Asterisks (*) indicate significant pulses as indicated by the Cluster pulse detection
software. Chol = cholesterol.
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Figure 2.
Individual profiles of pulsatile LH release, measured in serum samples collected every 10
minutes in representative young (A, B) and middle-aged (C, D) OVX, 17β-estradiol replaced
female rats. Please note that the x-axis scales vary among treatment groups to better
demonstrate individual pulses. Animals were injected with vehicle or ifenprodil (10 mg/kg)
one hour after blood sampling began. Arrows indicate the time point immediately preceding
the injection. Asterisks (*) indicate significant pulses as indicated by the Cluster pulse detection
software. E2 = 17β estradiol.
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Figure 3.
Parameters of pulsatile LH release were determined in young and middle-aged female rats that
were OVX and treated with cholesterol. Group data (mean ± SEM) are shown for area under
the LH concentration curve (A), area under the LH peak (B), mean LH (C), and LH peak
amplitude (D). There were neither any significant effects of age (young vs. middle-aged) nor
drag treatment (ifenprodil vs. vehicle) on any parameters of LH release. N=3, 7, 4, and 8 for
young vehicle, young ifenprodil, middle-aged vehicle, middle-aged ifenprodil, respectively.
Chol = cholesterol; Veh = vehicle; If en = ifenprodil; AUC = area under the curve; AUP = area
under the peak.
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Figure 4.
Parameters of pulsatile LH release were determined in young and middle-aged female rats that
were OVX and treated with estradiol. There was a significant decline with age in area under
the LH concentration curve (A), area under the peak (B), mean LH (C) and LH peak amplitude
(D). Ifenprodil administration resulted in a significant increase in area under the curve, mean
LH, and LH peak amplitude in both young and middle-aged OVX, estradiol-treated rats. All
data shown are mean ± SEM. N=10, 4, 5, and 5 for young vehicle, young ifenprodil, middle-
aged vehicle, and middle-aged ifenprodil, respectively. *, p < 0.05 vs. comparable drug or age
group; **, p < 0.01 vs. comparable drug or age group. E2 = estradiol; Veh = vehicle; Ifen =
ifenprodil; AUC = area under the curve; AUP = area under the peak.
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Figure 5.
GnRH mRNA levels in the preoptic area-anterior hypothalamus, normalized to cyclophilin
mRNA, were quantified by real-time PCR. Data are shown for the OVX cholesterol (A) and
estradiol-treated (B) rats. No overall effect of age or drug treatment was detected, although a
significant interaction of age × treatment was detected, which was attributable to the OVX,
cholesterol-treated middle-aged group, in which ifenprodil caused a small but significant
decrease in GnRH mRNA levels. *, p < 0.05. Veh = vehicle, Ifen = ifenprodil. For panel A
(cholesterol rats), N=6, 6, 8 and 8 for young vehicle, young ifenprodil, middle-aged vehicle,
and middle-aged ifenprodil, respectively. For panel B (estradiol rats), N=8, 5, 6 and 8 for the
same respective groups.
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Table 1
Cyclophilin and GnRH primer and probe sequences for real-time PCR reaction.

Gene Forward Primer (5’ –
3’)

Reverse Primer (3’ –
5’)

Probe (Taqman only) [Primer] (nM)
[Probe] (nM)

*Rat cyclophilin 5’- TGT GCC AGG
GTG GTG ACT T-3’

5’- TCA AAT TTC
TCT CCG TAG ATG
GAC TT-3’

5’- CCA CCA GTG CCA TTA
TGG CGT GT-3’

F: 300 R: 300
Probe: 150

**Rat GnRH 5’- CCC TTT GGC
TTT CAC ATC
CA-3’

5’- AAC AGC GGC
CAT CAG TTT G-3’

5’- ACA GAA TGG AAA CGA
TCC

F: 900 R: 900
Probe: 300

*
Previously published sequences [41]

**
Designed using PrimerExpress
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