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About 1000 hypothalamic neurons synthesize and release
gonadotropin-releasing hormone (GnRH), the master molecule
of reproduction in all mammals. At the level of the median
eminence at the base of the brain, where GnRH and other
hypothalamic releasing hormones are secreted into the capillary
system leading to the anterior pituitary gland, there is non-
synaptic regulation of neurohormone release by a number of
central neurotransmitters. For example, glutamate, the major
excitatory amino acid in the brain, directly regulates GnRH
release from nerve terminals via NMDA receptors (NMDARS).
Moreover, the effects of glutamate action on GnRH secretion are
potentiated by estrogens, and this relates to the physiologic
control of ovulation by the hypothalamus. We sought to
determine the ultrastructural relationship between GnRH neuro-
terminals and NMDARSs, and this regulation by estradiol. Using
immunofluorescent confocal microscopy, postembedding im-
munogold electron microscopy, fractionation, and Western
blotting, we demonstrated: (i) GnRH is localized in large
dense-core vesicles of neurosecretory profiles/terminals, (ii)
the NMDAR1 subunit is found primarily on large dense-core
vesicles of neurosecretory profiles/terminals, (iii) there is
extensive colocalization of GnRH and NMDAR1 on the same
vesicles, and (iv) estradiol modestly but significantly alters the
distribution of NMDAR1 in GnRH neuroterminals by increasing
expression of NMDAR1 on large dense-core vesicles. Western
blots of fractionated median eminence support the presence of
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NMDART1 in subcellular fractions containing large dense-core
vesicles. These data are the first to show the presence of the
NMDAR on neuroendocrine secretory vesicles, its co-expres-
sion with GnRH, and its regulation by estradiol. The results
provide a novel anatomical site for the NMDAR and may
represent a new mechanism for the regulation of GnRH release.
Exp Biol Med 232:662-673, 2007
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Introduction

The gonadotropin-releasing hormone (GnRH) peptide,
which is synthesized in a small subset of neurons in the
hypothalamus, is the central neuropeptide that controls the
reproductive axis. These neurons project neuronal processes
that terminate in the median eminence, where GnRH is
released into the portal capillary leading to the anterior
pituitary gland (1). The secretory pattern and levels of
GnRH are crucial to pubertal development and the
maintenance of adult reproductive function (reviewed in
Ref. 2). A number of central neurotransmitters are involved
in the regulation of GnRH neurons, among which
glutamate, acting through its NMDA receptors (NMDARS),
is a key regulator. NMDAR agonists stimulate, and
antagonists inhibit, the release of GnRH (3, 4), GnRH gene
expression (5, 6), the onset of puberty (6-8), and the control
of ovulation (9).

The history of whether GnRH neurons express
NMDAR and other glutamate receptors has been quite
controversial. Although earlier studies suggested that GnRH
neurons may not co-express NMDARs (10, 11), neuro-
anatomical and physiologic studies confirm that GnRH
perikarya express NMDAR subunits and exhibit neuro-
physiologic responses to NMDAR agonist application (6,
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12—-16). In addition, glutamate can act directly upon GnRH
neuroterminals to cause increased GnRH release: applica-
tion or infusion of NMDAR agonists into the median
eminence in vivo, or in hypothalamic explants in vitro
containing GnRH neuroterminals but not cell bodies (17—
19), stimulates GnRH release. Furthermore, pre-embedding
immunoelectron microscopy shows that NMDARI, a
subunit obligatory to form a functional NMDAR (20, 21),
colocalizes with GnRH neuroterminals (22), although the
ultrastructural relationship is uncertain due to the limitation
of this technique. Additionally, effects of an NMDAR
agonist on GnRH neurons are augmented in the presence of
estrogens (4, 23), despite strong evidence that GnRH
perikarya do not concentrate estradiol or express the
estrogen receptor o (ERa) (24-26). GnRH perikarya can
co-express ERP (27, 28), but this is not obligatory for the
generation of the preovulatory GnRH/luteinizing hormone
(LH) surge (29). These findings suggest that the estrogen-
mediated potentiation of glutamate’s effect on GnRH
neurons may occur indirectly at GnRH perikarya via other
neuronal or glial cells, or at the level of the GnRH
neuroterminals.

We used immunofluorescence confocal microscopy and
quantitative postembedding immunogold electron micro-
scopy, together with sucrose fractionation and Western
blotting, to study the precise subcellular localization of
NMDAR subunits and their colocalization with GnRH. Our
studies focused on GnRH neurosecretory profiles/terminals,
which we define as GnRH processes containing secretory
vesicles in the perivascular region of the median eminence
(1). Not only did we find a novel localization of the
NMDAR subunit on neuroendocrine secretory vesicles, but
we also observed effects of estradiol on this subcellular
localization. We believe that this result has implications for
the mechanisms of neurosecretion of GnRH and other
hypothalamic-releasing hormones in the median eminence.

Materials and Methods

Animals. Female Sprague-Dawley rats (n =20: 10 for
electron microscopy, 4 for immunofluorescence confocal
microscopy, and 6 for Western blot) aged 3 to 4 months
purchased from Harlan (Indianapolis, IN) were housed two
per cage in the animal care facility with controlled
temperature and light cycle (12:12-hr light:dark cycle, lights
on at 0700 hrs). Food and water were available ad libitum.
All animal experiments were performed following guide-
lines from The Guide for the Care and Use of Experimental
Animals using protocols approved by the Institutional
Animal Care and Use Committee at Mount Sinai School
of Medicine and the University of Texas at Austin.

Surgical Procedures. To examine the effects of
estradiol on GnRH profiles/terminals, rats were bilaterally
ovariectomized between 0900 and 1100 hrs under isoflurane
anesthesia and were allowed to recover for 3 weeks, a period
that is sufficient to clear endogenous ovarian estrogens from

the general circulation (14). We then subcutaneously
inserted a 1-cm Silastic capsule (inner diameter 1.96 mm,
outer diameter 3.18 mm,; Silastic Brand laboratory tubing;
Dow Corning, Midland, MI) previously soaked in saline
into isoflurane-anesthetized rats. For light and electron
microscopic analyses, seven rats received a Silastic capsule
filled with 17pB-estradiol (10% in cholesterol), and seven
received a vehicle capsule (100% cholesterol), for a 2-day
period. An additional six rats were ovariectomized and
received the vehicle capsule for the Western blot study. All
rats were implanted with capsules between 0900 and 1100
hrs. We chose this estradiol treatment regimen to attempt to
attain preovulatory estradiol levels at the time of perfusion,
which was performed between 1500 and 1700 hrs (14, 30—
33). Although we could not confirm estradiol levels in the
current study, as we did not collect adequate serum volumes
during the perfusion, a previous study using this identical
protocol reported serum estradiol levels of approximately 10
pg/ml and 83 pg/ml for vehicle- and estradiol-replaced
ovariectomized rats, respectively (14).
Immunofluorescence Confocal Microscopy.
Confocal microscopy was used to show the gross relation-
ship of NMDARs and GnRH profiles/terminals in the
median eminence. Rats were deeply anesthetized with 150
mg/kg ketamine and 30 mg/kg xylazine and were perfused
transcardially with 1% paraformaldehyde, followed by 4%
paraformaldehyde (15, 34). Brains were removed and
sectioned (50 um) on a vibrating blade microtome (Leica
VT1000 S; Leica, Bannockburn, IL). We incubated sections
with mouse anti-GnRH (HU11b at 1:500, kindly provided
by Dr. H. F. Urbanski; Ref. 35) and rabbit anti-NMDARI1
primary antibody (1 pg/ml, AB1516; Chemicon, Temecula,
CA; Ref. 20) for 4 days. We then used Texas red—
conjugated goat anti-mouse IgG (1:400; Vector Laborato-
ries, Burlingame, CA) and fluorescein-conjugated horse
anti-rabbit IgG (1:400; Vector Laboratories) as secondary
antibodies, respectively. The primary antibodies were
omitted in control experiments. We performed additional
preabsorption control experiments in which primary anti-
body was preabsorped prior to immunocytochemistry.
NMDARI1 antibody (1 pg/ml) was incubated with
NMDARI1 peptide (corresponding to the C-terminus of
NMDARI, 10 pg/ml, AG344; Chemicon) for 12 hrs at 4°C.
After centrifugation (15,000 rpm for 20 mins), the
preabsorped NMDARI1 serum in the supernatant was used
in place of the primary antibody in the immunocytochemical
protocol. For GnRH antibody (1:500) we used GnRH
peptide (10 pg/ml, L7134; Sigma, St. Louis, MO) for
preabsorption control experiments, as described above. No
specific labeling was detected in any of our control
experiments. To determine the colocalization of GnRH
and NMDARI1 in the median eminence (ME), we used a
Leica TCS 4D confocal microscope equipped with an Ar/Kr
laser for confocal analysis. Image stacks were acquired
sequentially at excitation wavelengths of 488 nm and 568
nm with a 0.5-pum z axis step size. We used MetaMorph 6.1
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software (Universal Imaging Corp., Downingtown, PA) to
view two-channel overlays of each image plane, maximum
intensity projections, and three-dimensional (3D) recon-
structions for evaluation of colocalization. Using XZ plane
scans and projections, we ensured that the antibody
penetrated equally across the entire thickness of tissue
section.

Postembedding Immunogold Electron Micros-
copy. We used electron microscopy to examine the
ultrastructural relationship of NMDAR and GnRH pro-
files/terminals in the median eminence. Based on a
previously published paper (36), anesthetized rats were
transcardially perfused (15, 34) with 2% dextran in 0.1 M
phosphate buffer (PB; pH 7.4, 50 ml), followed by 4%
paraformaldehyde and 0.125% glutaraldehyde in PB (600
ml). After perfusion, the brain was postfixed overnight at
4°C and blocked in 10-mm segments using a brain matrix
(model RBM-4000C; Activational Systems, Warren, MI).
We identified and dissected the ME (approximately 1 mm?)
from a brain segment under a dissecting microscope. ME
blocks were cryoprotected by immersion in increasing
concentrations of glycerol (10%, 20%, and 30% in 0.1 M
PB). We performed cryofixation by plunging the ME blocks
rapidly in liquid propane cooled by liquid nitrogen (—190°C)
in a Universal Cryofixation system KF80 (Reichert-Jung,
Vienna, Austria). We then quickly transferred the cryofixed
tissue in an Automatic Freeze-Substitution System unit
(Leica, Vienna, Austria). The samples were immersed in
1.5% uranyl acetate in anhydrous methanol (—90°C, 24 hrs).
The temperature then was increased in steps of 4°C/hr from
—90°C to —45°C. The samples were infiltrated with Lowicryl
HM20 resin (Electron Microscopy Sciences, Fort Wash-
ington, PA) at —45°C with a four-step progressive increase
every 2 hrs in the ratio of resin to methanol, followed by
pure Lowicryl (overnight). Polymerization was done by
ultraviolet light (360 nm; —45°C for 24 hrs, increased 5°C/
hr, followed by 0°C for 35 hrs). Semithin sections were cut
for morphologic orientation and were stained with toluidine
blue. Ultrathin sections were cut at 80-90 nm in thickness
on a Reichert-Jung ultramicrotome and were mounted on
nickel mesh grids (300 Mesh Hex Nickel grids; Electron
Microscopy Sciences). In some cases, serial sections were
cut to enable the use and comparison of adjacent sections for
preabsorption controls and standard immunohistochemistry.

Immunocytochemistry for Electron Micros-
copy. To increase antibody permeability and block non-
specific binding, we incubated ultrathin sections in 0.1%
sodium borohydride and 50 nM glycine in Tris-buffered
saline (TBS; 0.005 M Tris and 0.3% NaCl) for 1 min, and
then in 2% human serum albumin (HSA in TBS) for 10
mins. We used three primary antibodies and two secondary
antibodies in the immunogold labeling procedure. The
specificity of these antibodies has been extensively validated
for immunocytochemistry, including studies in our own
laboratories (see section Immunofluorescence Confocal
Microscopy). The primary antibodies were: (i) GnRH

mouse monoclonal antibody: 1:50, HU11b; kindly provided
by Dr. H. F. Urbanski (35); (ii) NMDARI1 mouse
monoclonal antibody: 5 pg/ml, 54.1; produced by Dr. J.
H. Morrison (37, 38); and (iii) NMDARI1 rabbit polyclonal
antibody: 2 pg/ml, AB1516; Chemicon (20, 39). The
secondary antibodies were: (i) 5 nm gold-tagged F(ab’)2
fragment of goat anti-mouse IgG: 1:20; Electron Micro-
scopy Sciences; and (ii) 10 nm gold-tagged F(ab’)2
fragment of goat anti-rabbit IgG: 1:20; Electron Microscopy
Sciences (36). For GnRH single-label and NMDART single-
label immunocytochemistry, we incubated sections in the
primary antibody listed above overnight and then secondary
antibodies in TBS with 2% HSA and polyethyleneglycol
(PEG; molecular weight 20,000; 5 mg/ml) for 2 hrs. For
GnRH and NMDARI1 double-label immunocytochemistry,
we incubated sections in the GnRH monoclonal antibody
overnight followed by gold-tagged (5 nm) F(ab’)2 of goat
anti-mouse IgG for 2 hrs. We then incubated sections in
rabbit anti-NMDARI polyclonal antibody overnight fol-
lowed by gold-tagged (10 nm) F(ab’)2 of goat anti-rabbit
IgG for 2 hrs. After counterstaining sections with 1% uranyl
acetate and 0.3% Reynolds lead citrate, ultrastructural
analyses were performed on a Jeol 1200EX electron
microscope (Jeol, Tokyo, Japan). Images were captured
using the Advantage HR CCD camera (Advanced Micro-
scopy Techniques Corp., Danvers, MA). Controls omitting
the primary antibody showed no immunogold labeling. As
described above for light microscopy, both negative controls
(omission of primary antibodies) and preabsorption controls
were performed. The preabsorption control experiments
were performed on GnRH (1:50 dilution with 100 pg/ml
GnRH peptide) and NMDARI1 antibody (2 pg/ml with 100
pg/ml NMDARI1 control peptide) similarly to those
described in our fluorescence immunocytochemical proto-
col. No specific labeling was detected in any of these control
tissues.

Quantitative Analysis for Electron Micros-
copy. We first identified the neuroterminal region in the
ME at 3000X electromagnetic magnification and performed
further analysis at X20,000 electromagnetic magnification.
The number and percentage of GnRH-immunopositive
processes/terminals were determined, and large dense-core
vesicles (100-140 nm in diameter) were identified. As the
focus of this analysis was dense-core vesicles, only GnRH-
immunopositive profiles/terminals with a minimum of three
large dense-core vesicles were included in the quantitative
analysis. On average, we recorded 14 photographic fields
per animal. Each field included at least one GnRH-
immunopositive profile. Large dense-core vesicles within
each GnRH profile were outlined and individually num-
bered. Using digital magnification, all 5-nm (indicating
GnRH) or 10-nm (indicating NMDARI1) gold particles
occurring within or adjacent to the GnRH profile/terminal
were identified, marked, and counted in three compartments:
(1) in or on large dense-core vesicles; (ii) close to the plasma
membrane, with a distance less than 30 nm (40); and (iii)



NMDA RECEPTORS IN GNRH TERMINALS 665

exclusive of defined large dense-core vesicle and plasma
membrane pool. We then determined the number and
percentage of large dense-core vesicles that were GnRH
single labeled (labeled only by 5-nm gold particles),
NMDARI1 single labeled (labeled only by 10-nm gold
particles), or GnRH and NMDARI1 double labeled. An
immunopositive vesicle was counted if it contained a
minimum of at least two immunogold particles of the same
size labeled on the vesicle, as described previously (36). In
all images, the pixel size was less than one quarter of the
diameter of the 5-nm gold particles, which was sufficient to
resolve them.

Statistical Analysis for Electron Microscopy.
The focus of our analyses was GnRH (5-nm gold labeling)
and NMDAR1 (10-nm gold labeling) expression on large
dense-core vesicles. In addition, we analyzed the distribu-
tion of GnRH and NMDARI Iabeling in the three
compartments of the nerve profile/terminal described above.
A biostatistician, Dr. W. Y. Wendy Lou (University of
Toronto, Toronto, ON, Canada), analyzed the differences
between effects of estradiol versus vehicle using a mixed-
model approach and the generalized estimating equation
approach (41). This statistic takes into consideration the
number of vesicles or particles within an animal to result in
a composite value for each animal. Therefore, in all cases
the unit of analysis is the animal, and each n represents the
number of animals per group. Differences between
estradiol- and vehicle-treated ovariectomized rats were
considered significant at P < 0.05.

Fractionation of the ME. Biochemical analyses
were performed to confirm microscopic results showing
that NMDARs are present in large dense-core vesicles in the
ME. Rats (n = 6) were rapidly decapitated and the brains
removed, and brains were blocked using a brain matrix
(model RBM-4000C; Activational Systems). The coronal
brain segment (2-mm thickness) containing the ME was
dissected, and MEs from six rats were pooled in 10 ml
homogenate buffer (320 mM sucrose; 10 mM Tris-HCI, pH
7.4; 1 mM EDTA, pH 7.4; 1 mM EGTA; 1 tablet protease
inhibitor cocktail [complete, mini, EDTA free; Roche
Applied Science, Indianapolis, IN]; and 1 mM phenyl-
methylsulfonyl fluoride). We homogenized (glass-Teflon
homogenizer) tissue using 12 up-and-down strokes at 900
rpm and centrifuged at 3000 rpm (800 g) for 10 mins. We
followed a published protocol (42) to get the crude terminal
fraction by centrifugation. The supernatant (S1) was
centrifuged at 10,000 rpm (9,000 g) for 15 min. The pellet
(P2) was resuspended and centrifuged at 10,500 rpm
(10,200 g) for 15 min. The pellet (P2’) from P2 fraction
containing crude neuroterminals was resuspended in a
homogenizer using 10 up-and-down strokes at 1200 rpm
and five times back and forth through a 25-gauge needle.
The resuspended tissue was centrifuged again at 10,000 rpm
(9,000 g) for 10 mins, and the supernatant was used for the
sucrose gradient, followed by Western blotting, as described
below. To confirm the identity of the contents of the P2’

Figure 1. A confocal micrograph of the ME of a representative
female rat in which dual immunofluorescence was performed for
GnRH and NMDAR1 immunoreactivities. GnRH-immunoreactive
fibers, seen as punctate varicose labeling (red), are concentrated
in the external zone of the lateral ME. NMDAR1 (green) immuno-
fluorescence also is abundant in the ME in overlapping regions with
GnRH, particularly in the external zone of the ME (yellow). ME,
median eminence; 3V, third ventricle. Scale bar, 100 um.

fraction, a small aliquot of the sample was further
centrifuged at 25,000 g for 20 mins. The pellet was freeze
plunged and embedded for electron microscopy as described
above.

Sucrose Gradient and Western Blot. Continuous
sucrose gradients (0.3—1.8 M in a 5-ml total volume) were
prepared in a gradient maker. After layering the resuspended
P2’ fraction (200 pl), the gradients were spun for 4 hrs at
55,000 g in an SW55 Ti rotor (Beckman Coulter Inc.,
Fullerton, CA) at 4°C. Gradient fractions (0.5 ml each) were
collected from the top down (lightest to heaviest). Using the
Bio-Rad (Hercules, CA) mini PROTEAN 3 system and
standard protocol for Western blotting (43), an 8% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) gel was prepared and transferred to a nitrocellulose
membrane at 90 V. The NMDARI antibody (1:500,
AB1516; Chemicon), the synaptotagmin-1 antibody
(1:1000, MAB5202; Chemicon, CA; Ref. 44), and the
synaptophysin antibody (1:2000, MAB329; Chemicon; Ref.
45) were used for blotting to confirm the co-expression of
NMDARI1 in the fractions of the sucrose density containing
large dense-core vesicles. Synaptotagmin-1 and synapto-
physin are present in large dense-core vesicles, along with
their more commonly known association with synaptic
vesicles (46—49). The sucrose gradient provides adequate
separation between fractions containing large dense-core
vesicles (1-1.3 M) and synaptic vesicles (0.3-0.4 M) to
enable differentiation. The relative lack of synapses in the
ME further precludes contamination of the large dense-core



666 YIN ET AL

Figure 2. The ME is shown by electron microscopy at three increasing magnifications on sections immunolabeled for GnRH (a, b, ¢) orin a
preabsorption control (d) in a representative vehicle-treated ovariectomized female rat. (a) In the lateral portion of the ME, the third ventricular
zone (VZ), myelinated axon zone (MZ), and pericapillary zone (CZ) are identified with toluidine blue staining in a semithin section. Further
analyses described in this paper focused on GnRH-immunoreactive profiles in the CZ. Scale bar, 20 um. (b) At higher magnification, GnRH
neuroterminals were concentrated in proximity to the portal capillary vascular zone. This region is characterized by its lack of perikarya and
dendrites, few synaptic contacts, and the presence of elongated glial elements (Glia) and fenestrated capillaries (Cap). Two immunopositive
GnRH neuroterminals labeled with 5-nm gold (asterisks) are identified close to the basal lamina (BL) and portal capillary vasculature. They are
surrounded by glial elements. Scale bar, 2 um. (c) The GnRH neuroterminal in the inset box of panel b is shown at higher magnification in panel
c. Five-nanometer gold particle labeling of GnRH shows localization on large dense-core vesicles (arrows). This GnRH profile is in close
proximity to a glial element. Mit, mitochondria. (d) A preabsorption control was performed using a section adjacent to that shown in panel c. In
this control, the GnRH antibody was preabsorbed with the antigen, and no specific labeling was detected. Scale bars for panels ¢ and d, 200 nm.

vesicle fraction with synaptic vesicles. Membranes were
incubated in a secondary antibody (horseradish peroxidase—
conjugated donkey anti-rabbit Ab, 1:2000; Jackson Immu-
noResearch, West Grove, PA). Bands were visualized on
film by enhanced chemiluminescence reagents (ECL-PLUS;
Amersham, Arlington Heights, IL). Exposures were 10 mins
for NMDARI, 1 min for synaptotagmin-1, and 15 secs for
synaptophysin. Membranes were stripped between anti-
bodies and then reprobed with subsequent antibodies.

Results

Confocal Analyses of GnRH and NMDAR1
Immunoreactive Processes/Terminal in the ME.
GnRH-immunoreactive profiles exhibited punctate labeling
and were highly concentrated in the external zone of the
lateral ME (Fig. 1). Confocal microscopy also demonstrated
abundant NMDAR1 immunofluorescence in the ME (Fig.
1). The greatest overlap of GnRH and NMDAR1 was in the
GnRH terminal region close to the portal capillary
vasculature. In order to confirm and quantify co-expression
of GnRH and NMDARI1 in the ME and to enhance
subcellular resolution, we performed electron microscopic

analyses on the lateral ME (Fig. 2), where overlap of GnRH
and NMDARI1 is most abundant.

Electron Microscopy of GnRH Neuroprofiles/
Terminals in the ME. The region of the ME was
characterized by a lack of perikarya and dendrites, few
synaptic contacts, and the presence of fenestrated capil-
laries, as described previously (1). Neurosecretory profiles/
terminals containing large dense-core vesicles and micro-
vesicles were numerous in the ME (Fig. 2a). Approximately
5%—-10% of neural profiles/terminals in the external zone of
the lateral ME were identified as GnRH immunopositive by
immunogold labeling (mean: 6% = 1%), as shown in
representative micrographs (Fig. 2b and c). A preabsorption
control is shown in Figure 2d; this section is adjacent to that
shown in Figure 2c to confirm that it contains GnRH
immunoreactivity. Each GnRH immunoreactive profile/
terminal had from 4 to 53 (mean: 15 * 1) large dense-
core vesicles (100140 nm in diameter), of which 22%—
100% (mean: 65% = 2%) were GnRH immunopositive by
our criteria. The number of 5-nm gold GnRH-immunor-
eactive particles per large dense-core vesicle ranged from 0
to 14 (Fig. 3a).
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Figure 3. Frequency histograms of immunogold labeling in association with large dense-core vesicles. The 5-nm gold particle labeling of GnRH
(a) and 10-nm gold particle labeling of NMDART1 (b) per immunoreactive large dense-core vesicle was compared in vehicle-treated (black bars)
and estradiol-treated (white bars) rats. The number of immunoreactive gold particles in or on large dense-core vesicles ranged from 0 to 15 for
GnRH and 0 to 10 for NMDAR1. There are no effects of estradiol treatment on the distribution of either GnRH- or NMDAR1-immunoreactive gold

particle distribution.

Expression of the NMDAR in GnRH Neuro-
profiles/Terminals in the ME. In single-labeling studies
we confirmed the presence of NMDAR1 immunoreactivity
in or on large dense-core vesicles in 7%-25% of neuro-
profiles/terminals in the ME. This localization was con-
firmed by postembed electron microscopic analyses using
two different NMDAR1 antibodies: a mouse monoclonal
and a rabbit polyclonal (Fig. 4a and b, respectively). In
addition, control analyses showed the absence of specific
labeling when the primary antibody was either omitted (not

shown) or preabsorbed (Fig. 4c) with the NMDARI
polyclonal antibody control peptide.

Double-label electron microscopy studies were per-
formed using the rabbit polyclonal antibody to NMDARI1
together with a mouse monoclonal antibody to GnRH.
Results showed extensive colocalization of the NMDARI,
particularly within large dense-core vesicles in GnRH
profiles/terminals in the ME (Fig. 5). NMDAR1 immuno-
staining also was found in some GnRH-immunonegative
neuroprofiles/terminals, some of which were located in
close proximity to the GnRH/NMDARI1 double-labeled
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Figure 4. NMDAR1-immunopositive neuroterminals in the ME. (a) Terminals in the ME are shown single labeled (5 nm) with the NMDAR1
monoclonal antibody. (b) Terminals in the ME are shown immunolabeled (10 nm) with a different NMDART1 polyclonal antibody. Note that most
labeling in panels a and b is associated with large dense-core vesicles. (c) The NMDART1 polyclonal antibody is preabsorbed with the antigen.

No specific labeling is detectable. Scale bar, 200 nm.

neuroprofiles and probably represent other peptidergic
neuroprofiles/terminals. Quantification of the distribution
of NMDARI1 in subcellular compartments showed that it
was highest in large dense-core vesicles (approximately
76%) and lowest at the plasma membrane (approximately
3%; Fig. 6). The number of 10-nm gold NMDARI-
immunoreactive particles per large dense-core vesicle
ranged from 0 to 10 (Fig. 3b).

Effect of Estradiol on GnRH and NMDAR1 by
Quantitative Electron Microscopic Analyses. We
performed quantitative analyses of immunogold-labeled
GnRH profiles/terminals to determine the percentage of
GnRH single-labeled, NMDARI1 single-labeled, GnRH and
NMDARI1 double-labeled, and unlabeled large dense-core
vesicles (Table 1). No significant differences were found
between the estradiol and vehicle treatments for these

parameters. We then compared the effects of estradiol on the
distribution of NMDAR1 immunolabeling within GnRH
terminals. All three pools were significantly affected by
estradiol. Compared with vehicle, estradiol caused an
upregulation of NMDARI labeling on the large dense-core
vesicles (P < 0.05) and a decrease in the plasma membrane
pool and the nonvesicle pool (P < 0.05 and 0.02
respectively; Fig. 6).

Subcellular Localization of NMDAR1 Confirmed
by Fractionation and Immunoblot. Because of the
unexpected localization of NMDAR in association with
large dense-core vesicles, we performed a biochemical
experiment for further support of this observation. Tissues
were homogenized and fractionated by a series of
centrifugations. Electron microscopy of an aliquot of the
P2’ fraction was performed prior to the sucrose gradient.

Figure 5. Postembedding electron microscopic images of two GnRH neuroterminals in the ME, double labeled with NMDAR1. Micrographs are
from a representative vehicle-treated ovariectomized rat (a) and an estradiol-treated ovariectomized rat (b). Both 5-nm gold particle labeling
(GnRH) and 10-nm gold particle labeling (NMDART1) localize intracellularly in many of the dense core vesicles and are frequently co-expressed
(large arrow) in this compartment. GnRH single-labeled dense core vesicles are indicated with the small arrow, NMDAR1 single-labeled dense
core vesicles are indicated by an arrowhead, and unlabeled dense core vesicles are shown by asterisks. Scale bar, 100 nm.
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Figure 6. Subcellular distribution of NMDAR1 (10 nm) immunogold
labeling, and its regulation by estradiol, in GnRH neuroterminals.
Most NMDART labeling is associated with large dense-core vesicles,
with less than 5% in association with plasma membrane. Estradiol
causes a significant shift in the distribution of the NMDAR1, with an
increase of NMDART labeling in secretory vesicles and a decrease of
labeling in the other two pools. *P < 0.05 versus vehicle. Data shown
are mean = SEM.

The P2’ fraction contained small and large vesicles,
neuroterminal membranes, and a few intact synaptosomes
(Fig. 7). This P2’ fraction was further separated by sucrose
gradient in order to resolve large dense-core vesicles from
small vesicles and membranes. Western blotting of the
fractions, from low to high density, was performed. We
detected NMDAR1 immunoreactivity in the fractions of ME
that are consistent with the density of large dense-core
vesicles, 1-1.3 M (fractions 6 to 7). We stripped and
reprobed the filters with two markers of large dense-core
vesicles, synaptotagmin-1 and synaptophysin (Fig. 8). Both
synaptotagmin-1 and synaptophysin were most abundant in
fractions 6 and 7. Although synaptotagmin-1 and synapto-
physin also are markers of synaptic vesicles, the density of
fractions 6 and 7 is inconsistent with synaptic vesicles, and
therefore labeling of these fractions with synaptotagmin-1
and synaptophysin should primarily represent large dense-
core vesicles. In addition, the virtual absence of synapses in
the ME probably accounts for a relative lack of labeling of
the lowest-density fractions by the antibodies used in this
study.

Discussion

The present study demonstrates an entirely novel
localization of the NMDAR in GnRH neuroendocrine
terminals in the ME. Specifically, the NMDARI1 subunit
that is obligatory for forming a functional NMDAR (20, 21)
is colocalized with GnRH on large dense-core vesicles within
neurosecretory profiles/terminals in ovariectomized female
rats given vehicle or estradiol treatment. Moreover, the
distribution of this intracellular NMDAR in GnRH neuro-
secretory vesicles is modestly but significantly regulated by
estradiol. When taken together with the recent finding that
GnRH neurons synthesize glutamate (50), it suggests

Table 1. Percentages of GnRH- and NMDAR1-
Immunoreactive Large Dense-Core Vesicles in
GnRH Terminals?

Vehicle-treated Estradiol-treated
rats: % vesicles rats: % vesicles

labeled labeled
GnRH single labeled 216 = 3.8 209 = 3.7
NMDART1 single labeled 15.2 = 3.1 126 = 2.0
GnRH and NMDAR1
double labeled 474 + 21 53.3 = 4.6
Unlabeled 165 £ 1.9 114 + 0.7

@ Percentages of total large dense-core vesicles that were GnRH or
NMDAR1 immunoreactive are shown. Samples were counted from
randomly chosen fields in the perivascular region of the ME. No
significant differences were found between the estradiol and vehicle
treatments for these parameters. Data shown are mean = SEM.

potential intracellular actions of glutamate on its own
receptors within GnRH neuroprofiles/terminals in the ME.
Subcellular Localization of GhnRH and NMDAR
Subunits in the ME. By using postembedding immuno-
gold labeling, we found that GnRH immunoreactivity was
primarily localized in large dense-core vesicles of neuro-
profiles/terminals in the ME, similar to previous reports in
rhesus monkeys and rats (1, 22). The presence of GnRH in
large secretory vesicles is consistent with the role of GnRH
as the hypophysiotropic neurosecretory peptide involved in

Figure 7. Electron micrograph showing vesicles from the ME with
different sizes (ranging from 50-160 nm) and neuroterminal
membranes in the P2’ fraction following subcellular fractionation
but prior to the sucrose gradient. At this point in the fractionation
process the P2’ fraction contains small and large vesicles, neuro-
terminal membranes, and a few intact synaptosomes. Vesicles with a
diameter consistent with large dense-core vesicles (100—140 nm;
arrowheads) in neuroterminals are shown. Scale bar, 500 nm.
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Figure 8. Western blots showing NMDAR1, synaptotagmin-1, and
synaptophysin immunoreactivity (from top to bottom, respectively) in
0.3-1.8 M continuous sucrose gradients of the ME. Fractions 6 and 7
(1-1.3 M) are enriched with large dense-core vesicles but are too
dense to contain small secretory vesicles. NMDART1 is concentrated
in fractions 6 to 7, consistent with its association with large dense-
core vesicles. The filters were stripped and reprobed with two other
molecules that are expressed on large dense-core vesicle markers
(synaptotagmin-1 and synaptophysin). The presence of synaptotag-
min-1 and synaptophysin in these fractions also supports that these
fractions were enriched with large dense-core vesicles.

38 KD—

the regulation of the reproductive axis. Glutamate and
ionotropic glutamate receptor agonists can stimulate the
release of GnRH from neuroterminals, as demonstrated by
the following two findings. (i) Application of the NMDAR
agonist to dissected rat ME tissues causes a stimulation of
GnRH release in the absence of GnRH perikarya (18). (ii)
Infusion of the NMDAR agonist directly into the ME of
conscious rhesus monkeys stimulates GnRH release directly
from nerve terminals (19). Together, these observations
suggest that the actions of glutamate can occur directly on
GnRH neuroterminals. The direct apposition of GnRH and
glutamate terminals in the ME has been reported (18, 51,
52), and one of those studies demonstrates the presence of
NMDARI1 in GnRH neuroterminals (22). Although it is
difficult to discern from this latter study (22) the exact
location of the NMDAR immunostaining due to limitations
in resolving subcellular localization using pre-embedding
immunocytochemical electron microscopy techniques, our
present postembedding results indicate that NMDARI is
colocalized in GnRH neuroprofiles/terminals. We confirmed
and extended these previous studies by ascertaining that
NMDAR1 immunogold labeling is localized mostly in or on
large dense-core vesicles, with lesser expression in the
membrane of neuroprofiles/terminals in the ME.

The source of NMDAR subunits on large dense-core
vesicles probably involves synthesis of the receptors in
GnRH perikarya. Recent studies focusing on NMDAR
trafficking and synaptic plasticity in hippocampus indicate
that NMDAR subunits are likely synthesized and folded in
the endoplastic reticulum and then transported through the
Golgi apparatus to the postsynaptic membrane (53). This
receptor trafficking involves trafficking proteins (such as
PSD-95 and SAP102) delivering receptors onto the plasma
membrane, presumably by transporting vesicles (54). These
studies are consistent with reports that GnRH somata

synthesize and express NMDAR mRNA and protein (6,
16). Our results suggest that large dense-core vesicle may be
a novel trafficking site for NMDARs in neurosecretory
neurons.

We confirmed our morphologic results by fractionation
and Western blotting of the ME. Using homogenization,
centrifugation, sucrose gradients, and Western blotting, we
were able to resolve the ME into specific fractions that are
enriched in large dense-core vesicles. At these same
densities, other types of vesicles, such as synaptic vesicles,
do not fractionate. At the density at which large dense-core
vesicles fractionate (1-1.3 M), Western blotting showed
considerable immunolabeling with NMDARI1. We then
reprobed the filters using synaptotagmin-1 and synaptophy-
sin as markers of large dense-core vesicles (46—48).
Although these latter molecules also are expressed in
synaptic vesicles, sucrose gradient fractions containing
synapses are distinct from those containing large dense-
core vesicles. Furthermore, there is a paucity of synapses in
the ME. The Western blots for synaptotagmin-1 and
synaptophysin show that they are localized in the same
fractions at the correct density for large dense-core vesicles,
at which NMDARI1 is present. Together, our fractionation
and Western blot results are consistent with our electron
microscopy data, as they support an association between
NMDARI and large dense-core vesicles.

Functional Implications for Intracellular Non-
synaptic NMDARs on GnRH Secretory Vesi-
cles. NMDAR immunoreactivity is detectable in nerve
terminals in the ME (22), and the ME also contains
glutamate-immunopositive processes (22, 51, 52, 55).
However, the ME is synapse poor, as shown here and
elsewhere (1, 22), suggesting a nonsynaptic mechanism for
glutamate actions in this region, such as volume trans-
mission (56, 57), as well as the possibility of intracellular
actions of glutamate within GnRH neuroterminals. There
are two potential mechanisms for an intracellular action of
glutamate: either extracellular glutamate is taken up into
GnRH neuroterminals through a neuronal glutamate trans-
porter, or GnRH neurons themselves synthesize glutamate.
Regarding the former, the neuronal glutamate transporters,
often referred to as excitatory amino acid carriers (EAACs),
are nonvesicular proteins that play an important role in
regulating the extracellular levels of glutamate and in
reducing the concentration of glutamate in the synaptic cleft
during synaptic transmission (58). Alternatively or addi-
tionally, GnRH neurons may synthesize glutamate.
Although controversial, a recent study demonstrated the
co-expression of the vesicular glutamate transporter-2
(VGlut2) within 99.5% of GnRH neuroterminals in male
rats (50). The presence of VGlut2 indicates a glutamatergic
phenotype (59), and thus nearly all GnRH neurons, at least
in male rats, can synthesize glutamate. This glutamate can
be released from terminals or, alternatively, act at intra-
cellular NMDARs within neuroterminals. The co-expres-
sion of NMDARSs within GnRH neuroterminals supports the
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novel mechanism for the regulation of hypothalamic
neurosecretion by intracellular glutamate on vesicle-local-
ized NMDARs. Notably, technical limitations prevent us
from resolving the orientation of the NMDARs associated
with GnRH secretory vesicles. These NMDARs may have
the C-terminus facing inside the vesicle, or outside facing
the cytosol of the GnRH terminal. Either possibility would
represent a potentially novel localization for an NMDAR on
secretory vesicles in neuroendocrine terminals.

Effects of Estradiol on the NMDAR1 in GnRH
Neuroterminals. The actions of NMDAR agonists on
GnRH neurons are potentiated in the presence of estrogens
(4, 23). We found no effect of estradiol on the number of
dense-core vesicles labeled by GnRH or NMDARI in the
neuroterminals of ovariectomized female rats (Table 1).
However, estradiol caused a significant increase of
NMDARI labeling in secretory vesicles and a decrease of
labeling close to the membrane. Presumably, this alteration
in distribution changes the availability of NMDAR that may
be exposed to glutamate. It may also represent the regulation
of NMDAR trafficking by estradiol. It is noteworthy that the
duration of hormone exposure and the lighting cycle used in
the current study are likely to elicit positive feedback
regulation of GnRH and gonadotropins by estradiol (32).
Nevertheless, the timing and magnitude of the GnRH/
gonadotropin surge may differ among rats. In future studies
we will examine rats at different times relative to hormone
treatment in order to gain additional insight into the
regulation of the co-expression of NMDARs within GnRH
nerve terminals by estradiol. Moreover, although we do not
know the mechanism for the interaction of NMDARs and
estradiol, it is not likely due to the nuclear ER in GnRH
cells, which do not concentrate estradiol or express the
mRNA or protein for the nuclear ERa (24-26). Although
they express ERf (27, 28, 60), this may not be obligatory
for ovulatory function (29). We propose that some NMDAR
and estradiol interactions might occur at GnRH neuro-
terminals and are potentially mediated by nonnuclear
estrogen receptors, similar to what has been shown on
nerve processes in the hippocampus (36, 61), or by a
membrane estrogen receptor (62, 63).

In summary, we demonstrate that NMDAR immuno-
reactivity is located primarily in or on large dense-core
vesicles of neurosecretory profiles/terminals in the ME. By
focusing on GnRH profiles/terminals, we provide a direct
anatomical locus where glutamate could regulate the release
of GnRH. The recent finding that GnRH neurons can
synthesize glutamate (50) makes this intracellular NMDAR
a likely target for regulation by glutamate occurring within
the GnRH nerve terminal. Additionally, while treatment
with estradiol does not robustly affect the expression of
GnRH in secretory vesicles, it significantly increases
NMDARI1 immunoreactivity on secretory vesicles. We
suggest that estradiol might affect GnRH neurosecretion
by changing the protein expression and relocalization of
NMDAR in GnRH terminals. The novel subcellular local-

ization of the NMDAR in neurosecretory terminals has
implications for the mechanisms controlling hypothalamic
releasing hormone secretion into the ME.
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