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Considerable research has been devoted to the understanding of how nitric oxide (NO) influences brain function. Few studies, however,
have addressed how its production is physiologically regulated. Here, we report that protein–protein interactions between neuronal NO
synthase (nNOS) and glutamate NMDA receptors via the scaffolding protein postsynaptic density-95 (PSD-95) in the hypothalamic
preoptic region of adult female rats is sensitive to cyclic estrogen fluctuation. Coimmunoprecipitation experiments were used to assess
the physical association between nNOS and NMDA receptor NR2B subunit in the preoptic region of the hypothalamus. We found that
nNOS strongly interacts with NR2B at the onset of the preovulatory surge at proestrus (when estrogen levels are highest) compared with
basal-stage diestrous rats. Consistently, estrogen treatment of gonadectomized female rats also increases nNOS/NR2B complex forma-
tion. Moreover, endogenous fluctuations in estrogen levels during the estrous cycle coincide with changes in the physical association of
nNOS to PSD-95 and the magnitude of NO release in the preoptic region. Finally, temporary and local in vivo suppression of PSD-95
synthesis by using antisense oligodeoxynucleotides leads to inhibition of nNOS activity in the preoptic region and disrupted estrous
cyclicity, a process requiring coordinated activation of neurons containing gonadotropin-releasing hormone (the neuropeptide control-
ling reproductive function). In conclusion, our findings identify a novel steroid-mediated molecular mechanism that enables the adult
mammalian brain to control NO release under physiological conditions.
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Introduction
Nitric oxide (NO) and its downstream signaling cascades are
critical to various cellular functions in the brain such as apopto-
sis, differentiation, development, synaptic plasticity, and neuro-
secretion (Boehning and Snyder, 2003; McCann et al., 2003). NO,
which travels readily across cellular membranes and enters pre-
synaptic sites, is capable of coordinating neuronal inputs in a
restricted brain volume delimited by its half-life and diffusion
constant (Prast and Philippu, 2001). Because NO cannot be
stored in synaptic vesicles, as are other neurotransmitters, mech-

anisms that regulate its synthesis with respect to time and space
are crucial in determining its biological effects. Hence, precise
regulation of NO synthase (NOS) activity during fluctuating
physiological conditions may be critical to normal brain function
as well as the avoidance of neuronal damage or death. Accord-
ingly, there are several endogenous mechanisms modulating
neuronal NOS (nNOS) (Boehning and Snyder, 2003), which
likely constitutes the predominant source of NO in neurons
(Bredt and Snyder, 1990) and concentrates inside postsynaptic
dendritic spines (Burette et al., 2002). One mechanism for the
regulation of nNOS activity may reside in the differential cou-
pling of this Ca 2�-activated enzyme to glutamate NMDA recep-
tor channels by the scaffolding protein postsynaptic density-95
(PSD-95), which acts as an adaptor protein, thereby physically
and functionally coupling NMDA receptors to nNOS (Christo-
pherson et al., 1999; Sattler et al., 1999; Aarts et al., 2002).

Estrogens have profound effects on brain structure and phys-
iology (Maggi et al., 2004; Simerly, 2005). In particular, they have
been shown to play a key role in the cyclic increases in dendritic
spine density and synaptogenesis in the rat hippocampus
throughout the estrous cycle (Woolley and McEwen, 1992). Like-
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wise, estrogen treatment in gonadectomized female rats controls
dynamic changes in spine density in the hippocampus (Gould et
al., 1990) and hypothalamus (Calizo and Flanagan-Cato, 2000).
These findings raise the possibility that, in addition to neuronal
connectivity remodeling, the short-term variations in circulating
levels of estrogens that occur during the reproductive cycle may
result in ongoing, cyclic fluctuation in protein–protein interac-
tions at the postsynaptic density, thereby constituting a potential
mechanism for their control of NO production within the brain
(Weiner et al., 1994; Pu et al., 1996).

Using the preoptic region of the hypothalamus (central to
reproductive control) as a model system, we investigated whether
endogenous estrogen regulates the state of activation of nNOS
through changes in NMDA receptor/PSD-95/nNOS association
and whether cyclic variations in the estrogen levels of the region
during the estrous cycle suffice to modulate this ternary complex
assembly. In addition, we determined the magnitude of NO re-
lease in preoptic region explants obtained from adult female rats
with low (diestrus) or high (proestrus) endogenous estrogen lev-
els. Finally, we investigated whether local suppression of PSD-95
expression in the preoptic region in vivo impacts hypothalamic
function. Our results indicate that cyclic changes in female sex
hormones are indeed associated with marked variations in the
activity of a major brain neuronal signaling pathway and in a
model system that is critical to species survival.

Materials and Methods
Animals
Sprague Dawley female rats (Janvier, Saint-Berthevin, France) weighing
250 –300 g were used for NO-production measurements, immunopre-
cipitation, Western blots from tissue explants, immunohistofluores-
cence, and intracerebral infusion experiments. Animals were housed in a
room with controlled photoperiods (14 h of light and 10 h of darkness)
and temperature (21–23°C) with food and water ad libitum. Rats were fed
under a regular chow diet that contained trace amounts of phytoestrogen
(2016; Harlan France, Gannat, France) (Odum et al., 2001). Vaginal
smears were examined daily, and only rats that exhibited at least two
consecutive 4 d estrous cycles were used for experiments. Diestrus I and
II were defined by a predominance of leukocytes in the vaginal lavage, the
day of proestrus was characterized by the predominance of nucleated
rounded epithelial cells, and the day of estrus was distinctly characterized
by large numbers of clustered cornified squamous epithelial cells. For
primary cell culture from the hypothalamic preoptic region, an entire
litter of Sprague Dawley rats born the day of the culture setup [postnatal
day 0 (P0)] were used. All experiments were performed in accordance
with the European Communities Council Directive of November 24,
1986 (86/609/EEC), regarding mammalian research.

Amperometric measurements of NO release from preoptic
region explants
Female rats were decapitated at diestrus II 16 h (Di16h) or at proestrus
16 h (Pro16h); after rapid removal of the brain, the meninges and optic
chiasm were discarded, and the preoptic region was isolated under a
binocular magnifying glass with Wecker’s scissors (Moria, Antony,
France). The external limits for this dissection were as follows: lateral, the
external border of the medial preoptic area (MPO); dorsal, the internal
border of anterior commissures; the anteroposterior limits were �0.95
to �0.51 mm from bregma, according to the Swanson (1996) atlas. The
total dissection time was �3 min from decapitation. After dissection,
explants were washed twice in modified Krebs’–Ringer’s bicarbonate/
glucose buffer, pH 7.4, in an atmosphere of 95% O2–5% CO2 and im-
mersed in microfuge tubes containing 800 �l of the same medium. Each
tube contained one single preoptic explant. Spontaneous NO release was
measured directly using an NO-specific amperometric probe (ISO-NOP;
World Precision Instruments, Sarasota, FL) as described previously (Pre-
vot et al., 1999; Knauf et al., 2001). Calibration of the electrochemical
sensor was performed before each experiment according to the manu-

facturer’s instructions using various concentrations of a nitrosothiol do-
nor, S-nitroso-N-acetyl-D,L-penicillamine (Sigma, Saint-Quentin Falla-
vier, France). The concentration of NO gas in solution was measured in
real time, at a sampling rate of six per second (Prevot et al., 1999), using
a computer-interfaced DUO-18 (World Precision Instruments) for data
acquisition. The experimental values were transferred to SigmaPlot and
SigmaStat (Jandel, San Raphael, CA) for graphic representation and eval-
uation. Before NO-efflux measurements, a baseline was obtained by
monitoring the basal amperometric activity of the probe when immersed
in Krebs’–Ringer’s bicarbonate/glucose buffer at 35°C for 30 min in the
absence of tissue. The sensor used to monitor NO was then placed in an
explant-containing tube 1 mm above the tissue surface using a microma-
nipulator (Carl Zeiss-Eppendorf, Hambourg, Germany). Preoptic re-
gion explants were then submitted to five 30 min incubation periods at
35°C, including a 1 h recovery period and a 90 min data acquisition
phase. At the end of each 30 min period, 600 �l of medium was removed
and replaced with 600 �l of fresh prewarmed oxygenated Krebs’–Ring-
er’s bicarbonate/glucose buffer as detailed previously (Knauf et al., 2001;
Bouret et al., 2002a). In experiments to test the specificity of the response
monitored by the amperometric probe, the NOS inhibitor N-acetyl-L-
methyl ester (L-NAME; Calbiochem, Meudon, France) was used at 1 mM.
A drop in NO flux reflects a shallower gradient, stemming from dimin-
ished production at the source.

Assay of NOS activity
NOS activity was determined by measuring the formation of nitrite pro-
duced in samples during a timed reaction using the BIOXYTECH nitric
oxide synthase assay kit (OXIS International, Portland, OR). Experi-
ments were performed on equal amounts of protein from preoptic region
homogenates processed according to the manufacturer’s instructions.
Spectrophotometric quantitation of nitrite was performed at 540 nm
using Greiss reagents.

Primary neuron-containing cultures from the preoptic region
Primary cultures were prepared from newborn (P0) Sprague Dawley rats.
After decapitation and removal of the brain, the preoptic region was
dissected as described previously and placed in ice-cold DMEM (Invitro-
gen, Carlsbad, CA). Each explant was cut into five to six smaller pieces
and incubated for 1 h at 37°C and a 5% CO2 atmosphere in DMEM
containing papain (33 U/ml, 3126; Worthington-Cooper, Lakewood,
NJ), deoxyribonuclease I (DNase I; 125 U/ml, D4527; Sigma), and
L-cysteine (2.5 mM; Sigma) for papain activation. Papain-incubated tis-
sues were washed twice in DMEM with the trypsin inhibitor ovomucoid
(1.54 mg/ml, 109878; Roche Diagnostics, Somerville, NJ), DNase I (125
U/ml, Sigma), and bovine serum albumin (0.62 mg/ml, A7906; Sigma) to
end the enzymatic reaction. The fragments were crushed through a 20
�m nylon mesh (Sefar America, Kansas City, MO), and the dissociated
cells were centrifuged at 90 � g for 10 min and resuspended in serum-free
neuronal-defined medium consisting of Neurobasal-A medium without
phenol red (12340-015; Invitrogen) with 2% (v/v) B-27 supplement
(17504-044; Invitrogen), 1% (v/v) Glutamax (35050-038; Invitrogen),
and 2% (v/v) antibiotics (penicillin/streptomycin, 10378-016; Invitro-
gen). Cells were counted with a hemacytometer (Thoma Cell, Marien-
field, Germany). For estradiol treatments, 2 � 10 6 cells were plated in
10-cm-diameter poly-L-lysine (molecular weight, �300,000; P5899;
Sigma)-coated dishes (Falcon). For oligodeoxynucleotide (ODN) treat-
ments, 1 � 10 6 cells per well were seeded into poly-L-lysine-coated six-
well plates (Falcon). Primary cell cultures used for immunofluorescence
experiments were plated onto 12-mm-diameter poly-L-lysine-coated
coverslips in 24-well plates (Falcon) with a density of 7 � 10 5 cells per
well. Primary cultures were maintained in an incubator at 37°C and 5%
CO2 for 10 –12 d in vitro (DIV; time of plating, 0 DIV), and their medium
was changed after 2 d of culture and subsequently three times per week.

Antibodies
Antibodies used for coimmunoprecipitation and Western blot experiments.
Rabbit polyclonal anti-nNOS antibody (sc-8309; 1:500 for immunoblot-
ting and 1 �g/750 �l for immunoprecipitation), rabbit polyclonal anti-
endothelial NOS (eNOS) antibody (sc-654; 1:500 for immunoblotting
and 1 �g/750 �l for immunoprecipitation), and the goat polyclonal an-

6104 • J. Neurosci., June 6, 2007 • 27(23):6103– 6114 d’Anglemont de Tassigny et al. • Estrogen and nNOS Coupling to NMDA Receptors



tibody used for immunoblotting of actin (sc-1616; 1:1000 for immuno-
blotting) were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Monoclonal anti-PSD-95 antibodies used for immunoprecipita-
tion (MA1-045 and MA1-046; 2 �g/750 �l) and immunoblotting (MA1-
046; 1:500) were purchased from Affinity BioReagents (Golden, CO).
The specificity of both antibodies (clone 6G6-1C9 and clone 7E3-1B8,
respectively) was described by Kornau et al. (1995). The well character-
ized rabbit antibody used for immunoprecipitation (2 �g/750 �l) and
immunoblotting (1:250) of NR2B (71-8600) was obtained from Zymed
(San Francisco, CA) (Christopherson et al., 1999). Secondary antibodies
used for Western blot detection [anti-mouse (1:5000), anti-rabbit (1:
10,000), and anti-goat/sheep (1:20,000) peroxidase conjugate (HRP)]
were from Sigma.

Antibodies used for immunohistofluorescence. Sheep polyclonal anti-
nNOS (1:3000) was a generous gift from Dr. P. C. Emson (Medical Re-
search Council, Laboratory for Molecular Research, Cambridge, UK)
(Herbison et al., 1996). Rabbit polyclonal anti-nNOS (61-700; 1:250) and
anti-NR2B (71-8600; 1:500) were purchased from Zymed, described by
Christopherson et al. (1999), and previously characterized for immuno-
cytochemistry by others (El-Husseini et al., 2000; Burette et al., 2002;
Czaja et al., 2006). Monoclonal anti-PSD-95 (MA1-045; 1:400) was pur-
chased from Affinity BioReagents. The specificity of this antibody was
described by Kornau et al. (1995). Rabbit polyclonal anti-gonadotropin-
releasing hormone (GnRH; 1:2000) was a generous gift from Prof. G.
Tramu (Centre National de la Recherche Scientifique, URA 339, Univer-
sité Bordeaux I, Talence, France) (Beauvillain and Tramu, 1980). Mouse
anti-citrulline monoclonal antibodies (1:30) were produced and charac-
terized by G. R. Holstein as described previously (Martinelli et al., 2002).
Secondary donkey anti-rabbit Alexa Fluor 568 conjugate (A-21099;
1:500) used for nNOS and GnRH detection and streptavidin Alexa Fluor
488 conjugate (S-11223; 1:500) used for NR2B detection were purchased
from Invitrogen (Eugene, OR). Secondary goat anti-rabbit biotin conju-
gate (BA-1000; 1:500) used for NR2B detection was obtained from Vec-
tor Laboratories (Burlingame, CA).

Protein extraction and coimmunoprecipitation
Protein extraction and coimmunoprecipitation from tissue explants. Preop-
tic region explants were obtained from cycling female rats (Di16h and
Pro16h) as described above. After dissection, each fragment was placed in
a microcentrifuge tube, snap frozen in liquid nitrogen, and stored at
�80°C. Protein extracts of four preoptic region samples were prepared in
750 �l of lysis buffer (pH 7.4, 25 mM Tris, 50 mM �-glycerophosphate, 1.5
mM EGTA, 0.5 mM EDTA, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 10 �g/ml leupeptin and pepstatin, 10 �g/ml aprotinin,
100 �g/ml PMSF, and 1% Triton X-100) by trituration of the fragments
through 22 and 26 gauge needles in succession. The tissue lysates were
cleared by centrifugation at 12,000 � g for 15 min, and 30 �l of protein
A–Sepharose beads (1:1 slurry in lysis buffer, P3391; Sigma) were added
to supernatants to remove endogenous G-type Igs. After 30 min of gentle
rocking at 4°C, beads were centrifuged (15 s, 12,000 � g), and superna-
tants were collected. Protein content was determined using the Bradford
method (Bio-Rad, Hercules, CA). Equal amounts of protein (2.2 mg;
four rats were required to obtain this quantity of protein) in a total
volume of 750 �l of lysis buffer were incubated with gentle rocking at 4°C
for 2 h with 1 �g of rabbit polyclonal IgG anti-nNOS or 2 �g of the other
antibodies used for immunoprecipitation in this study (anti-NR2B, anti-
PSD-95 MA1-045, anti-PSD-95 MA1-046, or anti-phospho-nNOS-
Ser1412). Thereafter, 60 �l of protein A–Sepharose beads in lysis buffer
(1:1 blend) was added to each sample and incubated for 1 additional hour
with gentle rocking at 4°C. The Sepharose beads were pelleted by brief
centrifugation, the supernatant was collected, and 375 �l of 3� sample
buffer (187 mM Tris-Base, 9% SDS, 15% glycerol, 15%
�-mercaptoethanol, and bromophenol blue, pH 6.8 in 1� final) was
added to it for analysis of nonimmunoprecipitated proteins. The beads
were washed three times with ice-cold lysis buffer and boiled for 5 min in
50 �l of 2� sample buffer. When necessary, the samples were stored at
�80°C until use.

Protein extraction and coimmunoprecipitation from cell culture. Cells in
six-well plates were collected in 350 �l of lysis buffer, and two wells were

pooled for ODN-treated cell coimmunoprecipitation experiments. The
coimmunoprecipitation procedure was identical to the one detailed
above for tissue explants, except that antibodies were incubated over-
night and protein A–Sepharose beads were incubated for 3 h.

Western blotting analysis
Samples were reboiled for 5 min after thawing and electrophoresed for 75
min at 150 V in 7% Tris-acetate, or for 50 min at 200 V in 4 –12% MES
precast SDS-polyacrylamide gels according to the protocol supplied with
the NuPAGE system (Invitrogen). After size fractionation, the proteins
were transferred onto polyvinylidene difluoride 0.2 �m pore-size mem-
branes (LC2002; Invitrogen) in the blot module of the NuPAGE sytem
(Invitrogen) for 75 min at room temperature (RT). Blots were blocked
for 1 h in TBS with 0.05% Tween 20 (TBST) and 5% nonfat milk at RT,
reacted overnight at 4°C with their respective primary antibody, and
washed four times with TBST before being exposed to HRP-conjugated
secondary antibodies diluted in 5% nonfat milk TBST for 1 h at RT. The
immunoreactions were detected with enhanced chemiluminescence
(NEL101; PerkinElmer, Boston, MA). When stripping and reprobing
were required, the membranes were incubated in a stripping solution
(62.5 mM Tris-HCl, 2% SDS, pH 6.7, and 100 mM �-mercaptoethanol)
for 30 min with gentle rocking at 65°C. An HRP-conjugated secondary
antibody was used to verify that all former immunoreactivity was suc-
cessfully stripped.

Immunohistofluorescence
Animals were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
perfused transcardially with 5–10 ml of saline, followed by 500 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH7.4. Brains were
removed and immersed in the same fixative for 2 h at 4°C and stored in
PB until slicing. Eighty-micrometer Vibratome (VT1000S; Leica, Wet-
zlar, Germany) coronal floating sections containing the preoptic region
were collected in ice-cold PB and blocked in PB with 5% normal donkey
serum (D9663; Sigma) and 0.3% Triton X-100 (Sigma) for 1 h at RT
before incubation with sheep anti-nNOS (1:3000) and rabbit anti-NR2B
(1:500) in the same blocking solution overnight at 4°C. Sections were
washed extensively in PB and exposed to secondary antibodies: first with
Alexa Fluor 568-conjugated anti-sheep (1:500) and biotinylated anti-
rabbit (1:500) in PB with Triton X-100 for 1 h at RT and then with Alexa
Fluor 488 streptavidin conjugate (1:500) for 1 h. After washes, slices were
incubated for 1–2 min with 0.02% Hoechst 33258 bis-benzimide
(H3569; Invitrogen) in PB for nuclear fluorescent staining mounted on
glass slides and coverslipped in Permafluor medium (434990; Immunon,
Pittsburgh, PA). Control sections were incubated in the absence of a
primary antibody.

Double-immunofluorescent labeling images were acquired with a flu-
orescent system (DMRB microscope, DC300FX camera, FW4000 soft-
ware; Leica). For illustration purposes, photomontages of the preoptic
region were prepared with the help of Photoshop CS2 (Adobe Systems,
San Jose, CA) using four to nine digitalized images acquired with a 20�
(numerical aperture 0.5) objective.

Analysis was undertaken as described previously by us (Lemoine et al.,
2005) and others (Wintermantel et al., 2006) under the aforementioned
fluorescent microscope equipped with appropriate Pleomopak filters.
Alexa 488-labeled cells were detected with the L4 filter (450 – 490 nm).
Alexa 568-labeled neurons were examined with the N2.1 filter (515–560
nm). Identification of double-labeled cells was made by switching one
filter cube to the other and also with the B/G/R filter (400/20, 495/15, and
570/50 nm), which allowed the visualization of both Alexa 488 and Alexa
568. The NR2B-immunoreactive cells displayed a green fluorescence
from Alexa 488, and nNOS-immunoreactive neurons displayed a red
fluorescence from Alexa 598. Analysis was undertaken by counting the
numbers of single immunoreactive cells and dual-labeled neurons in the
upper focal plan of each section (one focal plane counted every 80 �m).
The distribution and number of dual-labeled cells were counted in the
preoptic region represented by plates 17–21 of the Swanson (1996) brain
atlas and more precisely in the anteroventral periventricular nucleus
(AVPV), the median preoptic nucleus (MEPO), the MPO, and the me-
dial preoptic nucleus (MPN). Cell counts in the AVPV and the MPN
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were determined by placing a square (0.0625 mm 2) over the AVPV
(plates 17–19) and the MPN (plates 19 –21) under a 40� objective (0.7
Plan Fluotar) and counting all immunoreactive cells on five hemisections
from each rat. The same procedure was undertaken for the MEPO and
the MPO from plates 17–19 and counting the numbers of immunoreac-
tive neurons in 10 hemisections from each rat. Values for each rat were
used to determine mean counts, and these were used to generate
means � SEM values for each group.

nNOS/L-citrulline immunostainings and analysis
Anesthetized rats were perfused transcardially with 500 ml of 4% para-
formaldehyde and 0.3% glutaraldehyde in PB. Coronal sections were cut
at 80 �m using a vibratome and processed for immunofluorescence.
Sections were rinsed in PBS and reacted with 0.2% NaBH4 for 45 min at
RT to reduce tissue autofluorescence (Clancy and Cauller, 1998), rinsed
again, and preincubated in blocking buffer (PBS containing 5% normal
goat serum and 0.05% Triton X-100) overnight at 4°C. Primary antibod-
ies (mouse anti-citrulline and rabbit anti-nNOS) diluted in blocking
buffer were subsequently added to sections and incubated overnight at
4°C. After PBS rinses, sections were reacted for 1 h at RT with biotinyl-
ated anti-mouse antibodies diluted in PBS. Tyramide signal amplifica-
tion was accomplished by placing the sections in an avidin– biotin solu-
tion (Vector Laboratories) for 30 min, followed by incubation in a
tyramide signal amplification solution (Individual Indirect Tyramide
Reagent Pack; PerkinElmer) for 20 min according to the manufacturer’s
instructions. Deposited biotin was detected with Alexa 488-conjugated
streptavidin. For the nNOS staining, sections were then incubated in goat
anti-rabbit IgG Alexa 568 for 1 additional hour. Sections were mounted
and coverslipped with Permafluor medium. Slides from diestrous (n �
6) or proestrous (n � 6) rats were numerically coded to obscure the
treatment group; L-citrulline- and nNOS-immunoreactive cells were
counted manually by using a Leica DMRB microscope. Immunoreactive
cells were counted in the upper focal plan of each section (one focal plane
counted every 80 �m) through the preoptic region as described above.
The mean number of immunopositive cells in each zone of the preoptic
region was compared between stages of the estrous cycle.

PSD-95 immunostaining and analysis
The immunofluorescent protocol used to stain PSD-95 in coronal sec-
tions containing the preoptic region was identical to the one described
above for L-citrulline. Image analysis was performed using ImageJ anal-
ysis software (W. S. Rasband, National Institutes of Health, Bethesda,
MD; http://rsb.info.nih.gov/ij/, 1997–2006). Briefly, each image was bi-
narized, so as to isolate labeled structures from background, as well as
compensate for differences in fluorescent intensity. The integrated inten-
sity was then calculated for each image, which reflects the sum of the gray
values in the selection. This procedure was performed on 445 � 332 �m
grayscale images captured at the tip of the injection site with a 20�
objective.

Assessment of estrogen effects on nNOS–NR2B coupling
Twenty-four animals were bilaterally ovariectomized (OVX; day 0) un-
der anesthesia by intraperitoneal injection of 10 mg/kg xylazine (2%
Rompun; Bayer, Pittsburgh, PA) and 60 mg/kg ketamine (Ketalar; Parke-
Davis, Courbevoie, France). Animals were divided into two groups: eight
animals received only vehicle and were killed at 14 h on day 17; eight
animals received a single subcutaneous injection of estradiol benzoate in
sesame oil (S3547; E2B, 30 �g/rat, E8515; Sigma) at 10 h on day 15 and
were killed at 14 h on day 17, as described previously (Bouret et al.,
2002b). This estrogen-substitution protocol was suggested previously
(Bouret et al., 2002b) to mimic the preovulatory increase in plasma es-
trogen in our model system (Prevot et al., 1998). Preoptic region explants
were collected as described above.

Primary cell culture treatments with ODNs
Neuronal cultures were treated with 15-nucleotide oligomer phosphoro-
thioated sense or antisense ODNs (MWG Biotech, Roissy, France) cor-
responding to nucleotides 435– 449 of rat PSD-95/SAP90 mRNA (Gen-
Bank accession number M96853). Phosphorothioated antisense (5�-
GAATGGGTCACCTCC-3�) and sense and missense (5�-CCGCTC-

TATCGAGGA-3�) ODNs (5 �M) were added to the culture medium
during feedings at 4, 6, 8, and 10 DIV. At 12 DIV, cultures were rinsed
with ice-cold PBS, snap frozen on dry ice, and stored at �80°C. ODN
sequences exhibited no similarity to any other mammalian genes [BLAST
(Basic Local Alignment Search Tool) search (Altschul et al., 1997)] and
were previously used by others (Sattler et al., 1999) to block PSD-95
expression in mouse cortical neurons in vitro.

Intracerebral infusion of ODNs
To determine the importance of PSD-95 expression in the central control
of the reproductive cycle, in vivo experiments were performed to reduce
the expression of PSD-95 in the preoptic region. The antisense and sense
ODNs described above were chronically infused into the preoptic region
of cycling female rats [0.00 mm anteroposterior and lateral from bregma,
8 mm depth from the skull (Swanson, 1996)] by a stereotaxically im-
planted 28 gauge infusion cannula (Plastics One, Roanoke, VA) con-
nected to a subcutaneously implanted mini-osmotic pump (model
1007D; Alzet, Palo Alto, CA). The pump had a flow rate of 0.5 �l/h
coupled to a capacity of 100 �l, resulting in a delivery period of 7 d. Each
pump was loaded with sterile 0.9% NaCl containing 0.2 nmol/�l anti-
sense or sense, connected to the infusion device and primed overnight at
37°C. The assembly was implanted into a cycling 230 –250 g female rat (at
least two consecutive regular estrous cycles) using a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA) under xylazine/ketamine anes-
thesia. Her estrous cycle phase and body weight were monitored daily for
15 d after surgery. To assess the extent of the affected area by the ODNs,
three rats were infused with an FITC-conjugated antisense ODN (5�-
GAATGGGT*CACCTCC-3�; FITC linked site is noted T*). FITC-
conjugated ODN (MWG Biotech)-infused animals were perfused
transcardially before the osmotic pump depletion date. Subsequent to
the infusion experiment, each rat was killed, and the implantation site of
the cannula and extent of infusion solution depletion were assessed. To
determine whether ODN administration into the preoptic region actu-
ally altered nNOS activity in situ, double immunofluorescence staining
for nNOS and L-citrulline was performed on an additional series of ani-
mals centrally infused either with saline, L-NAME (5 mM, a NOS inhib-
itor), or antisense PSD-95. Immunodetection of L-citrulline that is
formed enzymatically from L-arginine in equimolar amounts with NO by
NOS was indeed shown to identify NO production sites within neurons
(Eliasson et al., 1997;Keilhoff et al., 2000;Martinelli et al., 2002). Analysis
was performed at the infusion site by counting the numbers of single-
labeled (red fluorescence) and dual-labeled (red and green fluores-
cences) nNOS neurons. Cell counts were performed within two squares
of 0.0625 mm 2, each positioned in mirror at the tip of the infusion site
and counting all immunoreactive cells in five sections from each rat.

Statistics
The differences between several groups were analyzed by one-way
ANOVA, followed by the Student–Newman–Keuls multiple comparison
test for unequal replication. The comparison between two groups was
subjected to the unpaired t test. Before statistical analysis, percentages
were subjected to arc-sine transformation to convert them from a bino-
mial to a normal distribution (Zar, 1984). Data from animals within the
same ODN treatment group were subjected to one-way repeated-
measures ANOVA, followed by all pairwise multiple comparison proce-
dure using the Student–Newman–Keuls method. The level of signifi-
cance was set at p � 0.05.

Results
Spontaneous NO release from the preoptic region of the
hypothalamus is different at two representative stages of the
estrous cycle
To determine the effects of the estrous cycle on NO fluxes in the
rat preoptic region directly, amperometric measures were per-
formed with an NO-specific probe on tissue explants dissected
from diestrous II and proestrous rats. Baseline currents were re-
corded in the absence of tissue explants, and the increased cur-
rents resulting from amperometric probe exposure to the ex-
plants were then measured. As illustrated in Figure 1A, the mean
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amplitude of NO effluxes was significantly higher in proestrus
(47.75 � 8.02 nM; n � 7) than in diestrus II (19.39 � 5.77 nM; t
test, p � 0.014; n � 7). NO concentrations reached 60 –70 nM at
proestrus, whereas they rarely exceeded 30 nM at diestrus. The
significant reduction in NO effluxes after adding the NOS inhib-
itor L-NAME (Fig. 1B) (	NO effluxes, �4.92 � 0.91 nM with
vehicle vs �65.75 � 13.58 nM with 1 mM L-NAME; paired t test,
p � 0.017; n � 4 each) to the survival medium demonstrated that
amperometric measurements were selectively monitoring NOS-
generated NO production. Interestingly, the increase in NO ef-
fluxes measured on proestrus via amperometry (Fig. 1A) was
paralleled by a significant increase in nNOS intrinsic activity
(t test, p � 0.001; Di16h, 13.9 � 2.8 fmol/ml/min vs Pro16h,
5.8 � 1.3 fmol/ml/min; n � 4 and n � 5, respectively) as revealed
by in vitro nNOS catalytic activity measures in preoptic region
extracts from diestrous and proestrous rats. Altogether, our re-
sults provide direct evidence that NO production fluctuates dur-
ing the estrous cycle in the preoptic region, which contains some
of the most highly expressing nNOS cell populations in the rat
brain (Bredt et al., 1991; Herbison et al., 1996).

Estrous cycle has no effect on nNOS protein expression in the
adult hypothalamic preoptic region
To ascertain whether changes in hypothalamic expression of
nNOS may account for variations in NO effluxes from the pre-
optic region associated with the female reproductive cycle, as
suggested by others (Okamura et al., 1994; Pu et al., 1998), we
subjected total preoptic region protein extracts from cycling fe-
male rats to Western blot analyses. nNOS was easily detected by
immunoblotting (Fig. 1C). Unexpectedly, nNOS expression did
not vary across the estrous cycle in the preoptic region (Fig. 1C)
(n � 8 per estrous cycle stage; one-way ANOVA, p � 0.548),
demonstrating that modulation of NO production is not directly
linked to changes in nNOS protein synthesis. These data suggest
that NO secretory regulation is attributable to changes in hypo-
thalamic neuronal nNOS activity and raise the possibility that
posttranslational modifications and/or differential association of
the enzyme with stimulatory or inhibitory proteins may play an
essential regulatory role for nNOS under physiologically fluctu-
ating conditions.

NMDA receptor NR2B subunit is expressed by NO-producing
hypothalamic neurons and is highly physically associated
with nNOS at Pro16h
Because nNOS activity is primarily regulated by increases in the
local intracellular [Ca 2�], which activates nNOS through cal-
modulin binding (Bredt and Snyder, 1990), and because Ca 2�

influx through the NMDA receptor but not other Ca 2�influx
pathways efficiently promotes NO synthesis (Garthwaite et al.,
1988; Bredt and Snyder, 1990), we focused our investigations on
NMDA receptor/nNOS association within hypothalamic neu-
rons. Fluorescence microscopy studies showed that virtually all
nNOS-expressing neurons of the preoptic region express the
NMDA receptor NR2B subunit (Fig. 2), which is known to inter-
act with nNOS (Christopherson et al., 1999; Sattler et al., 1999).
Interestingly, the extent of nNOS/NR2B colocalization neither
varied during the estrous cycle (Di16h vs Pro16h; p � 0.05; n � 4
animals per stage) nor fluctuated among the different zones of the
preoptic region considered (Fig. 2). Conversely, additional quan-
titative analysis showed that the number of NR2B-labeled neu-
rons coexpressing nNOS neither varied among the different
zones of the preoptic region nor fluctuated during the estrous
cycle (Table 1) ( p � 0.05). Our morphological data thus suggest
that the number of hypothalamic neurons colocalizing NR2B and
nNOS remains constant across the estrous cycle.

Having demonstrated that preoptic nNOS neurons contain
NMDA receptors in vivo, we next investigated whether these re-
ceptors interact with nNOS by performing coimmunoprecipita-
tion and immunoblot assays. To avoid any bias caused by puta-
tive changes in protein expression, we used antibodies at a
concentration that precipitates submaximal quantities of the tar-
geted protein (Fig. 3A). Immunoprecipitation with nNOS anti-
bodies, but not with eNOS antibodies (both raised in rabbit),
resulted in the coprecipitation of NR2B NMDA subunits (Fig.
3B). Strikingly, although NR2B protein expression does not vary
during the reproductive cycle (Fig. 3E) (n � 4 per estrous cycle
stage; one-way ANOVA, p � 0.51), physical proximity of nNOS
with NMDA receptors increases significantly on proestrus com-
pared with diestrus (Fig. 3C) (NR2B/nNOS signal ratio, 0.504 �
0.039 in Di16h vs 0.840 � 0.118 in Pro16h; n � 5 independent
experiments; t test, p � 0.035). Conversely, immunoprecipita-
tion with NR2B antibodies also results in increased coprecipita-
tion of nNOS in preoptic region protein extracts from proestrous
rats compared with diestrous rats (data not shown). These find-

Figure 1. NO effluxes generated by NOS across the estrous cycle. A, Representative profiles of
spontaneous NO secretion from preoptic region explants at two different stages of the estrous
cycle in the female rat. Differential current measured by the self-referencing probe, converted to
flux (vertical axis; see Materials and Methods), increased after the addition of single preoptic
explants in survival medium at the time indicated by the arrow. Comparisons between stages of
the estrous cycle indicated that preoptic explants produced significantly more NO on the after-
noon of proestrus than on the afternoon of diestrus (p � 0.014). B, Representative response of
a proestrous rat preoptic explant to vehicle (veh; arrowhead) or to 1 mM L-NAME (arrow).
Comparisons between treatments indicated that L-NAME, but not vehicle, significantly reduced
NO production by the preoptic region during proestrus (p � 0.017). The transient drops in
current on substance application (arrowhead and arrow) are artifacts. C, Absence of changes in
nNOS protein expression in the preoptic region of the hypothalamus during the estrous cycle of
the adult female rat. Proteins were collected from six different stages of the estrous cycle:
diestrus II 8 h (Di08h) and 16 h (Di16h), proestrus 8 h (Pro08h) and 16 h (Pro16h), estrus 8 h
(Es08h) and 16 h (Es16h). Twenty-five micrograms of protein per lane were electrophoresed
and immunoblotted with antibodies to nNOS (top), and membranes were reprobed with anti-
bodies to actin (middle). A representative blot from eight independent experiments is shown.
Bottom, The protein levels are expressed in arbitrary densitometric units as the ratio between
the nNOS signal and the signal obtained with constitutively expressed actin in each sample.
Error bars indicate SEM. There is no statistically significant difference between groups.
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ings show for the first time that, within
neurons, the physical association between
NMDA receptors and nNOS varies de-
pending on physiological conditions.

Differential NR2B/nNOS complex
formation involves changes in physical
association of PSD-95/nNOS but
not NR2B/PSD-95
Recent studies demonstrated that physical
coupling of nNOS with NMDA receptors
involves the scaffolding protein PSD-95
and the assembly of the ternary complex
(Christopherson et al., 1999) required to
efficiently couple Ca 2� influx, via NMDA
receptors, to NO synthesis and activity
(Sattler et al., 1999; Ishii et al., 2006). To
investigate whether PSD-95 also acts as a
scaffolding protein that links nNOS and
NR2B in hypothalamic neurons, we per-
formed immunoprecipitation experi-
ments on solubilized rat preoptic region
extracts using an antibody to PSD-95. The
presence of NR2B, nNOS, or PSD-95 was
sought by immunoblotting. Both nNOS
and NR2B coimmunoprecipitated with
PSD-95 (Fig. 4). Interestingly, whereas the
relative levels of NR2B coprecipitated with
PSD-95 remained unchanged over the dif-
ferent stages of the reproductive cycle (Fig.
4B) (NR2B/PSD-95 signal ratio, 0.314 �
0.052 in Di16h vs 0.304 � 0.037 in Pro16h;
t test, p � 0.873; n � 4 independent exper-
iments), the levels of nNOS association
with PSD-95 markedly increased on
proestrus compared with diestrus (Fig.
4A) (nNOS/PSD-95 signal ratio, 0.346 �
0.045 in Di16h vs 0.543 � 0.046 in Pro16h;
t test, p � 0.022; n � 4 independent exper-
iments). These results suggest that the dif-
ferential interaction between NR2B and
nNOS in hypothalamic neurons during
the estrous cycle is driven by changes in
PSD-95/nNOS but not by NR2B/PSD-95.

Estrogen induces physical
approximation of nNOS and NR2B in
neurons of the hypothalamic
preoptic region
At this stage of our results, we showed a
natural fluctuation in the association of
nNOS with NMDA receptors in preoptic region neurons, with an
increased coupling during proestrus when plasma levels of estro-
gen are elevated (Smith et al., 1975), suggesting that the changes
in protein interaction are attributable to changing levels of this
ovarian steroid. Mimicking in OVX rats the preovulatory in-
crease in plasma estrogen that occurs at proestrus, via subcuta-
neous injection of 17�-estradiol-3 benzoate-containing sesame
oil (Kalra and McCann, 1973; Bouret et al., 2002b), resulted 2 d
later in the increased coimmunoprecipitation of NR2B and
nNOS from preoptic explants (Fig. 3D) (NR2B/nNOS signal ra-
tio, 0.149 � 0.030 in OVX vs 0.351 � 0.031 in OVX�E; t test, p �
0.009; n � 4 independent experiments), thus reproducing the

Table 1. Percentages of the number of NR2B neurons immunoreactive for nNOS in
diestrus and proestrus rats

AVPV MEPO MPO MPN

Diestrus 13.9 � 3.4 49.4 � 2.1 32.5 � 2.6 30.5 � 1.2
Proestrus 12.6 � 1.2 51.0 � 2.4 30.8 � 1.1 31.3 � 0.5

Four animals were used for counting in both stages of the estrous cycle; per animal, an average of 385 � 31
NR2B-immunoreactive neurons was considered in the AVPV, 681 � 29 in the MEPO, 422 � 15 in the MPO, and
416 � 21 in the MPN.

Figure 2. NMDA receptor NR2B subunit is expressed by NO-producing neurons in the preoptic region. Representative illustra-
tion of nNOS-expressing neurons (red) and NR2B subunit detection (green) by fluorescent immunocytochemistry in coronal brain
sections from female rats showing progressively caudal sections of the preoptic region containing the vascular organ of the lamina
terminalis (OV) (A), the MPO (B), and the MPN (C). V3, Third ventricle; ac, anterior commissure; oc, optic chiasm. Right, High
magnifications of the areas delineated by rectangles. Arrowheads indicate double-labeled neurons expressing nNOS and NMDA
receptor NR2B subunit. Arrows indicate NR2B single-labeled neurons. Scale bars: low magnification, 210 �m; high magnification,
60 �m.
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increase in the NR2B/nNOS complex observed during a normal
reproductive cycle on the afternoon of proestrus (Fig. 3C).

In vivo PSD-95 knock-down by central administration of an
antisense PSD-95 ODN impairs nNOS activity in
preoptic neurons
An increasing body of evidence suggests that a neuron-to-neuron
signaling pathway involving NO regulates the activity of GnRH
neurons within the preoptic region (Bonavera et al., 1993) and is
required for normal central hormonal regulation of reproductive
function (Gyurko et al., 2002). This communication pathway is
triggered by glutamate through the activation of NMDA recep-
tors (Bhat et al., 1998); this activation is necessary for the onset of
the preovulatory GnRH surge that occurs on the afternoon of
proestrus (Urbanski and Ojeda, 1990; Brann and Mahesh, 1991).
To determine whether this system requires the scaffolding pro-

tein PSD-95, we used antisense ODNs to inhibit PSD-95 expres-
sion (Sattler et al., 1999). Figure 5A shows the inhibitory effec-
tiveness of PSD-95 ODN treatment (5 �M for 7 d) that disrupts
the physical approximation of PSD-95 with NR2B and PSD-95
expression in neurons of the rat preoptic region in vitro, an effect
of the PSD-95 ODN not seen when the cells were treated with a
scrambled ODN containing the same bases (data not shown) or
the sense sequence (Fig. 5A). To determine whether PSD-95 ex-
pression may be efficiently impaired by these ODNs in vivo, adult
female rats were infused with sense and antisense PSD-95 ODNs.
The ODN was administered to the preoptic region (Fig. 5B) via a
cannula connected to a subcutaneously implanted osmotic
minipump. Immunofluorescent analysis of PSD-95 expression
demonstrated that PSD-95 immunoreactivity was dramatically
reduced at the tip of the implantation site in antisense PSD-95-
infused animals (Fig. 5D) (42 � 29 integrated density; n � 5)
compared with sense PSD-95-treated rats (Fig. 5C) (100 � 49
integrated density; n � 5; antisense PSD-95 vs sense PSD-95; t
test, p � 0.009). As illustrated in Figure 5D, PSD-95 labeling in
antisense-treated animals was extinguished at the injection site
(d�) but increased slowly with a radial pattern and stained indi-
vidual somata outside a 200 –300 �m radius (d). Examination of
sections from FITC-coupled antisense PSD-95 ODN-treated rats
confirmed that the fluorescent ODN diffused from its infusion
site as far as 200 �m, over a surface area encompassing a signifi-
cant subset of nNOS-expressing cells (data not shown).

We next investigated whether hampering PSD-95 synthesis in
the preoptic region alters NO formation in nNOS-expressing
neurons. To provide microscopic visualization of NOS catalytic
activity, we used immunohistofluorescence to localize
L-citrulline (Eliasson et al., 1997; Keilhoff et al., 2000; Martinelli
et al., 2002), which is formed stoichiometrically with NO (Garth-
waite et al., 1988). In double-labeling experiments, all citrulline-
positive neurons were also nNOS positive (Fig. 6). However, not
all nNOS-positive neurons were immunoreactive for L-citrulline
(average coexpression, 84 � 3%; n � 12; 2556 � 211 nNOS
neurons were counted per animal) (Fig. 6). Expectedly, intraperi-
toneal injection of L-NAME (50 mg/kg), a NOS inhibitor, 3.5 h
before death abolished L-citrulline immunoreactivity in nNOS
neurons (data not shown), thus validating the use of citrulline
immunoreactivity as a monitor of NOS activity. In line with our
results showing that NO production varies during the estrous
cycle (Fig. 1), quantitative analysis showed that the number of
citrulline-positive nNOS neurons was significantly higher in
proestrus than in diestrus II in the preoptic region (average cit-
rulline/nNOS coexpression: Di16h, 78 � 5%; Pro16h, 90 � 2%; t
test, p � 0.049; n � 6 per stage of the estrous cycle) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
To assess the importance of PSD-95 expression in the hypotha-
lamic control of nNOS catalytic activity in vivo, the preoptic re-
gion of adult female rats were infused with the aforementioned
PSD-95 ODN. Intracerebral application of the ODN resulted in a
marked loss of L-citrulline immunoreactivity in most nNOS-
positive neurons in the area surrounding the cannula implanta-
tion site (Fig. 6B,D) (n � 5; one-way ANOVA, p � 0.001; anti-
sense PSD-95 vs all other groups), suggesting a loss of nNOS
catalytic activity in those neurons. Interestingly, intracerebral
L-NAME infusion extinguished all neuronal L-citrulline immu-
noreactivity in the preoptic region (Fig. 6C,D) (n � 4). Notably,
this decrease in NO formation in the preoptic region was associ-
ated with inability to reach proestrus in all L-NAME-infused an-
imals (Fig. 6C). In agreement with these data, animals treated
with the NOS inhibitor that were allowed to survive longer

Figure 3. NMDA receptor NR2B subunit is highly physically associated with nNOS on the
afternoon of proestrus. A, Protein (2200 �m) collected from the rat preoptic region was immu-
noprecipitated with increasing concentrations of specific nNOS antibodies, electrophoresed to
size fractionate the immunoprecipitated species, and immunoblotted with the same antibody.
To quantify coprecipitated species in the subsequent experiments, 1 �g of the nNOS antibody
(arrow), which is a concentration that precipitates submaximal quantities of nNOS, was used to
avoid any bias caused by potential variations in nNOS expression. B, One microgram of the
rabbit polyclonal antibody to nNOS coprecipitated NR2B from female rat preoptic region protein
extracts, whereas 1 �g of the rabbit polyclonal antibody to eNOS failed to do so. C, Increased
association of nNOS with NR2B on the afternoon of proestrus (Pro16h) in the preoptic region of
adult cycling female rats. D, Estradiol (E) promotes nNOS/NR2B complex formation in the pre-
optic region of the female rat. A representative blot illustrating the increase in nNOS/NR2B
coimmunoprecipitation in the OVX�E female rat is shown. E, Representative blot showing
absence of changes in NR2B protein expression in the preoptic region of the hypothalamus
during the estrous cycle of the adult female rat. The effective amount of protein loaded is
represented by actin blot. Proteins were collected and processed as detailed in Figure 1C. IPP,
Immunoprecipitated; IB, immunoblotted.

Figure 4. Differential NR2B/nNOS complex formation involves changes in physical associa-
tion of PSD-95/nNOS but not NR2B/PSD-95. Immunoprecipitation (IPP) of preoptic region pro-
teins with antibodies against PSD-95 results in the coprecipitation of nNOS (A) and of NR2B (B).
Each observation derives from preoptic region tissue pooled from four rats. IB, Immunoblot.
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showed a marked disruption of estrous cy-
clicity (supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial) (n � 5; t test, p � 0.001; L-NAME vs
NaCl).

In vivo inhibition of PSD-95 synthesis
disrupts, in a reversible manner, female
reproductive cyclicity
To further assess the physiological impor-
tance of hypothalamic PSD-95 scaffolding
protein in the central control of mature
reproductive function, adult female rats
with regular estrous cycles were subjected
to ODN infusion into the preoptic region
at a rate of 0.1 nmol/h for 7 d; control rats
received infusions of the sense ODN. Dur-
ing the 2 weeks subsequent to the initia-
tion of the treatment, the control animals
had a normal 4 d estrous cycle (n � 6)
(Fig. 7A). In contrast, animals infused
with the antisense PSD-95 ODN exhibited
weak to very pronounced disruption of es-
trous cyclicity on initiation of the treat-
ment (n � 9) (Fig. 7A). Statistical analysis
of the alterations in estrous cyclicity
caused by antisense PSD-95 ODN delivery
to the preoptic region showed a prepon-
derance of days in diestrus and a concom-
itant reduction of days in proestrus and
estrus (Fig. 7B) (one-way repeated-
measures ANOVA, p � 0.05, during infu-
sion vs before infusion in the antisense
PSD-95 ODN-treated group). Impor-
tantly, after the content of the pump was
exhausted (i.e., after 7 d of infusion), all
animals treated with antisense PSD-95
ODN recovered normal estrous cyclicity
within a few days (Fig. 7B) (one-way
repeated-measures ANOVA, p � 0.05).
These results indicate that overall PSD-95 expression within the
preoptic region and the changes in protein–protein interactions
that occur via PSD-95 during fluctuating physiological condi-
tions are both required for normal female reproductive cyclicity.

Discussion
The present results show that natural fluctuations of estrogen
across the estrous cycle in adult female rat impacts nNOS activity,
which accounts for most of the NO production in the CNS. The
cellular bases of this action include physical approximation of
nNOS with NMDA receptors via the scaffolding protein PSD-95.
At proestrus, when circulating estrogens are at their highest, in-
creased nNOS/PSD-95/NMDA receptor ternary complex forma-
tion is associated with parallel increases in NO production. Our
findings suggest a role for estrogen in the modulation of inter-
neuronal communication involving glutamatergic NMDA recep-
tor activation of NO signaling. This pathway may be used to
alternate coupling and uncoupling of glutamatergic fluxes for
NO production during the reproductive cycle, thereby regulating
NOergic neurotransmission and properties of synaptic transmis-
sion (Savchenko et al., 1997; Wang et al., 2005). In addition,
because local disruption of PSD-95 expression in the preoptic
region of the hypothalamus impairs estrous cyclicity as well as

nNOS activity, our results demonstrate that dynamic changes in
protein–protein interactions, including those involving nNOS
and NMDA receptors, play a key role in the control of mature
female reproductive function by the sexual brain.

The central control of reproduction operates through the
timely activation of GnRH-containing neurons, the final path-
way for neural control of ovulation, in the preoptic region (Ojeda
and Terasawa, 2002). Activation of NMDA receptors, as well as
estrogen itself, can stimulate GnRH neurons in vivo (for review,
see Herbison, 1998; Mahesh and Brann, 2005). These effects may
be attributable to interactions between sex steroids and
glutamate-containing neural pathways because pharmacological
blockade of either estrogen or glutamate NMDA receptors abol-
ishes their stimulatory effects on GnRH/gonadotropin secretion
(for review, see Herbison, 1998). Hormonal signals may influ-
ence glutamatergic neurotransmission in the brain by regulating,
at least in part, protein complex assembly and organization at the
postsynaptic density (Akama and McEwen, 2003), resulting in
the elaboration of synaptic responses to glutamate with different
properties (McEwen et al., 2001). In the preoptic region of the
hypothalamus, most NMDA receptor-expressing neurons also
contain estrogen receptor � (Chakraborty et al., 2003), which is
not only localized to cell nuclei but also found in perikaryal cy-

Figure 5. Use of PSD-95 antisense ODNs to disrupt PSD-95 expression in neurons of the rat preoptic region. A, Selective
decrease in PSD-95 expression and its association with NR2B in hypothalamic neurons treated with the antisense ODN to PSD-95
in vitro. Cells were treated with the antisense ODN (5 �M) or a sense sequence for 7 d, and protein extracts were immunoprecipi-
tated (IPP) with antibodies to PSD-95 and sequentially immunoblotted (IB) with NR2B and PSD-95 antibodies. The supernatant
resulting from immunoprecipitation was subjected to straight Western blotting for actin. Ctl, Control; AS, antisense; SE, sense.
B–D, Central administration of an antisense PSD-95 ODN extinguishes PSD-95 immunoreactivity at the infusion site. B, Schematic
diagram representing the stereotaxically implanted 28 gauge infusion cannula into the preoptic region of cycling female rats.
ODNs (0.2 nmol/�l) were delivered via a stereotaxically implanted stainless steel 28 gauge cannula connected to a subcutaneously
implanted osmotic pump delivering its contents at a rate of 0.5 �l/h for up to 7 d. oc, Optic chiasm; Hyp, hypothalamus; Pit,
pituitary. C, D, Representative illustration of PSD-95 detection by fluorescent immunocytochemistry in coronal brain sections at
the tip of the implantation site in sense PSD-95 ODN-infused animals (C) or in antisense PSD-95-treated rats (D). c, c�, d, d�, Higher
magnifications of the areas delineated by rectangles. The asterisk indicates the implanted cannula tip; arrowheads indicate
PSD-95-immunoreactive neuronal cell bodies. Scale bars: low magnification, 70 �m; high magnification, 35 �m.
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toplasm and dendrites (Blaustein, 1992;
Blaustein et al., 1992). In fact, up to 90% of
nNOS neurons of the preoptic region were
shown to express estrogen receptor �
(Scordalakes et al., 2002; Sato et al., 2005).
Together with our results showing that
virtually all nNOS neurons express
NMDA receptor NR2B subunit, these
studies suggest that most nNOS neurons
in the preoptic region also contain estro-
gen receptors. In addition, estrogen recep-
tor �-expressing neurons of the AVPV
and the MEPO, which contain a signifi-
cant subset of hypothalamic nNOS neu-
rons, are critical for estrogen positive feed-
back to GnRH neurons (Wintermantel et
al., 2006). This recent finding raises the
exciting possibility that nNOS neurons of
the preoptic region may directly be in-
volved in this process. Because GnRH
neurons express neither nNOS (Herbison
et al., 1996) nor estrogen receptor � (Her-
bison and Pape, 2001), estrogen-positive
feedback on GnRH neurons must be indi-
rect in nature. Within AVPV and MEPO
neuronal populations afferent to and/or
neighboring GnRH neurons increasing
levels of circulating estrogen may promote
NMDA receptor NR2B subunit/nNOS
complex assembly, and thus potentiate
NO secretion by coupling nNOS to its
main stimulatory calcium influx pathway
(Garthwaite et al., 1988; Bredt and Snyder,
1990). This idea is consistent with our data
indicating that NR2B/nNOS association
in the preoptic region of the hypothala-
mus is increased by estrogen treatment of
gonadectomized female rats, or at the on-
set of the preovulatory surge on proestrus,
when NO production in this area is high-
est. Our results suggest that these findings
are of functional relevance to the sexual
brain because deletion of the catalytic
heme-binding domain of nNOS centrally
impairs reproductive function (Gyurko et
al., 2002) and NO is suggested to mediate
the NMDA receptor-dependent ovarian
steroid-induced GnRH surge (Bonavera et
al., 1993).

Like in other brain areas (Christopher-
son et al., 1999; Sattler et al., 1999; Aarts et
al., 2002), our results suggest that NR2B/
nNOS complex formation in hypotha-
lamic neurons involves the scaffolding
protein PSD-95. PSD-95 is enriched in the
postsynaptic density (Valtschanoff and
Weinberg, 2001) and appears to be impor-
tant for molecular organization of
postsynaptic complex in neurons (Scan-
nevin and Huganir, 2000). PSD-95 inter-
acts with the intracellular C termini of
NMDA receptors via the PDZ (PSD-95/
Discs large/zona occludens-1) domain

Figure 6. Central administration of an antisense PSD-95 (AS-PSD-95) ODN impairs NO formation in hypothalamic nNOS neu-
rons. A–C, Antisense PSD-95 ODN (B), L-NAME (5 mM, a NOS inhibitor) (C), or vehicle (0.9% NaCl) (A) was delivered into the
preoptic region (top left) of adult female rats with regular estrous cycles as described in Figure 7; nNOS catalytic activity was
evaluated in vivo by staining for L-citrulline (green), which is formed by nNOS (red) stoichiometrically with NO. In parallel, the effect
of infusion on estrous cyclicity was monitored (top right). Infusion starts at day 0 (upward arrow), and animals were killed on day
4, before the pump content was exhausted. A representative animal of each treatment group is shown. The asterisks indicate
cannula implantation sites, arrows indicate nNOS single-labeled neurons, and arrowheads indicate a nNOS-expressing neuron
immunolabeled for L-citrulline. Di, Diestrus; Pro, proestrus; Es, estrus. Scale bar, 70 �m. D, Bar graph illustrating the percentage
number of nNOS neurons immunoreactive for L-citrulline at the tip of the infusion site from animals treated with NaCl, AS-PSD-95
ODNs, or L-NAME (***p � 0.001 compared with all other groups, one-way ANOVA; n � 4 –5 each).
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(Kornau et al., 1995) but also with other
transmembrane proteins such as Shaker
K� channels (Kim et al., 1995) and erbB4
(Huang et al., 2000) and with intracellular
signaling enzymes (Chen et al., 1998; Kim
et al., 1998) including nNOS (Brenman et
al., 1996). Our results show the existence
of a distinct physical association between
nNOS and PSD-95 at proestrus (when es-
trogen levels are highest) compared with a
lower association between these two pro-
teins at diestrus. This variation of nNOS
association to PSD-95 correlates to the de-
tected fluctuation of NR2B/nNOS com-
plex formation. However, our data dem-
onstrate that the estrous cycle has no effect
on NR2B and PSD-95 association. These
results thus suggest that estrogen-
stimulated NR2B/nNOS complex assem-
bly is driven by changes in nNOS/PSD-95
interactions but not by NR2B/PSD-95. In
addition, PSD-95 is shown to play a key
role in regulating nNOS function within
the hypothalamus. Our data indeed dem-
onstrate that the temporary inhibition of
PSD-95 expression targeted to the preop-
tic region resulted in a marked decrease in
nNOS activity that was coupled to a re-
versible impairment of estrous cyclicity. It
thus appears that hypothalamic PSD-95
synthesis is required for both NO produc-
tion and adult reproductive function. In-
triguingly, mice that express nNOS iso-
forms that are lacking the consensus
domain required for their association with
PSD-95 (Brenman et al., 1996) and mu-
tant mice lacking PSD-95 (Migaud et al.,
1998) are fertile. In contrast, our results
show that temporary disruption of
PSD-95 expression during adulthood in
the neuroendocrine brain reversibly alters
female reproductive function. This appar-
ent discrepancy may stem from compen-
satory mechanisms that diminish the
physiological manifestations of the bio-
chemical dysfunctions in mutant mouse
models that are unlikely to occur during a
temporally restricted manipulation of
gene expression.

Because PSD-95 is highly expressed throughout the hypothal-
amus, it is possible that the reproductive defects observed in an-
tisense PSD-95 ODN-treated animals are the consequences of a
generalized alteration in hypothalamic function instead of a spe-
cific defect affecting the interneuronal communication involving
glutamatergic NMDA receptor activation of NO signaling con-
trolling reproduction. However, the monitoring of key indicators
of various other hypothalamic functions shows no alteration in
antisense PSD-95 ODN-infused rats. Routine daily monitoring
of body weight and inspection of water bottles showed that anti-
sense PSD-95 ODN-treated rats have a growth curve and a water
intake not different from that of sense PSD-95 ODN-infused
controls, implicating a balanced energy homeostasis and no de-
fects in the control of water balance (vasopressine secretion),

respectively. Again, it is possible that impairment of reproductive
function that arises as a result to the temporary inhibition of
PSD-95 gene expression is attributable to some disrupted path-
ways at the postsynaptic density besides the sole NMDA receptor/
nNOS. The use of peptides that selectively block the nNOS/
PSD-95 interaction, such as some used by Aarts et al. (2002), may
represent an alternative method to further clarify the importance
of the ternary complex formation in the central regulation of the
adult reproductive function.

The mechanism by which estrogen promotes nNOS anchor-
ing to the PSD-95/NMDA receptor complex remains unknown.
Estrogen exhibits widespread effects throughout the brain, and
its actions are intensively investigated, but very few studies have
considered the relationship between estrogen and PSD-95. In

Figure 7. Central administration of an antisense PSD-95 ODN results in estrous cycle disruption in sexually mature rats. A,
Representative estrous cycle profiles showing disruption of estrous cyclicity in young adult rats by the infusion of antisense PSD-95
(AS-PSD-95) but not of sense PSD-95 (SE-PSD-95) ODNs (0.2 nmol/�l each) into the hypothalamic preoptic region. Infusion
started at day 0 (upward arrow) and ended 7 d later (downward arrow), when the pump content was exhausted. Animals were
allowed to survive for 1 additional week (recovery) after pump exhaustion. Di, Diestrus; Pro, proestrus; Es, estrus. B, Quantitative
analysis of the alterations in estrous cyclicity caused by antisense PSD-95-ODN infusion into the hypothalamic preoptic region.
*p �0.05 compared with before and recovery for the same stage and the same treatment (repeated-measures ANOVA). Error bars
indicate SEM. The number of independent observations per group is shown in parentheses. AS, antisense; SE, sense.
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vitro, estrogen upregulates the synthesis of PSD-95 via the Akt/
protein kinase B pathway (Akama and McEwen, 2003) and alters
the shape of the hippocampal dendritic spine (Li et al., 2004)
where PSD-95 is present in high amounts. Perhaps the nNOS
association with PSD-95 is enhanced at synaptic sites in response
to dynamic events at the postsynaptic density. One plausible
mechanism for this would be that the estrogen signaling mediates
the coalescence of cytoskeleton-tethered nNOS (Haraguchi et al.,
2000) to PSD-95 through spine formation, which would require
remodeling of the actin cytoskeleton (Hering and Sheng, 2001).
Moreover, it has recently been shown that estradiol induces spine
formation in neurons of the preoptic region through prostaglan-
din E2-mediated activation of glutamate AMPA-kainate recep-
tors (Amateau and McCarthy, 2002). These studies suggest that
such phenomenon could occur within the hypothalamus to
modulate the nNOS subcellular localization.

Until now, increased coupling of nNOS to NMDA receptors
by PSD-95 has been associated primarily with pathological con-
ditions, particularly those involving excitotoxicity (Sattler et al.,
1999; Aarts et al., 2002). Our results provide evidence that nNOS/
PSD-95/NMDA receptor ternary complex assemblies vary dur-
ing fluctuating physiological conditions in discrete brain areas
and suggest that such changes in protein–protein interactions are
critical to fundamental physiological processes. In addition, our
findings reveal a distinct role for estrogen in controlling nNOS/
PSD-95/NMDA receptor complex formation in the neuroendo-
crine brain and raise the intriguing possibility that such an effect
of estrogen on protein–protein interactions may be broadly ap-
plied in the CNS to control nNOS activity.
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