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Abstract

Ž .The majority of nitric oxide’s NO physiologic and pathologic actions in the brain has been linked to NMDA receptor activation. In
Ž .order to determine how the NO-synthesizing enzyme within brain, neuronal NO synthase nNOS , and NMDA receptors are functionally

linked, previous studies have used in situ hybridization techniques in combination with light microscopic immunocytochemistry to show
that the two are expressed within single neurons. However, this light microscopic finding does not guarantee that NMDA receptors are
distributed sufficiently close to nNOS within single neurons to allow direct interaction of the two. Thus, in this study, dual
immuno-electron microscopy was performed to determine whether nNOS and NMDA receptors co-exist within fine neuronal processes.
We show that nNOS and the obligatory subunit of functional NMDA receptors, i.e. the NMDA-R1, co-exist within dendritic shafts,
spines and terminals of the adult rat visual cortex. Axon terminals form asymmetric synaptic junctions with the dually labeled dendrites,
suggesting that the presynaptic terminals release glutamate. Axons and dendrites expressing one without the other also are detected. These
results indicate that it is possible for the generation of NO to be temporally coordinated with glutamatergic synaptic transmission at
axo-dendritic and axo-axonic junctions and that NO may be generated independently of glutamatergic synaptic transmission. Together,
our observations point to a greater complexity than previously recognized for glutamatergic neurotransmission, based on the joint versus
independent actions of NO relative to NMDA receptors at pre- versus postsynaptic sites.

Keywords: Nitric oxide; Visual cortex; Glutamate receptor; NMDA receptor; Retrograde messenger; Axo-axonic interaction; LTP; Excitotoxicity;
Immuno-electron microscopy

1. Introduction

Ž .Nitric oxide NO , first identified as an endothelial
vasodilator and a mediator of bactericidal and tumoricidal
actions of macrophages, also is a putative neurotransmitter

Žin the central and peripheral nervous systems rev. in
w x.8,14,23 . The first evidence that NO functions as a
neurotransmitter was the observation that potent and selec-
tive inhibitors of the synthetic enzyme, i.e. neuronal nitric

Ž .oxide synthase nNOS , block NMDA receptor’s stimula-
w xtion of cGMP formation 8,24 . Since then, the majority of

NO’s action in the nervous system has been linked to
NMDA receptor activation. For example, selective in-
hibitors of NOS or NO block NMDA receptor-mediated
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neurotransmitter release, glutamate neurotoxicity, and cer-
Ž .tain forms of long-term potentiation LTP in the hip-

p o c a m p a l fo rm a tio n a n d c e re b ra l c o rte x
w x15,17,23,42,55,62 . NO has also been shown to directly

w xmodulate NMDA receptor 40,42,46 . The critical link
between NMDA receptors and NO generation appears to
be Ca2q, which permeates through opened NMDA chan-
nels, leading to the formation of a Ca2qrcalmodulin com-

Žplex that can activate intracellularly localized nNOS rev.
w x.in 23 . These results predict that nNOS occurs within

neuronal profiles that are postsynaptic at synapses utilizing
NMDA-type glutamate receptors. In accordance with this
prediction, results of previous in situ hybridization studies
indicate that nNOS cells in the forebrain contain high

w xlevels of NMDA receptor-mRNA 61 . However, the diffu-
2q Ž y7sion coefficient of Ca within cells is very small 10

2 . 2qcm rs . Moreover, Ca diffusion can be bounded further
by local constrictions in processes, such as at spine necks
w x w x22,52 and at preterminal axons 43,44 , or by the compet-
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itive cellular demands for free Ca2q. Thus, the expression
of nNOS and NMDA receptors within single cells does not
ensure that the two molecules occur in sufficient proximity
for immediate interaction. Even in the absence of NMDA
receptors, nNOS can be activated by other neurotrans-
mitters and biochemical cascades that elevate intracellular

2q Ž w x.Ca rev. in 23 . These include the voltage-dependent
Ca2q-channels along the plasma membrane and the IP and3

w xryanodine receptors residing intracellularly 6,19,30,63 .
Furthermore, LTP of the type depending on both NO and
NMDA receptors persists in nNOS-knockout mice, indicat-

Ž .ing that other NOS isozymes such as endothelial NOS
w xcan compensate for the absence of nNOS 56 . These

observations leave open the possibility that NMDA-recep-
tors and nNOS may not always co-localize.

Thus, in this study, we employed dual immuno-electron
microscopic methods to ascertain the spatial relationship of
nNOS to NMDA receptors and to synapses. Specifically,
we determined the following: whether nNOS occurs in the
proximity of synapses, where regulation of transmitter
release and receptor sensitivity occurs; whether nNOS
occurs within spines receptive to glutamate through the
NMDA receptor; whether nNOS occurs in the absence of
NMDA receptors; whether the localization of nNOS and
NMDA receptors is strictly postsynaptic or might also be
presynaptic, allowing for NO generation following axo-
axonic interactions.

2. Materials and methods

2.1. Preparation of tissue

ŽSix adult male Sprague–Dawley rats 300–400 g b.wt,
.Hilltop were deeply anesthetized by administering 50

mgrkg b.wt of Nembutal. During the initial phase of
anesthesia, the rats were given an i.p. injection of 1 grkg
sodium diethyl dithiocarbamate, a zinc chelator, to de-
crease background immunogold staining caused by silver-
intensification of endogenous zinc at glutamatergic

w xsynapses 66 . After confirming the complete absence of
corneal reflex following light touch of the cornea and a
minimum of 15 min following injection of sodium diethyl
dithiocarbamate, transcardial perfusion was performed to
obtain rat brains fixed with a mixture of aldehydes consist-
ing of 3% acrolein and 4% paraformaldehyde, using previ-

w xously detailed protocols 5 . Sections obtained from these
brains were treated with 1% sodium borohydride dissolved

Ž .in 0.1 M phosphate buffer PB to prevent continued
fixation of tissue. These sections were used immediately
afterwards for immunocytochemistry or stored for up to 7
days in phosphate-buffered saline consisting of 0.01 M PB

Ž .combined with 0.9% NaCl and adjusted to pH 7.6 PBS .
Sodium azide in the concentration of 0.05% was added to
PBS to minimize bacterial growth during storage.

2.2. Immunocytochemistry

The light and electron microscopic procedures for dual
immunocytochemistry were as described previously with

w xslight modifications 13 . In the first set of experiments,
NMDA-R1 was visualized by the double-bridge PAP

w xmethod 57 using a 1:200 dilution of rabbit anti-NMDA-R1
antiserum, characterized for its specificity in a previous

w xstudy 5 . Here and in all other incubations with im-
munoreagents, PBS containing 1% BSA was used as dilu-
ent. Following a 2–3 day incubation at 68C in this primary
antiserum solution, the sections were rinsed in PBS, then

Žincubated in a 1:50 dilution of goat anti-rabbit IgG Jack-
.son ImmunoResearch, West Grove, PA for 1 h, followed

Žby incubation in a 1:500 dilution of rabbit PAP Jackson
.ImmunoResearch for 1 h. Sections were then returned to

the anti-rabbit IgG incubation buffer for 30 min, followed
by a 30 min incubation in rabbit PAP. The peroxidase
reaction product was generated by reacting the tissue with

X Ž0.022% of 3,3 -diaminobenzidine tetrahydrochloride Al-
. Ždrich Chem. and 0.003% of hydrogen peroxide Sigma

.Chem., St. Louis, MO for 8–12 min.
The same sections were treated for the immunogold

visualization of nNOS using a 1:500 dilution of guinea pig
anti-nNOS antiserum. Specificity of this antiserum has

w xbeen described in a previous publication 36 . Following
2–3 days of incubation in this antiserum at 68C, the
NOS-immunoreactive sites were visualized by incubating
sections in a 1:100 dilution of biotinylated goat anti-guinea

Ž .pig IgG Vector Labs., Burlingame, CA for 30 min,
followed by a 30-min incubation in blocking buffer con-
sisting of PBS, 1% BSA and 3% normal goat serum. This
step was followed by a 3-h incubation in a 1:50 dilution of

Ž1.4-nm gold conjugated goat anti-biotin Goldmark,
.Phillipsburg, NJ or 1-nm gold-conjugated streptavidin

Ž .Amersham, Arlington, IL using PBSrBSA combined
with 1% goat serum as diluent. Unlike the procedure of

w xChan et al. 13 , gelatin was omitted from this incubation
buffer and the blocking buffer. After postfixing with 0.25%
glutaraldehyde buffered with PBS for 20 min, the sections

Žwere rinsed in citrate buffer 0.1 M, adjusted to pH
6.5–7.4 by titrating monohydrate and dihydrate trisodium

w x.salts 27 . Colloidal gold particles were visualized by
reacting sections with a Silver IntensEM kit solution
Ž .Amersham for 8–12 min at room temperature.

Three sets of control sections were generated alongside
with the above. One set was incubated with the rabbit
anti-NMDA-R1 antiserum, then treated according to the
guinea pig immunogold procedure as described above for
nNOS to determine whether the anti-guinea pig IgG recog-
nizes the rabbit antiserum, i.e. the anti-NMDA-R1. A
second set of sections was incubated with guinea pig
anti-nNOS, then processed for the development of rabbit
PAP, exactly as described above for the NMDA-R1 anti-
serum, to determine whether the anti-rabbit IgG recognizes
the guinea pig antiserum, i.e. the anti-nNOS. A third set
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was generated to determine whether the colloidal gold-con-
Ž .jugated reagents streptavidin-gold and anti-biotin-gold

attach non-specifically to the peroxidase reaction product
or whether the silver IntensEM kit solution generates
background silver particles over the peroxidase reaction
products. All reagents for the control set were the same as
those used for the experimental.

In a second series of experiments, the immunolabels for
NMDA-R1 and nNOS were switched. Sections were incu-
bated for 2–3 days at 68C in guinea pig anti-nNOS, then
processed for the avidin-biotin-peroxidase complex forma-

w x Ž .tion 35 using the ABC Elite kit Vector Labs. . The same
sections were immunolabeled for NMDA receptors by the
rabbit immunogold procedure using 1:200 dilution of rab-
bit anti-NMDA-R1, followed by a 3-h incubation in a 1:50
dilution of 1-nm colloidal gold conjugated goat anti-rabbit

Ž .IgG Amersham . The silver intensification was as de-
scribed above. Two control sets of sections were processed
alongside with these using the exact same reagents but in
inappropriate combinations of secondary antibodies with
respect to the primary antibodies. Thus, one set was incu-
bated with rabbit anti-NMDA-R1 antiserum, then pro-
cessed according to the guinea pig ABC-peroxidase proce-
dure and the other set was incubated with the guinea pig
anti-nNOS, followed by the procedure for rabbit immuno-
gold labeling. Again, all reagents for the controls were
exactly as used for the experimental.

2.3. Light and electron microscopic Õisualizations

A third of the immunolabeled sections were mounted on
gelatin-coated slides, coverslipped and viewed using
Zeiss’s Axiophot or Olympus’ BX-50-PM20 at magnifica-
tions ranging from 2.5= to 100= and photographed
under DIC-Nomarski optics. The remaining sections were
processed for electron microscopy. These were postfixed
with 2% osmium tetroxide for 1 h, dehydrated with in-
creasing concentrations of ethanol, and stained en bloc
with 2% uranyl acetater70% ethanol. The Vibratome-sec-
tions then were flat-embedded by sandwiching between

Žtwo sheets of Aclar plastic using EMBED 812 EMSci-
.ences, Port Washington, PA as the embedding medium.

Ž .Area 17 visual cortex, Ocb 1 within the flat-embedded
sections were identified under a light microscope using the

w xatlas of Paxinos and Watson 58 for guidance. Specifi-
cally, sections were sampled from anterior-posterior levels
where the splenium corpus callosum was absent, indicating
that these were caudal to bregma by more than 5.3 mm.
Within these sections, sampling was made more than 2
mm but less than 5 mm lateral from the midline. Portions
of the coronal sections containing area 17 were re-em-

Ž .bedded in capsules and mesas trapezoids spanning all
layers of the visual cortex were prepared for ultrathin
sectioning. Some of the ultrathin sections were further
counterstained with lead citrate after ultrathin sectioning to
optimize visualization of the fine structure, while others

were examined without the lead citrate counterstain to
optimize identification of electron density resulting from
accumulation of the immunoperoxidase reaction product,
particularly at postsynaptic densities. The ultrathin sections
were examined using a JEOL 1200XL at magnifications
ranging from 7500= up to 30 000= .

2.4. Identification of the fine structure

Sampling of tissue was restricted to surface-most por-
tions of the immunolabeled Vibratome sections, where
penetration by immunoreagents was expected to be maxi-
mal. Profiles seen under the electron microscope were

w xcategorized according to Peters et al. 59 as belonging to
dendritic shafts, dendritic spines, preterminal axons, non-
terminal axons, glial processes, perikarya of oligodendro-
cytes, astrocytes, endothelial cells or neurons. The remain-
ing profiles were deemed unidentifiable. Immunoperoxi-
dase reaction product was identified by the enhanced
electron density that appeared flocculent. The silver-in-

Ž .tensified colloidal gold SIG particles were identified by
the clustering of maximally electron dense particles of
irregular shapes, ranging in size from 50 to 300 nm in
diameter and sometimes associated with a hole in the
center of the cluster, caused by incomplete infiltration by
the embedding medium. In order to avoid false-positive
identification of immunogold labeling, the profiles were
considered specifically labeled only if they contained three
or more SIG particles and if these clusters recurred in
adjacent ultrathin sections. In order to minimize false-
negativities of immunoperoxidase labeling, electron micro-
scopic analysis included ultrathin sections in which the
lead citrate counterstain was omitted to enhance differenti-
ation between electron dense organelles and those associ-
ated with deposits of peroxidase reaction products.

3. Results

3.1. Specificity of nNOS and NMDA-R1 immunocytochem-
istry as reÕealed by light microscopy

The distribution of nNOS was determined using a guinea
pig polyclonal antiserum directed against a C-terminal

w xpeptide of nNOS 36 . The previous study using this
antiserum demonstrated its specificity by showing that
immunoreactivity was absent when applied to tissue from

w xnNOS knock-out mice 36 . The anti-nNOS antiserum
immunoprecipitates greater than 90% of NOS activity
from brain homogenates, indicating that it recognizes en-

Ž . Žzymatically active form s of NOS J.A. Mong and T.M.
. w xDawson, unpubl. obs. As expected 9,16,34 , approxi-

mately 2% of cortical perikarya were intensely immunore-
active for nNOS. All of the immunoreactive perikarya
were large and multipolar or bipolar: none were pyramidal
Ž .Fig. 1A,B .
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NMDA receptors were localized with a rabbit antibody
directed against a C-terminal peptide of the NMDA-R1

w xsubunit 5 . Results from previous studies characterizing
the splice variants expressed in different brain regions
indicate that this antibody would recognize the majority of
NMDA-R1 subunits in the cerebral cortex. Although the
antibody would not recognize splice variants lacking the
C2 cassette, i.e. the splice variants, NR1 , these are rarexx0

w xin the cerebral cortex 33,50,51,54,72 . Previous immuno-
cytochemical studies also showed that spurious staining by
the R1-subunit antiserum is minimal, since preadsorption
of the NMDA-receptor antiserum abolishes immunolabel-

w xing 5 . When the anti-NMDA-R1 antiserum was recog-
nized with a species-appropriate secondary antibody, there

Žwas detectable immunolabeling of neuronal perikarya Fig.
.1A,B . In addition, numerous immunolabeled processes

were evident throughout the layers of the visual cortex
Ž .e.g. Fig. 1E for the infragranular layers . This pattern was

w xidentical to that described previously 5 .
Although perikarya immunoreactive for both nNOS and

NMDA-R1 were discernible by the silver-intensified gold
Ž .SIG as well as the peroxidase labels, dually labeled
perikarya were not detectable. This was probably due to
the strong nNOS immunoreactivity that obscured the lower
amounts of NMDA-R1 immunoreactivity within perikarya
Ž .Fig. 1A,B,E,F .

Before initiating dual electron microscopic labeling ex-
periments with the nNOS and NMDA-R1 antisera, we
evaluated the suitability and specificity of these antisera
for double immunolabeling. The dual immunocytochemi-
cal procedure employed here requires visualization of one
antigen by the immunoperoxidase method and of the other
by the immunogold method using two primary antibodies

w xmade in different species 13 . Success of the dual labeling
procedure requires that there be no cross-reactivity be-
tween the two secondary antibodies. The control experi-
ments indicated that the antisera employed in this study
fulfill the requisite criteria. Throughout the coronal sec-
tions, only pale and diffuse immunostaining was observed
after applying the rabbit anti-NMDA-R1 antiserum to tis-
sue, followed by anti-guinea pig IgG, whether using the

Ž . Ž .peroxidase reaction product Fig. 1D or the SIG Fig. 1H

as the label for light microscopic visualizations. When
using SIG as label, incubation of sections in anti-guinea
pig nNOS antiserum followed by the anti-rabbit IgG caused
only light brown background labeling and no appearance

Ž .of black labels Fig. 1C . With using the peroxidase reac-
tion product as labels, the nNOS control sections showed

Ž .no labeling of any sort Fig. 1G .

3.2. Subcellular distribution of nNOS immunoreactiÕity

nNOS immunoreactivity was detectable within dendritic
Ž . Ž . Ž .shafts Fig. 2 , dendritic spines Fig. 3 and axons Fig. 4 .

Semi-quantitative analysis indicated that spinous labeling
accounted for about a third of all immunoreactive profiles
Ž .63 of 138 immunoreactive profiles encountered and is

Žtwice more frequent than dendritic shaft labeling 38 of the
.138 profiles . Nearly all of the spinous labeling clustered

Žover postsynaptic densities 59 of the 63 immunoreactive
.spines , and labeling over postsynaptic densities within

Ždendritic shafts dropped to about half 21 of the 38 den-
.dritic profiles . Along the dendritic plasma membrane,

portions slightly removed from synapses also were im-
Ž .munoreactive Figs. 2 and 3 .

The frequency of nNOS-immunoreactive axon terminals
Žwas less than that for dendrites 21r138 or 15% of all

.immunoreactive profiles , and very few of these formed
Ž .asymmetric synaptic junctions Fig. 5 . More frequently,

immunoreactive terminals formed synaptic junctions with
Ž .postsynaptic densities that were very thin Fig. 4D or

Ž .intermediate in thickness Fig. 4B,C . Apart from the
abundance of synaptic vesicles, some nNOS-immunoreac-
tive axons showed little in terms of synaptic specialization

Ž .within the few planes of section sampled Fig. 4A . Some
of the nNOS-immunoreactive axons that formed symmet-

Ž .ric junctions contained dense-cored vesicles Fig. 4D , as
would be predicted by the existence of nNOS in NADPH-

w xdiaphorase-containing neurons 9,16,34 which, in turn,
w xcontain the peptide, NPY 2,29,68 .

The nNOS-immunoperoxidase reaction product rimmed
Ž .small clear vesicles Fig. 4A,D and was associated with

Ž .the cores of dense-cored vesicles as well Fig. 4D . The
association of nNOS immunoreactivity with vesicles,

Ž . Ž . Ž .Fig. 1. The distribution of immunoreactivity for nNOS in perikarya curved arrows and dendrites open arrows and for NMDA-R1 large straight arrows
in perikarya of the rat visual cortex as revealed by light microscopic dual immunocytochemistry. The groups of arrowheads in panels B, D, E and F point
to the white matter-grey matter boundary while the arrowhead groups in panels G and H point to pial surfaces. A,B: nNOS is immunolabeled by the guinea
pig ABC-peroxidase procedure and appears orange-brown. The same section is immunolabeled for NMDA-R1 by the rabbit immunogold procedure
yielding clusters of black particles. Panel A shows the supragranular layers, while panel B shows the deeper layers. The small arrows point to finer
nNOS-immunoreactive processes that may be axonal. C and D show the degree of background labeling obtained in control sections. C shows a section
incubated in guinea pig anti-nNOS, then processed by the rabbit immunogold procedure in the absence of rabbit anti-NMDA-R1. D shows a section
incubated in rabbit anti-NMDA-R1, then processed by the guinea pig ABC-peroxidase procedure in the absence of guinea pig anti-nNOS. E,F: the
immunolabels are switched from that shown in panels A and B. Hence, nNOS-immunoreactive perikarya are identifiable by the clusters of black particles
while the NMDA-R1-immunoreactive perikarya appear light brown. Both light micrographs were obtained from the deep layers. The small arrows in panel

Ž .E point to NMDA-R1-immunoreactive fine processes orange-brown while the small arrows in panel F point to nNOS-immunoreactive fine processes
Ž .black . The large hole to the right of the curved arrow in panel E is a cross-section of a blood vessel. Panels G and H show minimal labeling in control
sections. Panel G shows a section incubated with guinea pig anti-nNOS, followed by incubations for the rabbit PAP procedure. Panel H shows a section
incubated in rabbit anti-NMDA-R1, followed by incubations for the guinea pig immunogold procedure. Bars20 mm for all panels.
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Fig. 3. Co-existence of NMDA-R1 with nNOS within dendritic spines as revealed by serially collected ultrathin sections from the supragranular layers of
the rat visual cortex. Lead-citrate counterstain was omitted to facilitate detection of immunoperoxidase labels. In all panels, peroxidase label reflects

Ž . Ž .nNOS-immunoreactivity small arrows and silver-intensified gold reflects NMDA-R1 immunoreactivity arrowheads . Open arrows point to unlabeled
Ž .postsynaptic densities. Panels A and B were taken from serially collected ultrathin sections. A small spine S receiving asymmetric synaptic input from an

Ž . Ž . Žunlabeled terminal UT shows the presence of nNOS over a postsynaptic density left small arrow and extrajunctional plasma membranes right small
.arrow . The same profile also shows recurrence of silver-intensified gold particles. Panels C–E, also are taken from serially collected ultrathin sections. An

Ž .unlabeled terminal UT in panel C forms an asymmetric synaptic junction with a spine. The spine exhibits peroxidase reaction product along postsynaptic
Ž . Ž . Ž .densities lower left small arrow in C , extrajunctional plasma membrane upper small arrow in C and over an endocytotic vesicle curved arrow in D .

Ž .The same profile exhibits recurrence of silver-intensified gold particles. A labeled terminal LT in panel E also shows nNOS-immunoreactivity but no
detectable NMDA-R1 immunoreactivity. Bars500 nm.

Fig. 2. A–D: co-existence of the NMDA-R1 subunit with nNOS in dendrites, as revealed by serially collected immunoelectron micrographs from the
Ž .supragranular layer of the rat visual cortex. NMDA-R1 immunoreactivity is shown by the peroxidase labels small arrows , and nNOS immunoreactivity

Ž .by the SIG gold particles arrowheads . Lead-citrate counterstain was omitted to facilitate detection of immunoperoxidase labels. Two medium-sized
Ž .dendritic shafts D1 and D2 , exhibit both nNOS and NMDA-R1 immunoreactivity. In D1, NMDA-R1 occurs discretely within a spine protruding from the

Ž .dendritic shaft along the left side. The spine head receives synaptic input from a terminal T1 . The two curved arrows in panel A point to the synaptic
Ž .junction. The same dendritic shaft is in direct contact with two other terminals, ‘t’ which lack NMDA-R1 immunoreactivity postsynaptically. In D2,

NMDA-R1 occurs at sites lacking synaptic associations within the four planes of section. Instead, NMDA-R1 immunoreactivity occurs along the plasma
Ž . Ž .membrane panel C and surrounds a clear saccule panels A and D . In panels B through D, it is apparent that a spine protrudes from D2. The spine

Ž .receives synaptic input from a terminal T2 in panels A and B and forms an asymmetric synaptic junction without exhibiting detectable NMDA-R1
Ž .immunoreactivity. UD panel B and recurring in all other panels is an example of an unlabeled dendrite. The clear arrow in UD points to an unlabeled
Ž .postsynaptic density. T3 panels A and B is a terminal showing NMDA-R1 immunoreactivity without nNOS-immunoreactivity. The asterisk to the left in

panel A points to a non-recurrent SIG particle, reflecting non-specific labeling. Bars500 nm.
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plasma membranes and postsynaptic densities is supportive
of earlier findings of nNOS purifying from an insoluble

w xfraction 31 . On the other hand, the distribution of nNOS

immunoreactivity within the cytoplasm of axon terminals
and dendrites supports initial findings that nNOS is en-

Ž w x.riched in the soluble fraction rev. in 8 .



( )C. Aoki et al.rBrain Research 750 1997 25–40 33

3.3. Subcellular distribution of NMDA-R1 immunoreactiÕ-
ity

Electron microscopy confirmed previous studies
w x5,20,37,60,64 , namely that NMDA-R1 immunoreactivity
is prevalent along the intracellular surface of dendritic

Ž .plasma membranes e.g. D2 of Fig. 2 and is most promi-
nently clustered over postsynaptic densities within den-

Ž .dritic spines e.g. spine of D1 in Fig. 2 . When using the
peroxidase reaction product as the label, immunoreactivity
was evident as a flocculent electron dense material concen-
trating within spines and coating postsynaptic densities
Ž .Fig. 2 . When using the SIG method, the label appeared
much more electron-dense and discrete. Although the SIG
particles tended to occur along the intracellular surface of
plasma membranes, some resided slightly removed from
the surface but still in the vicinity of postsynaptic densities
Ž .Fig. 3 . Semi-quantitative analysis indicated that nearly
half of all NMDA-R1-immunoreactive profiles were den-

Ždritic 75 of the 142 NMDA-R1-immunoreactive profiles
.encountered , with spines accounting for 23% and shafts

Žaccounting for 30% of them. All spines 32 of the 32
.immunoreactive spines encountered exhibited discrete im-

munolabeling over postsynaptic densities. Even though
dendritic labeling was more frequent within shaft portions,

Žonly 60% of these 26 of the 43 immunoreactive dendritic
.shafts were associated with postsynaptic densities within

the planes of section. The immunoreactive sites within
dendritic shafts included small clear saccules that are

Žlikely to be part of the smooth endoplasmic reticulum D2
.in Fig. 2D . This, and the observation that somatic im-

munolabeling is detectable by light microscopy, indicates
that the antibody may recognize receptor molecules under-
going turnover. The extrajunctional labeling probably does
not reflect the diffusion of immunolabels, since discretely
labeled postsynaptic densities were observed immediately
adjacent to unlabeled postsynaptic densities within the

Ž .same profiles not shown .
The accumulation of immunolabels along the intra-

cellular surface of plasma membranes is in accordance
with the most recent ideas about the receptor’s membrane

topology. Based on the hydropathicity profile of the recep-
tor derived from its amino-acid sequence, the C-terminus

w xhas been predicted to reside intracellularly 33,50,51,72 .
NMDA-R1 immunoreactivity at the postsynaptic den-

Žsity was more apparent with peroxidase labeling Fig. 2A
. Ž .and B than with SIG Fig. 3 . This may reflect stearic

hindrance that affects penetration of immunogold reagents
into organelles, such as postsynaptic densities. Thus,
throughout this study, we interchanged the immunolabels
for NMDA-R1 and nNOS to avoid bias in our assessment
of the synaptic localization of the two molecules.

w xAs noted in previous studies 5,64 , NMDA-R1
immunoreactivity was present within axons as well. Im-
munoreactive axons accounted for nearly a third of all

Žimmunoreactive profiles 43 of the 142 NMDA-R1-im-
.munoreactive profiles encountered . Most of the im-

munoreactive axons lacked morphologically identifiable
Ž .synaptic targets Fig. 4A . Where present, these axons

Ž . Žformed synapses with thick not shown , intermediate Fig.
. Ž .4B,C and Fig. 6 and thin not shown postsynaptic densi-

ties.

3.4. Co-existence of nNOS with NMDA-R1 in dendrites
and axons

In order to optimize detection of both immunoperoxi-
dase and SIG labels, sampling was done from regions of
Vibratome sections that showed clear interface to the
embedding matrix. Consequently, many of the dually la-
beled profiles exhibited robust immunolabeling but were
missing portions of the plasma membrane or cytoplasmic

Ž .matrices e.g. Fig. 4C .
Dual labeling for nNOS and NMDA-R1 occurred pre-

Ždominantly at the shafts of dendrites 60% or 37 of the 62
dually labeled profiles identified by analysis of serially

. Ž .collected ultrathin sections Fig. 2 but was also de-
Ž . Žtectable in spines 18% of the dually labeled profiles Fig.

.3 . Whether within spines or shafts of dendrites, most of
the NMDA-R1 and nNOS immunolabels were in the vicin-

Ž .ity of thick postsynaptic densities Fig. 3 associated with
synaptic junctions formed by unlabeled axon terminals.

Ž .Fig. 4. nNOS-immunoreactive terminals occur with and without NMDA-R1 immunoreactivity. In panels A–C, peroxidase label small arrows reflects
Ž .NMDA-R1 immunoreactivity, while SIG particles arrowheads reflect nNOS immunoreactivity. In panel D, peroxidase label reflects nNOS immuno-

reactivity. A: a large terminal in the center of the panel exhibits immunoreactivity for both, nNOS and NMDA-R1. It contains numerous vesicles that are
Ž .uniformly sized and shaped. NMDA-R1-immunoreactivity is evident along the plasma membrane e.g. lower small arrow and rimming vesicles. Four

clusters of SIG particles occur within the cytoplasm and along the plasma membrane. A smaller terminal, to the left, exhibits a discrete patch of
Ž .immunoreactivity for NMDA-R1 along the plasma membrane long arrow but no nNOS immunoreactivity. Synaptic targets of these terminals are not

apparent within this plane of section. U’s indicate unlabeled terminals for comparison with labeled terminals. A pair of arrows points to an unlabeled
dense-cored vesicle, to be compared with the labeled dense-cored vesicle in panel D. Panels B and C were taken from serially collected ultrathin sections.
In particular, the ultrathin section shown in panel C was taken exactly at the interface between tissue and the embedding medium. This is evident by the
frequent interruptions of the plasma membrane but the numerous SIG particles. A terminal forms a junction with a postsynaptic density of intermediate

Ž .thickness along the shaft of a dendrite open arrow in profile, ‘D’ . This terminal exhibits heavy accumulation of peroxidase reaction product at a site away
from the synapse. A total of four clusters of SIG particles occur in this profile. D: a terminal containing numerous small vesicles and one large dense-cored

Ž .vesicle two small arrows is intensely nNOS-immunoreactive. SIG particles are not present. Double arrow in panel A points to an unlabeled dense-cored
Ž .vesicle for comparison. A portion of its plasma membrane forms parallel alignment with perikaryal plasma membrane large open arrow , indicating that

this is a symmetric synaptic junction. Cysperikaryal cytoplasm; Nusnucleoplasm. Bars862 nm in A and B, 694 nm in C and 500 nm in D.
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Occasionally, it was noted that NMDA-R1 immunoreactiv-
ity was contained within a spine receiving input from an
unlabeled terminal while nNOS immunoreactivity was pre-

Žsent only in the shaft portion of the same dendrite D1 in
.Fig. 2 .

Of the 62 dually labeled profiles, only 8, or 13%, were
axonal. The dually labeled portions of terminals formed

Ž .synaptic junctions along shafts of dendrites Fig. 4B,C or
were without morphologically identifiable synaptic special-

Ž .ization within the planes of sampled sections Fig. 4A .
Asymmetric axo-spinous junctions formed by dually la-
beled terminals were not encountered.

3.5. Occurrence of NMDA-R1 and nNOS in separate neu-
ronal profiles

Dual immunocytochemistry revealed that NMDA-R1-
immunoreactive profiles lacking nNOS immunoreactivity

Ž .Fig. 5. A presynaptic terminal, immunoreactive for nNOS but NMDA-R1-negative, forms an asymmetric presumably excitatory axo-spinous junction.
Ž . Ž .Peroxidase label reflects NMDA-R1 immunoreactivity small arrows , while SG clusters reflect nNOS immunoreactivity arrowheads . Panels A, B and

Žinset in the middle are taken from serially collected ultrathin sections. Silver-intensified gold particles recur in T1. The synaptic target of T1 is a spine S,
.open arrow points to the postsynaptic density . Another terminal, T2, is lightly immunoreactive for NMDA-R1. SIG particles are not detectable in T2. Here

Ž .and in panel B, T2 courses next to a large dendritic shaft D in panel B but does not form an identifiable synaptic specialization within these planes of
section. UT in panel A is one of many unlabeled terminals in their immediate vicinity, shown for comparison. Bars500 nm in panels A and B, 349 nm in
inset.
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Fig. 6. Synaptic relationship between an NMDA-R1-immunoreactive terminal and a NOS-immunoreactive dendrite. A–C: open arrow points to the
Ž .postsynaptic specialization. Peroxidase label reflects NMDA-R1 immunoreactivity small arrow , while the SG particles reflect nNOS immunoreactivity

Ž . Ž .arrowheads . Serially collected sections are shown to demonstrate the recurrence of the SIG particles in a dendrite ‘D’ in panel A . Near threshold-level
Ž .of immunoperoxidase reaction product is evident in the terminal, LT panel A . Only those vesicles clustered towards the left of the circled asterisk are

immunoreactive. U indicates one of many unlabeled terminals in the vicinity for comparison with the lightly labeled LT. Curved arrow in panel A: another
NMDA-R1-immunoreactive axonal process. Bars700 nm in panel A and 500 nm in panels B and C.

Ž .also are present e.g. T3 in Fig. 2 . Conversely, not all of
the nNOS-immunoreactive profiles were immunoreactive

Žfor NMDA-R1 terminal, T1, in Fig. 5 and dendrite, D, in
.Fig. 6 . In general, we took the presence of both SIG and

immunoperoxidase labels in the immediate vicinity as
indicators that both immunolabeling procedures had been
successful. The presence of singly labeled profiles amongst
dually labeled profiles also served as a confirmation that
the currently employed immunocytochemical procedure
was free of cross-reactivity, since all, or many more, of the
profiles would otherwise have been dually labeled.

3.6. Electron microscopic results of control experiments

None of the neuronal or astrocytic profiles were im-
munolabeled under the control conditions testing for possi-
ble cross-reactivities of the secondary antibodies. Control
experiments testing for non-specific association of SIG
particles onto peroxidase reaction products also revealed

Ž .no dually labeled profiles not shown . The effect of

silver-intensification of DAB reaction products was exam-
ined by applying the standard silver-intensification proce-
dure to sections devoid of immunogold labeling. When the
silver-intensification period was kept to the duration usu-
ally used for the dual labeling procedure, no silver particle

Žwas apparent over DAB reaction products e.g. the DAB-
labeled spine on D1 and the terminal, T3, in Fig. 2; LT in

.Fig. 3; Fig. 4D . When the silver-intensification period was
lengthened by several minutes, a few silver particles began

Ž .to accumulate over DAB reaction products not shown .
These, however, were much smaller than those that sur-
round colloidal gold particles, and thus, could be distin-
guished easily from SIG labels.

4. Discussion

Results obtained from the present study provided an-
swers to the four questions posed at the onset of the study
Ž .see Section 1 . nNOS is not merely proximal to synapses
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– it is most frequently at synapses and particularly within
spines, where they are clustered directly over postsynaptic
densities. NMDA-R1 is present at postsynaptic sites ex-
hibiting nNOS immunoreactivity but this presence is not
obligatory. Conversely, NMDA-R1 immunoreactivity oc-
curs at synapses lacking nNOS immunoreactivity. Finally,
nNOS occurs pre- as well as postsynaptically. The signifi-
cance of these findings, in light of the methodological
limitations posed by the dual immuno-electron micro-
scopic technique, is discussed below.

4.1. Methodological considerations

4.1.1. Dually labeled profiles
Results from Western blots and preadsorption controls

for both primary antisera and the discrete labeling within
spine heads, terminals and dendritic shafts indicate that our
immunocytochemical procedure reflects specific labeling
of the fine neuronal processes. However, one of the limita-
tions inherent in immunocytochemistry is that biological
activity cannot be assumed at all labeled sites, since these
may result from cross-reactions due to homologies of the
antigen with unrelated proteins, the presence of non-func-
tional peptide fragments resulting from turnover of the
antigen, or diffusion of antigens and immunolabels. Fur-
thermore, even if nNOS immunoreactivity were to reflect
functional nNOS, NO still may not be generated at these
sites without sufficient amounts of calmodulin and free
intracellular Ca2q. Previous immunocytochemical and bio-
chemical results indicate that calmodulin is likely to be
present in sufficient quantity to interact with nNOS at pre-

w xand postsynaptic sites 18,25 . The present results, i.e. the
co-existence of immunolabeling for nNOS and the

Ž . 2qNMDA-R1 corresponding to z 1 in mouse , a Ca -per-
meable, ligand-gated channel subunit required for func-

w xtional NMDA receptors 50 , within dendritic shafts, spines
and terminals provides further evidence that these nNOS-
immunoreactive sites are where NO can be generated
during excitatory synaptic activity.

Although NMDA-R1 immunoreactivity occurs mostly
at postsynaptic sites, extrajunctional and intracellular sites
also exhibit immunoreactivity. An obvious explanation for
the extrajunctional plasmalemmal immunoreactivity is that
the molecules are undergoing turnover. However, there is
no reason to doubt that NMDA-R1 can be activated by
L-glutamate overflow beyond synaptic clefts. Binding sites
measured within frozen sections by receptor autoradiog-
raphy may include intracellular sites that do not interact
with synaptically released extracellular L-glutamate, but
again, the possibility also exists that these NMDA-R1
subserve some function other than for synaptic transmis-
sion. One idea put forth by hippocampal physiologists is
that some glutamate receptors occur as spares to be re-
cruited following specific patterns of synaptic activity
w x41,45 . Perhaps some of the spares are stored intra-

cellularly. Alternatively or in addition, even though these
receptors cannot elicit membrane depolarization, they may
yield a biologically significant signal that has yet to be

Žappreciated following interaction with intracellular includ-
.ing extravesicular pools of L-glutamate.

The present dual immunocytochemical procedure is not
amenable to quantitative assessment of the frequency of
nNOSrNMDA-R1 co-existence. This is due to the fact
that the immunodetection reflects underestimation caused
by incomplete penetration of the immunoreagents and by
the fixation of antigens that render them no longer recog-
nizable by antisera. This problem is particularly severe for
the detection of NMDA-R1 subunits by the silver-intensi-
fied gold method: we noted a drop in numerical density of
NMDA-R1-immunoreactive profiles by greater than 5-fold
when compared to the corresponding value obtained by the
immunoperoxidase method and particularly over post-
synaptic densities. Thus, the value of 1% for dually labeled
dendrites and spines, among all dendritic profiles encoun-
tered during the survey, is reflective of the minimal degree
of co-existence, even for tissue reacted by the immunoper-
oxidase procedure for detecting NMDA-R1 sites and the

Žimmunogold procedure for nNOS sites the more favorable
.of the two labeling procedures .

4.1.2. Singly immunoreactiÕe profiles
Although the singly immunoreactive profiles may re-

flect sites where NMDA receptors and nNOS operate
independently, careful consideration must be made about
potential false-negativities. Since immunoperoxidase labels
are much more easily detected than are the pre-embedded
silver-intensified immunogold labels, one can be fairly
confident that the profiles exhibiting immunogold labels
without the immunoperoxidase labels are, indeed, im-
munoreactive for only one antigen, particularly in cases
where profiles in the immediate vicinity exhibit im-
munoperoxidase labels. Failure to detect immunoreactivity
by the peroxidase label, particularly over electron dense
organelles such as the postsynaptic density, was minimized
further by omitting the lead citrate counterstain. Under this
most stringent condition, we were still able to detect
terminals and spines immunoreactive singly for nNOS or
for the R1 subunit of NMDA receptors. This observation
supports the idea that nNOS activation may sometimes
occur independently of NMDA receptor activation and that
NO generation is not obligatory following every NMDA-
receptor activation.

4.1.3. Asymmetric junctions lacking NMDA-R1 immuno-
reactiÕity

It has long been established that asymmetric junctions
exhibiting thick postsynaptic densities reflect excitatory

w xsynapses 26 . Yet, not all asymmetric junctions exhibited
detectable levels of NMDA-R1 immunoreactivity. These
sites probably reflect failures of immunodetection due to
inadequate penetration of immunoreagents into tissue,
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decrement of NMDA-R1 antigenicity due to the strong
fixation, or stearic hindrance posed by other molecules or
non-antigenic portions of the NMDA-R1 molecule. The
possibility that some excitatory synapses operate by AMPA
receptor activation alone also cannot be ruled out.

4.2. Significance of the synaptic localization of NMDA-R1
with NOS within dendrites

Dual immunocytochemistry revealed that nNOS and
NMDA receptors occur together within dendrites and at

Ž w x.sites receiving asymmetric presumably excitatory 3,26
synaptic inputs. These images suggest that nNOS activa-
tion can be evoked rapidly following NMDA receptor
activation, with the interval limited primarily by the time
necessary for Ca2q to diffuse intracellularly from NMDA-
R1 sites to where calmodulin and nNOS reside. Recent
biochemical studies indicate that the proximity of nNOS to
NMDA receptors may be ensured by a complex of post-
synaptic density proteins, PSD-95, which can bind to
nNOS’s PDZ-containing domain and to the receptor’s

w xtSXV-concensus sequence 10 . The proximity of nNOS to
NMDA-R1 may be sufficient to ensure that NO rises in the
synaptic cleft within a time interval overlapping with
presynaptic terminal depolarization, a physiological state
hypothesized to confer selective NO receptivity upon ax-

Ž w x. Ž .ons rev. in 23 see Section 4.4. .
In some cases, NMDA receptors and nNOS co-exist

within dendrites receiving symmetric synaptic junctions.
Since thin postsynaptic densities are rarely associated with
excitatory inputs and usually occur in association with

w xinhibitory and modulatory inputs 1,2,65 , the proximity of
NMDA-R1 and nNOS to symmetric synapses suggests that
an excitatory input upon these dendrites may lead to
generation of NO which operates retrogradely to modulate

Žthe release from non-glutamatergic, convergent axons but
.see Section 4.4. . However, such retrograde action of NO

would only be possible if the terminal forming the synaptic
junction possesses appropriate binding sites for NO to
regulate release. Clarification of this issue will have to
wait until molecules mediating binding sites for NO re-
lease are discovered.

4.3. Significance of nNOS immunolabeling in spines

Previous light microscopic studies indicated that nNOS
Ž .and NADPH-diaphorase reactivity in the cerebral cortex
is enriched in a population of interneurons characterized
by having medium to large cell bodies, varicose but aspiny
or sparsely spiny dendrites, utilizing GABA as the neuro-

w xtransmitter and storing NPY 9,16,34,67,68 . The present
localization of the two antigens in spines may reflect their
occurrence in the sparsely spiny, nNOSqrGABAq
rNADPH diaphoraseqrNPYq neurons detected previ-
ously by light microscopy. On the other hand, our current

w xand previous 4 electron microscopic studies indicate that

approximately 30 to 75% of nNOS-labeled profiles are
spinous, depending on the region sampled. Judging from
this prevalence of spinous labeling, it is more likely that at
least some of the labeled spines belong to spiny neurons,
i.e. the stellate and pyramidal neurons, even if their
perikarya and proximal dendrites contain levels of nNOS
that are too low to be detectable by light microscopy. All

w xbut one of the light microscopic studies known to us 70
reported that nNOS is absent within spiny neurons. This
may be due to the requirement that perikarya and dendrites
be stained intensely for light microscopic detection. Study
is currently underway to determine whether or not the
nNOS-immunolabeled spines belong to spiny neurons,
identified by intracellular filling with biocytin.

4.4. Significance of the occurrence of nNOS and NMDA
receptors in axons

As expected, terminals immunoreactive for nNOS ex-
hibit the characteristic morphological features of
GABArNPY inhibitory interneurons, i.e. the formation of
symmetric synaptic junctions with dendritic shafts and

w xperikarya 1,2,29,65 . Occasionally, nNOS-positive termi-
nals form asymmetric axo-spinous junctions. This morpho-
logical characteristic is rarely, if ever, associated with
GABAergic axon terminals. Thus, this observation also is
indicative of the presence of nNOS in non-GABAergic,

w xmost likely glutamatergic 3,5,26 , axon terminals. Such
profiles are further indications that nNOS exists in excita-
tory, spiny neurons of the cerebral cortex, albeit at low
levels.

The co-existence of NMDA-R1 with nNOS in axon
terminals suggests that activation of NMDA-R1 here may
be triggered by the release of glutamate from other near-by
terminals, leading to the activation of presynaptic NMDA
receptors, an influx of Ca2q and a subsequent activation of
nNOS, independent of action potentials propagating in
those terminals. Conversely, the presence of axons im-
munolabeled for nNOS with and without NMDA receptors
indicates that NO might be generated in axons indepen-
dently of glutamatergic synaptic transmission, since the
arrival of action potentials in the terminal would evoke

2q 2q w xCa influx via voltage-sensitive Ca -channels 6 . This
event could, in turn, activate nNOS. Yet another scenario
for nNOS activation within axons is that Ca2q-permeable
AMPA-type glutamate receptors participate in raising ax-
onal levels of Ca2q. In support of this idea, recent work
indicates that most of the nNOS cells in the forebrain lack

Ždetectable levels of GluR2 expression which confers
2q . w xCa -impermeability upon AMPA receptors 12 and that

presynaptic AMPA receptors lack GluR2, regardless of
w xtheir cells of origin 20 .

The consequence of NO released from axon terminals
may be to enhance transmitter release through a feedback
loop or by modulating neighboring terminals. Neurochemi-
cal results were the first to indicate that NMDA receptors
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occur presynaptically to enhance the release of dopamine,
ace ty lcho line , no rep ineph rine o r g lu tam ate
w x11,21,32,38,39,48,49,69 . However, with the introduction
of NO as a retrograde messenger, others had offered
reinterpretation of the neurochemists’ results, namely that
NO generated following activation of postsynaptic NMDA
receptors act retrogradely to enhance transmitter release
w x28 . The present observations of nNOS and NMDA recep-
tors in presynaptic and postsynaptic processes suggest that
both biochemical cascades are possible.

Besides the issue discussed above, we speculate that
NMDA receptors on terminals may confer NO-binding to
those recently activated terminals for enhancing neuro-
transmitter release. It has been noted that coincident eleva-
tion of presynaptic activity, NO generation and NMDA
receptor activation can, in some cases, lead to long-lasting
enhancement of neurotransmitter release which, in turn,

Ž . w xunderlies long-term potentiation LTP 23 . We hypothe-
size that NMDA receptors on axons would be the very
ones activated during delivery of a tetanus suitable for
LTP, since synaptically released glutamate would diffuse
towards postsynaptic AND presynaptic membranes. Those
terminals endowed with NMDA receptors AND participat-
ing in the tetanus would have activatable NMDA recep-
tors, because depolarization that propagates down those
axons will have relieved the Mg2q-block upon NMDA

w xreceptors 47 . By requiring activation of presynaptic
NMDA receptors for NO receptivity, those presynaptic
sites remaining silent during NO generation would be
excluded from undergoing the cellular changes leading to
enhanced neurotransmitter release, because NMDA recep-
tors on these terminals would be blocked by Mg2q andror
not be occupied by the ligand. In our opinion, the best
support for this hypothesis comes from Murphy’s group
that reports a conversion of LTP to synaptic depression by

w xdelivering NO during the LTP-induction period 53 . Inter-
estingly, their paradigm involved pharmacological block-
age of NMDA receptors, based on the reasoning that,
when providing an exogenous source of NO, postsynaptic
NMDA receptors ought to be bypassed in order to prevent
the release of endogenous NO. However, we reason that
synaptic depression is caused by APV-blockage of presy-
naptic NMDA receptors, which renders those axons no
longer receptive to NO at binding sites linked to the
enhancement of neurotransmitter release. This idea is con-

w xsistent with the observations of Zhuo et al. 71 and others
Žshowing NO-dependent LTP when NMDA receptors pre

. w xor post remain unblocked. Boulton et al. 7 also reported
on NO-mediated synaptic depression. It is important to
note that their application of NO preceded, rather than
concur with, tetanus delivery. Our working hypothesis

w xdoes not contradict Boulton or Murphy’s results 7,53 , for
NO could cause decrease of transmitter release among

Ž Ž . .inactive or D y -AP5-blocked axons while also enhanc-
ing transmitter release from activated axons. How exactly
might the activation of presynaptic NMDA receptors con-

fer NO-binding and how might NO-binding to molecules
in the terminal enhance neurotransmitter release? These
are questions for the future.
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