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Summary

Nitric oxide is a free radical that has been recently recog-
nized as a neural messenger molecule. Nitric oxide syn-
thase has now been purified and molecularly cloned
from brain. Using specific antibodies and oligonucleo-
tide probes, we have localized brain nitric oxide syn-
thase to discrete neuronal populations in the rat and
primate brain. Nitric oxide synthase is exclusively neu-
ronal, and its localization is absolutely coincident with
NADPH diaphorase staining in both rat and primate.

Introduction

Nitric oxide (NO) appears to be responsible for
endothelium-derived relaxing factor activity in blood
vessels (Moncada et al., 1989; Furchgott and Van-
houtte, 1989; ignarro, 1990). NO is also formed in mac-
rophages and neutrophils in response to endotoxin
and appears to mediate the tumoricidal and bacteri-
cidal activities of these cells (Hibbs et al., 1987, 1989);
NO is also formed in brain tissue (Garthwaite et al.,
1988, 1989; Bredt and Snyder, 1989). An understanding
of NO disposition in the brain has come in large part
from characterization of NO synthase (NOS). NOS
forms NO from arginine via oxidation of one of the
guanidino groups of arginine with the stoichiometric
formation of citrulline (Marletta et al., 1988; Palmer
and Moncada, 1989). The NOS protein of brain and
endothelium appears distinct from that of macro-
phages and neutrophils. For instance, the brain/endo-
thelial enzyme activity requires calcium and calmodu-
lin (Bredt and Snyder, 1990), whereas there is no such
requirement for the macrophage enzyme, which in-
stead requires tetrahydrobiopterin (Tayeh and Mar-
letta, 1989; Kwon et al., 1989). NOS has been purified
from the brain to homogeneity and demonstrated to
be amonomer of 150 kd with an absolute requirement
for calmodulin and calcium as well as nicotinamide
adenine dinucleotide phosphate (NADPH) (Bredt and
Snyder, 1990). Molecular cloning of NOS reveals rec-
ognition sites for flavin adenine dinucleotide and fla-
vin mononucleotide, as well as NADPH (Bredt et al.,
1991). The amino acid sequence of brain NOS has
substantial homology with that of cytochrome P-450
reductase.

Our initial immunohistochemical maps of NOS in

the brain reveal discrete localization to limited popu-
lations of cells in the cerebral cortex and corpus stria-
tum, to basket and granule celis of the cerebelium,
and to other selected sites (Bredt et al., 1990). In these
studies we did not observe any extremely close corre-
fation with the localization of known neurotransmit-
ters or other neuronal markers.

NADPH diaphorase was first identified histochemi-
cally through the reduction of Nitro Blue Tetrazolium
in the presence of NADPH (Thomas and Pearse, 1964).
NADPH diaphorase occurs in selected neuronal pop-
ulations in brain, with colocalization of some NADPH
diaphorase neurons with somatostatin, neuropep-
tide Y, and choline acetyltransferase (Mizukawaet al.,
1989). Considerable interest in the function of NADPH
diaphorase neurons has followed the findings that
these neurons are selectively resistant to destruction
in clinical neurodegenerative conditions, such as
Huntington’s disease (Ferrante et al., 1985), as well
as following ischemic destruction of neuronal tissue
{(Uemura et al., 1990) or neurotoxins (Beal et al., 1986;
Koh et al., 1986).

A role for NO in neurotoxicity is evident from our
recent observations that N-methyl-p-aspartate de-
struction of cerebral cortical neurons in primary cui-
ture is blocked by inhibitors of NO synthase or dele-
tion of arginine from incubation media (Dawson et
al., 1991b). Also, in preliminary studies we detected
identical localizations of NOS and NADPH diaphorase
{Dawson et al., 1991a).

In the present study we have mapped in detail the
localization of NOS protein and mRNA in ratand mon-
key brain and demonstrate striking colocalization of
NOS and NADPH diaphorase in all brain areas.

Resuits

NOS Protein Levels and Enzyme Activity

Correspond in Brain Regions

We have developed a rabbit polyclonal antiserum to
rat NOS that has permitted immunohistochemical
mapping of NOS in the brain and peripheral tissues
(Bredt et al., 1990). To characterize the antiserum in
greater detail in terms of its affinity for NOS, we have
conducted immunoprecipitation studies (Figure 1). In
rat cerebellar supernatant preparations, increasing
concentrations of the rabbit antiserum deplete the
supernatant preparation of NOS activity whether
measured by the conversion of arginine to citrulline
or the activation of guanylate cyclate by arginine and
NADPH. In immunoprecipitation experiments using
1 mg/ml cerebellar soluble extracts, half-maximal ef-
fects are apparent at 10 pg/ml antiserum, reflecting a
1:1000 dilution of the crude serum (Figure 7). With
preimmune serum only slight precipitation of NOS
activity occurs at 1:100 dilutions. Moreover, immuno-
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Figure 1. Immunoprecipitation of NOS Activity

NOS activity was assayed in cerebellar homogenates following
immunoprecipitation with antiserum. Both assays for NOS activ-
ity, the conversion of [*Hlarginine to [*HIcitrulline and the activa-
tion of guanylate cyclase by newly synthesized NO, were po-
tently and specifically immunoprecipitated with half-maximal
precipitation at 1:1000 diiution of serum. Foliowing immunopre-
cipitation, guanylate cyclase activity could still be activated to
maximal levels with sodium nitroprusside, demonstrating that
depletion of NOS accounts for the decrease in guanylate cyclase
activity. Maximal levels of [*Hlcitrulline formation prior to im-
munoprecipitation were 11,200 cpm. Basal levels of guanylate
cyclase were 5 pmol/min per mg; prior to immunoprecipitation,
activity was activated to 200 pmol/min per mg by either 1 mM
arginine and 1T mM NADPH, or 300 pM sodium nitroprusside.
This is representative of a similar experiment repeated three
times with nearly identical results.

precipitation does not reduce the total protein con-
tent of the supernatant preparation (data not shown).

To assess the relationship between the amount of
immunoreactivity and of NOS catalytic activity, we
measured NOS activity in various brain regions and
conducted Western blot analysis of NOS protein in
the same regions (Figure 2). The highest NOS activity
occurs in the cerebellum, with somewhat lesser activ-
ity in the colliculi and the olfactory bulb. The lowest
fevels of activity are apparent in the cerebral cortex
and brain stem. Western blot analysis reveals a single
immunoreactive protein band at about 160 kd in all
brain regions. The relative intensity of NOS staining
corresponds well with the relative amount of NOS
activity, with highest levels in the cerebellum and low-
est levels in the brain stem and cerebral cortex.

Immunoreactive NOS and NOS mRNA Occur in
Discrete Rat Brain Regions

In sagittal sections of rat brain examined at low magni-
fication, we confirmed the distribution of NOS immu-
noreactivity reported in a preliminary exploration
(Bredt et al., 1990). Highest densities are apparent in
the cerebellum and the olfactory bulb (Figure 3A).
Staining in the accessory olfactory bulb is even more
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Figure 2. Regional Distribution of NOS Catalytic Activity and
Protein in Brain

NOS activity in brain homogenates (A) displays a regional distri-
bution nearly identical to the density of the immunoreactive
NOS band at 160 kd (B). Nitric oxide synthase activity was deter-
mined by monitoring the conversion of PHlarginine to PHIcitrul-
line as described (Bredt and Snyder, 1990). Western blot analysis
was performed as described in Experimental Procedures. En-
zyme activity represents the means of triplicate determinations.
This is a representative experiment repeated five times with simi-
lar results.

Abbreviations: OB, olfactory bulb; BS, brain stem; CL, colliculi;
HC, hippocampus; ST, striatum; CX, cerebral cortex; CB, cere-
bellum.

prominent than that in the olfactory bulb and cerebel-
lum. Areas of high density staining also are apparent
in the pedunculopontine tegmental nucleus, the su-
perior and inferior colliculi, the supraoptic nucleus,
the islands of Callejae, the caudate-putamen, and the
dentate gyrus of the hippocampus. In situ hybridiza-
tion reveals a similar localization for NOS mRNA, with
highest densities in the accessory olfactory bulb, the
pedunculopontine nucleus, and the cerebellum (Fig-
ure 3C). Other regions with increased grain densities
include the main olfactory bulb, the dentate gyrus of
the hippocampus, the superior and inferior colliculi,
and the supraoptic nucleus. Scattered white dots
throughout the cerebral cortex, the caudate-puta-
men, and basal forebrain correspond to NOS protein
and mRNA concentrated in isolated cells in these re-
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Figure 3. Histologic Localizations of NOS Protein, NADPH Diaph-
orase Activity, and NOS mRNA in Brain

Adjacent sagittal brain sections were processed for NOS immu-
nohistochemistry (A), NADPH diaphorase histochemistry (B},
and NOS in situ hybridization (C). All three methods show
densest staining in the accessory olfactory bulb (AOB), peduncu-
lopontine tegmental nucleus (PPN), and cerebellum (CB), with
lesser staining in the dentate gyrus of the hippocampus (DG),
main olfactory bulb (OB}, superior and inferior colliculi (C), and
supraoptic nucleus (SO). As depicted, in region CA1 staining
for diaphorase exceeds that for NOS; whereas in the superficial
cortex staining for NOS exceeds that for diaphorase. However,
in other sections these layers have similar staining intensities.
Intensely staining isolated cells are apparent scattered through-
out the hippocampus, cerebral cortex (CX), caudate-putamen
(CP), and basal forebrain. NOS and NADPH diaphorase staining
in the hippocampus and cerebral cortex is variable. Some re-
gions enriched in NOS protein and diaphorase staining are de-
void of NOS mRNA, suggesting that in these regions the NOS
protein has been transported to nerve fibers distant from its site
of synthesis. These regions include the molecular layer of the
cerebellum, the islands of Callejae (ICj), and the neuropil of the
caudate-putamen and cerebral cortex.

gions. In the cerebellum NOS mRNA is apparent only
in the granule cell layer, whereas immunoreactive
NOS is concentrated in the molecular as well as the
granule cell layer. This suggests that NOS in the mo-
lecular layer of the cerebellum occurs largely in pro-
cesses of granule cells (Bredt et al., 1990). NOS mRNA
in the caudate-putamen and basal forebrain is pres-

entonly in isolated cells, whereas immunohistochem-
istry shows diffuse staining of the caudate-putamen
and intense staining of the islands of Callejae. This is
consistent with NOS protein in the neuropil of the
caudate-putamen and the islands of Callejae being
present predominantly in nerve fibers.

We employed coronal sections to explore more lev-
els of the neuraxis (Figure 4). In the cerebral cortex
light staining for NOS is apparent in superficial areas
throughout the cerebral cortex, but with greatest in-
tensity near the rhombic fissure. Somewhat more

intence staining annears in the caudate~nutamen
Intense stamning appears in ne caugate-putamen,

whereas in the adjacent globus pallidus, negligible
staining is apparent. High concentrations of immuno-
reactivity are detected in the medial nucleus of the
amygdala, with much less NOS in other portions of
the amygdala. The islands of Callejae and bed nucleus
of the stria terminalis also have high NOS levels. The
paraventricular nucleus of the hypothalamus has ele-
vated NOS concentrations, presumably in the cells
projecting to the posterior pituitary, which we pre-
viously showed to display extremely high concen-
trations of NOS (Bredt et al., 1990). The cells of the
subfornical nucleus possess particularly high concen-
trations of NOS.

Within the hippocampal formation, highest NOS
levels are apparent in the dentate gyrus, with very
little in other portions of the hippocampus. The inter-
peduncular nucleus as well as the central gray and
superior colliculus has high densities of NOS. The
zona incerta is enriched in NOS immunoreactivity,
whereas the underlying substantia nigra is devoid of
NOS. Within the hypothalamus, the medial mammil-
fary nucleus has high concentrations of NOS.

In the brain stem NOS levels are low except for
discrete portions of the nucleus prepositus hypo-
glossi and the substantia gelatinosa of the spinal tract
fo the trigeminal nerve. n the spinal cord NOS is also
very highly concentrated in the substantia gelatinosa.
The cerebellum displays high NOS levels, with immu-
noreactivity in the molecular and granule cell layers
as previously reported (Bredt et al., 1990).

Examination at higher magnification permits the
cellular localization of NOS (Figure 5). In the cerebral
cortex immunoreactivity occurs in scattered, isolated
cells that are medium to large aspiny neurons (Figure
5A). Staining is apparent within the cell bodies and
throughout the several processes of the cells, with
some evident varicosities (Figure 5B). Within the hip-
pocampal formation, granule cells of the dentate gy-
rus are also heavily stained, with the greatest staining
apparent in their processes in the molecular layer of
the dentate gyrus (Figure 5C). Examination of hippo-
campal region CA1 under high magnification reveals
scattered immunoreactive neurons, with no labeling
of pyramidial cells (Figure 5D).

In the islands of Callejae NOS appears largely con-
fined tofibers, with intense staining of alarge number
of these processes (Figure 5E). By contrast, the nucleus
of the diagonal band possesses both NOS cells and
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Figure 4. Localization of NOS in Coronal Brain Sections

Thin sections (16 pm) of rat brain were processed for NOS immunohistochemistry. Immunoreactive structures appear white in these
dark-field images. Labeled structures are described in the text. Abbreviations: A, amygdala; AA, anterior amygdala; AQ, cerebral
aqueduct; BST, bed nucleus of the stria terminalis; CB, cerebellum; CG, central gray; CP, caudate-putamen; CX, cerebral cortex;
D, dorsal horn of the spinal cord; DG, dentate gyrus of the hippocampus; GP, globus pallidus; IC, internal capsule; ICj, islands of
Callejae; IP, interpeduncular nucleus; MA, medial amygdala; MM, medial mammillary nucleus; PH, nucleus prepositus hypoglossi; PPN,
pedunculopontine tegmental nucleus; PS, presubiculum; PV, paraventricular nucleus; R, rhombic fissure; SC, superior colliculus; SFO,
subfornical organ; SG, substantia gelatinosa, SN, substantia nigra; SO, supraoptic nucleus; ST, stria terminalis; V, ventral horn of spinal

cord; ZI1, sona incerta; 55T, spinal tract of the trigeminal nerve.

processes. Within the corpus striatum, NOS occurs
in scattered, medium to large aspiny neurons, with
staining evident in cell bodies and extensive staining
seen in the neuropil (Figure 5F).

NOS and NADPH Diaphorase Are Colocalized

in Rat and Monkey Brain

in preliminary studies (Snyder and Bredt, 1991; un-
published data) we noted colocalization of NOS im-
munoreactivity with NADPH diaphorase inafew areas
of the brain and in peripheral tissues, including the
posterior pituitary, the retina, the adrenal medulla,
and the myenteric plexus in the intestine. We now
have explored a wide range of brain regions and ob-

served colocalization for NOS and NADPH diapho-
rase in virtually every brain area examined (Figure 3B).
At low magnification of sagittal sections, the highest
densities of NADPH diaphorase are apparent in the
accessory olfactory bulb, with slightly lower levels in
the main olfactory bulb, the pedunculopontine nu-
cleus, and the molecular and granule cell layers of the
cerebellum, essentially the same as the distribution
of NOS (Figure 3C). Lower levels of NADPH diapho-
rase are evident in the superior and inferior colliculi,
the dentate gyrus of the hippocampal formation, the
supraoptic nucleus, and the corpus striatum, again
quite similar to the overall distribution of NOS. Higher
magnifications emphasize the colocalization of these
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two enzymes. For instance, in the cerebellum Purkinje
cells display absolutely no NOS or NADPH diapho-
rase. On the other hand, all basket cells stain for NOS
and NADPH diaphorase, as do glomeruli and granule
cells (Figure 6). Within the pedunculopontine tegmen-
tal nucleus, we conducted in situ hybridization for
NOS mRNA on sections first stained for NADPH di-
aphorase (Figure 7). Every NADPH diaphorase-positive
cell displays NOS mRNA. We have conducted similar
studies on the scattered NADPH diaphorase-positive
cells throughout the cerebral cortex, corpus striatum,
and hippocampal formation. In all instances, every
NADPH diaphorase-positive cell displays prominent
NOS mRNA autoradiographic grains (data not shown).
Moreover, in no instance is NOS mRNA present in the
absence of NADPH diaphorase staining.

We conducted a detailed celiular analysis of the
colocalization of NOS and NADPH diaphorase in the
corpus striatum (Figure 8). In adjacent sections of
the corpus striatum, virtually identical numbers of
cells stain for NADPH diaphcrase and NOS.

To ascertain whether the unique localization of
NOS in rat brain is species specific or might be gener-
alized, we have mapped NOS immunoreactivity
throughout monkey brain. In all regions examined,
the cell and fiber groups stained are the same as in rat
(data not shown). In certain areas of monkey brain we
have compared NOS and NADPH diaphorase localiza-
tion. in the monkey, large cells in the basal forebrain,
corresponding to the nucleus basalis of Maynert of
humans, project cholinergic neurons to the cerebral
cortex. This group of cells does not exist as a discrete
nucleus in the rat. In the monkey, NOS staining is
evident in the medium to large cells of the basal fore-
brain, but not in the smaller cells (Figure 9). Al NOS-
staining cells also stain for NADPH diaphorase in the
basal forebrain.

Discussion

The main findings of this paper are the highly sefective
localizations of NOS neurons throughout the brain
and their colocalization with NADPH diaphorase. In
some areas of the brain, such as the corpus striatum,
NADPH diaphorase is colocalized with somatostatin
and neuropeptide Y. However, several areas of the
brain possess NADPH but are devoid of somatostatin
and neuropeptide Y. Similarly, in the pedunculopon-
tine nucleus, NADPH diaphorase occurs together
with choline acetyltransferase (Mizukawa et al., 1989),
while in other parts of the brain, like the corpus stria-
tum, they are not colocalized. By contrast, the coinci-
dence of NADPH diaphorase and NOS is absolute in
all cells and in all brain areas examined.

The colocalization of NOS and NADPH diaphorase
is not restricted to the brain. In other studies (Snyder
and Bredt, 1991; Dawson et al.,, 1991a) NOS and
NADPH diaphorase are colocalized in neuronal fibers
in terminals of the posterior pituitary derived from
the supraoptic and paraventricular nuclei of the hypo-
thalamus. In the eye NOS and NADPH diaphorase are
colocalized in a plexus of nerve fibers in the choroid
as well as in the retina in a discrete population of
amacrine cellsinthe inner nuclear layer, together with
occasional cells in the ganglion cell layer. In the myen-
teric plexus of the small intestine neurons and pro-
cesses possess both NOS and NADPH diaphorase.
In the adrenal medulla NADPH diaphorase and NOS
occur together in ganglion cells and fibers that con-
tact the chromaffin cells. NADPH diaphorase in pe-
ripheral tissues can occur in the absence of NOS in
limited instances. For instance, the adrenal cortex
stains for NADPH diaphorase but not NOS. Presum-
ably high levels of oxidative enzyme involved in ste-
roid synthesis account for NADPH diaphorase activity
in the adrenal cortex. Additionally, the liver stains for
NADPH diaphorase but not NOS.

The striking colocalization of NADPH diaphorase
and NOS and the fact that both enzymes have oxida-
tive activity dependent upon NADPH suggest that in



Neuron
620

- ¥ ‘x’.
<

v

Figure 5. Cellular Localizations of NOS in Rat Brain
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(A) Throughout the cerebral cortex (CX), NOS is concentrated in only 1%-2% of all neurons (90x). (B) Viewed at high magnification,
these scattered positive neurons are labeled throughout their cell bodies and elaborate processes (360x). (C) Within the hippocampus,
there is intense staining of the outer granule cell layer and inner molecular layer of the dentate gyrus (DG), as well as isolated
immunoreactive cells (arrowheads) throughout the hippocampus (90x). (D) High magnification of the hippocampus shows densely
labeled cells in the CAT region (360 x). () In the basal forebrain at low magnification, staining is apparent in nerve fibers of the islands
of Callejae (ICj) and in cell bodies of the caudate-putamen (CP) and diagonal band of Broca (DB) (90 x). AC, anterior commissure; MICj,
major island of Callejae. (F) Staining of medium, aspiny neurons and their processes is apparent in the caudate-putamen viewed at
higher magnification, with staining absent from the corpus callosum (CO) (360 x).

cells where they are colocalized, NOS accounts for
NADPH diaphorase activity. In principle, one might
simply purify NADPH diaphorase protein and deter-
mine whether it is identical to NOS protein. However,
NADPH diaphorase activity measured in tissue ho-
mogenates may well not reflect the enzyme moni-

tored by histochemical staining. Histochemistry re-
veals enzyme activity that is highly concentrated in
discrete localizations, whereas catalytic activity in ho-
mogenates often reflects the contribution of multiple
sources of enzyme diffusely distributed and thus not
evident in histochemistry. Very recently, Hope et al.
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Figure 6. Colocalization of NADPH Diaphorase and NOS Protein in Rat Cerebellum

Thin sagittal sections of cerebellum stained for NADPH diaphorase (A) or NOS immunohistochemistry (B) reveai that both stain the
same cell types (400 x). Within the granule cell layer (GL), both granule cells and large glomerular synapses (arrowheads) are labeled,
whereas in the molecular layer (MO), basket cells are densely stained, with diffuse labeling of the neuropil likely due to NOS within
parallel fibers. Purkinje cells (P) are notable for their lack of staining. Sections were processed for NADPH diaphorase and immunohisto-
chemical staining as described in Experimental Procedures, except that sections were fixed with only 0.5% paraformaldehyde, as this
more gentle fixation was specifically required for robust staining in the cerebellum.
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Figure 8. Camera Lucida lilustration of NOS Immunohistochem-
istry and NADPH Diaphorase Staining in the Caudate-Putamen

Adjacent thick sagittal sections of rat brain were stained for NOS
immunoreactivity and NADPH diaphorase. Using blood vessels
as landmarks (arrowheads), virtually identical numbers of neu-
rons show positive staining for NOS and NADPH diaphorase in
the caudate-putamen (CP). LV, lateral ventrical. In the boxed
fields, 140 cells stained for NOS and 142 celis were NADPH diaph-
orase-positive.

NOS IN SITU HYB

Figure 7. Colocalization of NADPH Diaphorase and NOS mRNA

in the Pedunculopontine Tegmental Nucleus (1991) found that a portion of the NADPH diaphorase

A thin section of rat brain stained for NADPH diaphorase was activity in rat cerebellar homogenates copuriﬁes with

then processed for NOS in situ hybridization. (A) Intense diapho- NOS (Hope et al., 1991) Taking advantage of our re-
. . I

rase staining of large neurons in the pedunculopontine tegmen- .
tal nucleus is apparent in bright-field. (B) These same neurons cent molecular cloning of the gene for NOS, we have

are selectively enriched in NOS mRNA silver grains visualized in transfected the cDNA for NOS into kidney cells in
dark-field (280x). culture and found that this transfection produces
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Figure 9. Localization of NOS and NADPH Diaphorase in the
Nucleus Basalis of the Rhesus Monkey

Consecutive thick (40 pm) sections were stained for either NOS
immunohistochemistry or NADPH diaphorase. Both NOS immu-
nohistochemistry (A) and NADPH diaphorase (B) are selectively
enriched in the medium-sized neurons in this nucleus, with no
staining of other cell bodies in this region 280x).

both substantial NOS activity and diaphorase staining
(Dawson et al., 1991a). Moreover, the relative amounts
of staining for NOS immunohistochemistry and
NADPH diaphorase in the transfected cells are the
same as those in brain neurons, establishing that NOS
accounts for NADPH diaphorase staining in brain.
In preliminary experiments we have examined the
effects on NADPH diaphorase staining in brain sec-
tions of nitroarginine (1 mM), an inhibitor of NOS
activity, and EGTA (1 mM), which chelates the calcium
required for NOS activity. In these experiments we
have not observed changes in NADPH diaphorase
staining (data not shown). The diaphorase activity of
NOS likely derives from the reduction by NADPH of
a flavin associated with NOS that in turn directly re-
duces the Nitro Blue Tetetrazolium dye. This portion
of NOS enzyme activity must then be independent of
arginine, calcium, and calmodulin. Consistent with
this model for the way in which NOS provides NADPH
diaphorase staining, we have shown that NOS activity
is potently inhibited by Nitro Blue Tetrazolium, with
50% inhibition apparent at a 10 LM concentration of
the dye (data not shown). This is quite similar to the

potency of Nitro Blue Tetrazolium in providing
NADPH diaphorase staining.

One of the most dramatic features of NADPH diaph-
orase neurons is their resistance to various neurotoxic
insults. It seems possible that the NOS activity of these
neurons may be responsible for this resistance. Neu-
rotoxicity has been ascribed to an overload of calcium
within neurons (Choi, 1988). NO can reduce intracel-
lular levels of calcium by mechanisms unrelated to
cGMP (Garg and Hassid, 1991), which therefore might
afford protection from high levels of calcium. The di-

nharaco activity of N mov nravida nanraneatan

aPlIUlaDC GLI.IVII.)’ vl IVOS lllay PIUVIUC IICUIUPIULUL'
tion, as induction of a similar enzyme, DT diaphorase,
in neuronal cultures can protect neurons from oxida-
tive toxicity (Murphy et al., 1991). Garthwaite and
Garthwaite (1988) provided evidence in cerebellar
slices that cGMP has neuroprotective effects medi-
ated via unspecified mechanisms. Conceivably, cGMP
formation stimulated by NO may provide enhanced
neuronal survival. However, while glutamate en-
hancement of cGMP levels in the cerebellum is medi-
ated viaNO (Bredt and Snyder, 1989; Garthwaite et al.,
1989), NOS occurs in many parts of the brain in which
guanylate cyclase levels have not been detected in
abundance by histochemical analysis (Nakane et al.,
1983), suggesting that NO has roles in brain function
other than activation of guanylyl cyclase.

Experimental Procedures

Materials

[*Hlarginine (53 Ci/fmmol) and [a-*?P]GTP and (3000 Ci/mmol) were
obtained from NEN/DuPont. The Vectastain immunocytochem-
istry kit was from Vector. All other materials were purchased
from Sigma.

Preparation of Anti-NOS Antiserum

Polyclonal antiserum was raised in rabbits following a series of
immunizations with the homogeneous NOS enzyme (Bredt and
Snyder, 1990; Bredt et al., 1990).

Immunoprecipitation of NOS Catalytic Activity

NOS activity was assayed by measuring the conversion of [*H]ar-
ginine to [*HIcitrulline exactly as described (Bredt and Snyder,
1990) and by monitoring the cyclization of [0-*?P]IGTP to
[**PIcGMP as described (Bredt et al., 1991). For immunoprecipita-
tion, crude soluble extracts of rat cerebellum (1 mg/ml) were
incubated overnight at 4° C with varying amounts of primary
antiserum or preimmune serum. Protein A-Sepharose was then
added for 1 hr, and the antibody complexes were sedimented by
centrifugation. Enzyme activity and total protein concentration
in the supernatant were quantified.

Western Blot Analysis

Soluble homogenates from various brain regions were prepared
in buffer containing 25 mM Tris-HCI (pH 7.4) with 1 mM EDTA.
Proteins (200 pg per lane) were separated on a 7.5% SDS poly-
acrylamide gel, transferred to nitrocellulose, and probed with
crude antiserum (1:5000) overnight. Bands were visualized with
an alkaline phosphatase-linked secondary antibody.

Immunohistochemistry and NADPH Diaphorase Staining

Adult male Sprague-Dawley rats and rhesus monkey were per-
fused with 2% freshly depolymerized paraformaldehyde in
0.1 M PBS. Thin sections (12 um) were prepared as described
(Bredt et al., 1990). For thick sections (40 pm), the brains were
removed and postfixed for 2 hrin 2% paraformaldehyde in PBS
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foilowed by cryoprotection in 20% glyceroi. Sections (40 pm)
were cut on a sliding microtome and immediately transferred
to 50 mM Tris-HCI buffered saline. Immunostaining was done
essentially as described (Bredt et al., 1990). Sections were
blocked for 1 hr in PBS containing 1% normal goat serum and
then incubated overnight at 4° C in the same buffer containing
crude (1:2000) or affinity-purified (1:300) antiserum (Bredt et al.,
1990). Horseradish peroxidase staining was done using an avi-
din-biotin kit (Vectastain). NADPH diaphorase staining was per-
formed by incubating sections with 1 mM NADPH, 0.2 mM Nitro
Blue Tetrazolium in 0.1 M Tris-HCI buffer (pH 7.4) containing
10% dimethy! suifoxide for 30-90 min at room temperature (Mi-
zukawa et al., 1989),

In Situ Hybridization

A pool of three 45-mer antisense oligonculeotides, complemen-
tary to nucleotides 211-266, 795-840, and 4712-4757 of the cloned
cDNA (Bredt et al.,, 1991), were end-labeled with [*¥S]dATP. In
situ hybridization was done exactly as described (Ross et al.,
1989) on slide-mounted sections. Some sections were stained
with NADPH diaphorase immediately prior to preparing the sec-
tions for in situ hybridization. The sequences of the nucleotides
used are as follows: oligo #1, GGCCTTGGGCATGCTCGAGGGC-
CATTACCCAGACCTGTGACTCTGT; oligo #2, AGAGTTCTGT-
CGCCTCTGTCTTGACGTCAACT TGGCGTCATCTGC; olgio #3,
AGGCACGAGCAGGGCCACTCGGTTCAGCCGTGTGTGTCCGA-
ATTTA.
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