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ABSTRACT Neuronal nitric-oxide synthase (nNOS) is
subject to alternative splicing. In mice with targeted deletions
of exon 2 (nNOS4/4), two alternatively spliced forms, nNOS
and vy, which lack exon 2, have been described. We have
compared localizations of native nNOS« and nNOS 3 and y by
in situ hybridization and immunohistochemistry in wild-type
and nNOS2/4 mice. To assess nNOS catalytic activity in intact
animals we localized citrulline, which is formed stoichiomet-
rically with NO, by immunohistochemistry. nNOSf is prom-
inent in several brain regions of wild-type animals and shows
2-to 3-fold up-regulation in the cortex and striatum of
nNOSA/A animals. The persistence of much nNOS mRNA and
protein, and distinct citrulline immunoreactivity (cit-IR) in
the ventral cochlear nuclei and some cit-IR in the striatum
and lateral tegmental nuclei, indicate that nNOSp is a major
functional form of the enzyme in these regions. Thus, nNOSp,
and possibly other uncharacterized splice forms, appear to be
important physiological sources of NO in discrete brain
regions and may account for the relatively modest level of
impairment in nNOSA/2 animals.

Nitric oxide (NO), formed by neuronal nitric-oxide synthase
(nNOS) (1), has major signaling functions in the central and
peripheral nervous system (2, 3). Alternative splicing of the
nNOS gene is prominent with more than 10 differently spliced
nNOS transcripts reported (4-10). The principal, exon 2-con-
taining, form of nNOS (nNOS«) accounts for the great
majority of catalytic activity in the brain, as mice with targeted
deletions of exon 2 (nNOS#/4) display an ~95% reduction in
NOS catalytic activity (11). Though NO has been implicated in
development (12) and synaptic plasticity (13), these mice
appear grossly normal, lack obvious histopathological abnor-
malities in the central nervous system, and reproduce effec-
tively (11), suggesting that the residual NOS activity might
protect the nNOS4/4 mutant mice from serious pathology.
Two alternatively spliced forms of nNOS, 8 and v, that lack
exon 2 and thus persist in the nNOS2/4 mice, have a regional
distribution that parallels the pattern of the residual activity
4).

The human nNOS gene contains 29 exons of which all but
exon 1 are translated to generate nNOSa, a 150-kDa protein
(1, 8). nNOSPB and v, as described in mice, are generated by
alternative splicing that skips exon 2 and employs different first
exons, la and 1b, respectively (4) (Fig. 1). Translation of
nNOSR is initiated at a CTG-initiation codon within exon la
generating a 136-kDa NOS protein with six unique N-terminal
amino acids. Translation of nNOSy is initiated at an ATG-
initiation codon within exon 5 generating a truncated, 125-kDa
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form of nNOSa. Both nNOSB and nNOSy lack the PSD-95/
discs large/Z0-1 homology domain (PDZ) domain that is
localized within exon 2. This domain, also referred to as DHR
or GLGF, mediates association of nNOSa with postsynaptic
density protein 95 (PSD-95; ref. 4). PSD-95 appears to anchor
nNOSa to neuronal membranes in the vicinity of the N-
methyl-D-aspartate (NMDA) receptor (17, 18), thus coupling
NOS activation to calcium influx via the NMDA receptor.
Because nNOSB and vy lack the PDZ domain, they are
localized to the cytosolic fraction (4) and might not be
anticipated to respond to NMDA receptor stimulation, leaving
their ability to be activated in vivo unclear. In vitro assays of the
isoforms indicate that nNOSy lacks significant catalytic activ-
ity, whereas nNOSP possesses activity comparable to nNOS«
(4). Thus, nNOSPB might be the source of the residual activity
in nNOS~/A,

To assess the functional importance of nNOS isoforms in the
brain, we have localized nNOS«, B, and vy by in situ hybrid-
ization and immunohistochemistry, and evaluated in vivo
catalytic activity by staining for citrulline, which is formed by
NOS stoichiometrically with NO (19). Substantial nNOSS in
discrete areas with citrulline staining that persists in nNOS*/4
indicate prominent roles for this NOS subtype.

MATERIALS AND METHODS

Material. C57B6 mice were obtained from The Jackson
Laboratory and housed at the Johns Hopkins Animal Care
Facility. A polyclonal antiserum to the C-terminal region of
human nNOS (residues 1419-1433) was kindly provided by
Jeffrey Spangenberg (Incstar, Stillwater, MN) and used at a
1:15,000 dilution. Glutaraldehyde was from EM Science. Gold
chloride was from Aldrich. Alkaline phosphatase-coupled
anti-rabbit antiserum was from The Jackson Laboratory. The
peroxidase Elite staining kit and VIP kit were from Vector
Laboratories. All other reagents were from Sigma.

Preparation of Polyclonal Antiserum to Citrulline. The
protocol used was similar to the one previously used to
generate antibodies specific for D-serine (20). Citrulline was
coupled to BSA with glutaraldehyde and then reduced with
NaBH, (21). After extensive dialysis against water, the con-
jugate was adsorbed to freshly prepared 45-nm colloidal gold
particles (22). A rabbit was immunized intradermally every 3
weeks with the BSA conjugate alone and i.v. with the gold
particles. Before use, all citrulline used in this study was
incubated for 2 hr at room temperature with Sepharose beads

Abbreviations: cit-IR, citrulline immunoreactivity; NOS, nitric oxide
synthase; nNOS, neuronal nitric oxide synthase; NMDA, N-methyl-
D-aspartate; OTC, ornithine transcarbamoylase; PSD-95, postsynaptic
density protein 95; PDZ, PSD-95 /discs large/ZO-1 homology domain;
wt, wild type.
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FiG. 1. Isoforms of neuronal NOS. (4) Illustration of mRNAs
generated by alternative splicing of the nNOS gene. (Top) The
predominant form in wt. Location of start codons and regions
recognized by the nNOS «, B, and vy in situ probes are indicated.
(Adapted from refs. 4 and 8.) (B) Illustration of nNOS isoforms.
Consensus binding sites for heme (H), calmodulin (CAM), flavin
mononucleotide (FMN), flavin adenine dinucleotide (FAD), and the
reduced form of NADPH are indicated. nNOSBy both lack the PDZ
domain (PDZ), but the primary structure of the catalytic domains
appears intact. *, six amino acids unique to nNOSp. Based on refs.
14-16.

coupled to glutaraldehyde-treated BSA, to eliminate antibod-
ies not selective for citrulline (23). Liquid-phase conjugates of
various amino acids to glutaraldehyde were prepared identi-
cally to the original immunogen, except that BSA was omitted
and free aldehyde groups were blocked with excess Tris. For
dot-blot screens, various amino acids were coupled to dialyzed
rat brain cytosol with glutaraldehyde as described above for
citrulline/BSA conjugates, and then spotted on nitrocellulose.
After overnight incubation with the primary antiserum, blots
were visualized with an alkaline phosphatase-coupled anti-
rabbit secondary antiserum. High-affinity antibodies appeared
after 7 months of immunization.

Immunohistochemistry. Anesthetized mice (age >50 days)
were perfused through the left ventricle for 30 sec with 37°C
oxygenated Krebs—Henseleit buffer and then at 15 ml/min
with 250 ml of 37°C 5% glutaraldehyde/0.5% paraformalde-
hyde containing 0.2% Na»S;0s in 0.1 M sodium phosphate
(pH 7.4). Brains were postfixed in the same buffer for 2 hr at
room temperature. After cryoprotection for 2 days at 4°C in 50
mM sodium phosphate, pH 7.4/0.1 M NaCl/20% (vol/vol)
glycerol, brain sections (20-40 wm) were cut on a sliding
microtome. Free-floating brain sections were reduced for 20
min with 0.5% NaBH, and 0.2% Na,S,0s in PBS (10 mM, pH
7.4/0.19 M NacCl), washed for 45 min at room temperature in
PBS containing 0.2% Na,S,0s, blocked with 4% normal goat
serum for 1 hr in the presence of 0.2% Triton X-100, and
incubated overnight at 4°C with the citrulline antiserum
diluted 1:10,000 to 1:5,000 in PBS containing 2% goat serum
and 0.1% Triton X-100. Immunoreactivity was visualized with
the Vectastain ABC Elite kit (Vector Laboratories). To test
immunohistochemical specificity, liquid-phase conjugates of
glutaraldehyde and citrulline (0.2 mM amino acid) were
incubated for 4 hr with antiserum (1:5,000) before incubation
with brain sections. Immunohistochemistry was routinely done
in the presence of liquid-phase glutaraldehyde conjugates of
L-arginine, and L-glutamate to minimize any cross-reactivity to
amino acids with similar structure to citrulline that occur in
high concentrations in brain. For double labeling, brain sec-
tions were sequentially stained with nNOS and citrulline
antisera. After completing staining with the first antiserum
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(citrulline), sections were microwaved as described (24). The
first primary was visualized with the Vectastain ABC Elite Kit.
The second primary was visualized with the Vector VIP
substrate kit for peroxidase. Microwaved sections for which the
second primary were excluded exhibited no additional stain-
ing.

In Situ Hybridization. Probes for digoxygenin in situ hybrid-
ization corresponding to the C terminus of nNOS were gen-
erated from the Sal/l-EcoRI fragment of rat nNOS correspond-
ing to residues 4196-5057. Exon 2-specific probes were gen-
erated by amplifying a 687-bp fragment via PCR beginning at
the ATG initiator methionine of nNOSe« and corresponding to
residues 100-786 of the published mouse nNOS sequence.
Both sequences were subcloned into pBluescript, and sense
and antisense cRNA probes were generated by T3 and T7
RNA polymerases. In situ hybridization was carried out as
described (25). Sections hybridized with identical amounts of
sense cCRNA in both cases yielded no specific signal.

Radioactive in Situ Hybridization. Oligos for radioactive in
situ hybridization to specific nNOS splice forms were gener-
ated as follows: TGTGCAGTTTGCCGTCGAGGTCTCT-
GCTGCCGAGCCCGCGCAGTTCC, corresponding to the
junction of exons la and 3 and specific to nNOSB; TGTGC-
AGTTTGCCGTCGAGGTCTCTGGAAGGCAAGG-
TGGCTGGGGC, corresponding to the junction of exons 1b
and 3 and corresponding to nNOSy; and TCAGGTGCAGG-
GTGTCAGTGAGGACCACATCTGTCTCCCAGT-
TCTTCACC, corresponding to residues 1004-1053 of exon 3,
and complementary to all published splice forms of nNOS.

In addition, the following control probes were generated:
probe 3, TGTGCAGTTTGCCGTCGAGGTCTCTG(N)zs;
probe 1la, (N);s CTGCCGAGCCCGCGCAGTTCC; probe
1b, (N)2s GAAGGCAAGGTGGCTGGGGC; and GGTCA-
AGAACTGGGAGACAGATGTGGTCCTCACTGA-
CACCCTGCACCTGA, corresponding to the sense strand of
the exon 3 oligo.

Probes 1a and 3, and 1b and 3 were labeled, combined, and
used together, at 1 million cpm per slide each, as controls for
specific hybridization of nNOSB and nNOSy-specific probes.
The exon 3 sense probe was labeled and used at 2 million cpm
per slide as a control for general nonspecific hybridization.
None of these showed appreciable signal.

Hybridization was carried out essentially as described (26).
Forty nanograms of each probe was terminal deoxynucleoti-
dyltransferase end-labeled with 33P, and each were used at 2
million cpm per slide. Sections were hybridized overnight at
45°C, and then washed at 72°C in 0.6 X SSC, 4 X 30 min. After
drying and overnight exposure to Hyperfilm (Amersham),
sections were dipped in NBT-2 emulsion (Kodak), developed
12 days at 4°C, and counterstained with cresyl violet.

RESULTS

Visualization of NOS Activity via Antibodies to Citrulline.
To provide microscopic visualization of NOS catalytic activity,
we developed an antiserum to citrulline. The antiserum was
raised in rabbits against a glutaraldehyde conjugate of citrul-
line and BSA. To evaluate sensitivity and specificity, we
coupled various amino acids and a peptide to dialyzed rat brain
cytosol with glutaraldehyde and spotted the preparations onto
nitrocellulose. Dot blots were probed with a 1:10,000 dilution
of the citrulline antibodies (Fig. 2 Left). The antiserum gave a
robust signal for 10 pmol of citrulline and a faint one for 1
pmol. One nanomole of the other constructs tested exhibited
no cross-reactivity. The antiserum was, therefore, at least
1,000-fold less sensitive to compounds structurally similar to
citrulline (ADMA, arginine, argininosuccinate, and orni-
thine); amino acids found in great abundance in the brain
(y-aminobutyrate, glutamate, glutamine, and taurine); a 20-
residue peptide containing arginine, glutamine, and glutamate
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FiG. 2. Citrulline antiserum specificity. (Left) Dialyzed rat brain
cytosol was coupled to various ligands with glutaraldehyde and then
reduced with NaBHj. Serial 1:10 dilutions of each conjugate were
spotted onto three pieces of nitrocellulose and then probed with a
1:10,000 dilution of antiserum. ADMA, asymmetric NG /NO-
dimethylarginine; Arg, arginine; AS, argininosuccinate; Cit, citrulline;
GABA, y-aminobutyrate; Glu, glutamate; Gln, glutamine; Orn, or-
nithine; Tau, taurine; Pep, human glycine decarboxylase (residues
1,000-1,020). (Center) Mouse basal forebrain/islands of Calleja
stained with 1:10,000 dilution of antiserum. Neuronal soma and
processes are clearly labeled. (Right) Same area in mouse treated with
nitroarginine, 50 mg/kg i.p. twice a day for 4 days. No neuronal
staining is evident in this or other areas (data not shown) of the brain.

residues; and cytosolic brain protein. Staining of tissue sections
with 1:5,000 dilution of the antiserum was completely blocked
by preabsorption overnight with 200 uM of the immunizing
antigen (data not shown).

To use citrulline immunoreactivity (cit-IR) as a monitor of
NOS activity one must establish that citrulline is only synthe-
sized by NOS in the brain. Ornithine transcarbamoylase
(OTC) synthesizes large amounts of citrulline as a component
of the urea cycle. However, both OTC and carbamoylphos-
phate synthetase 1 are considered to be absent from the brain
(27, 28). Indeed, while Northern blots for OTC give a strong
signal in rat liver, we fail to detect any signal in rat brain (results
not shown). Furthermore, chronic treatment with nitroargin-
ine, an apparent irreversible NOS inhibitor (29), abolishes
neuronal cit-IR (Fig. 2 Right). Finally, in double-labeling
experiments all citrulline-positive neurons observed were also
NOS positive. However, many NOS-positive neurons were not
citrulline positive, implying lack of catalytic activity (Fig. 3).
Our findings are in agreement with a previous study by Vincent
and associates (30). Using a different citrulline antiserum and
NADPH-diaphorase staining, a histochemical marker for
NOS, they showed that all cit-IR cells were also NADPH-
diaphorase positive (30).

Citrulline Immunoreactivity Colocalizes with nNOS. All
intense citrulline staining was restricted to neurons with a very
low level of staining in adjacent nonneuronal tissue. The
general distribution of citrulline staining paralleled nNOS in
wild-type (wt) mouse brain with dense staining in the olfactory
bulb, superior colliculus, the dentate gyrus of the hippocam-
pus, the caudate-putamen, and the molecular and granular
layers of the cerebellum (Fig. 3 Bottom). This is in agreement
with previously reported localizations of nNOS and citrulline
(31-33, 34). Thus, citrulline staining in the central nervous
system is a measurement of NOS catalytic activity that varies
among NOS-positive cells with some manifesting undetectable
activity.

nNOS and Citrulline Inmunoreactivity Persist in nNOS4/4
Brain. We observed considerable nNOS immunoreactivity
(nNOS-IR) in nNOS*/2 in many regions including striatum,
cerebral cortex, basal forebrain, and brain stem. nNOS-IR
appeared restricted to neurons and was confined to the cell
soma and the most proximal processes (Fig. 4F and J). In stark
contrast, nNOS-IR in wt brains was prominently localized to
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F16.3. Comparison of cit-IR and nNOS-IR. (Top) Double labeling
for nNOS (purple) and citrulline (light brown-yellow). All cit-IR cells
observed were also nNOS-IR, although many nNOS-IR cells devoid of
cit-IR were observed (solid arrowhead). Cit-IR was especially high in
the soma (open arrowhead), while nNOS-IR appeared both in the
soma and processes. (Bottom) nNOS-IR and cit-IR in sagital sections
of adult mouse. White areas represent positive staining. OB, olfactory
bulb; AOB, accessory olfactory bulb; CP, caudate-putamen; DG,
dentate gyrus; Cx, cerebral cortex; C, colliculi; PPN, pedunculopon-
tine nuclei; Cb, cerebellum.

the processes (Fig. 4 E and I). These observations are consis-
tent with nNOSBvy lacking the PDZ domain needed for
membrane association. In the striatum and the cerebral cortex
the numbers of cell soma IR for nNOS in nNOS2/2 were
somewhat (~50%) reduced compared with wt, although the
staining intensity was greatly reduced. In the brain stem of
nNOS*/2, many nuclei stained significantly for nNOS. The
pedunculopontine and laterodorsal tegmental nuclei (PPN/
LDT) exhibited especially high IR, although the intensity is
decreased compared with wt, and the prominent IR processes
observed in the wt were absent in nNOS2/2 (Fig. 4F). Inde-
pendently, Brenman et al. (35) have reported a similar pattern
of immunoreactivity in nNOS*/2, Failure of previous studies to
detect immunoreactive nNOS protein in nNOS2/2 probably
reflects the use of lower affinity antisera and a less sensitive
colorimetric detection system (11).

To examine catalytic activity of nNOSBy in vivo, we local-
ized citrulline. Cit-IR persisted in the ventral cochlear nucleus
of nNOS2/4, implying that nNOSg or y was active in vivo (Fig.
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FIiG. 4. Comparison of cit-IR and nNOS-IR in wild-type (WT) and nNOS#/2 (KO) brains. VCN, ventral cochlear nucleus; PPN, pedunculo-
pontine and laterodorsal tegmental nuclei; St, striatum. (2 and /) High magnifications of the laterodorsal tegmental nucleus and striatum,
respectively. Arrowheads (4 and /) indicate cit-IR soma in nNOS2/4, Arrowhead (k) indicates one long, continuous cit-IR process. Dark areas

indicate positive staining.

4D). Furthermore, in the ventral cochlear nucleus nNOS-IR
and cit-IR were not reduced in nNOS4/4, suggesting a prom-
inent function for nNOS By in this nucleus (Fig. 4 A-D). In the
wt striatum 10-20% of nNOS-IR cells were cit-IR. The cit-IR
was greatly diminished in nNOS2/2 striatum (Fig. 4L). Simi-

larly, in the PPN /LDT, where 10-20% of nNOS-IR cells were
also cit-IR in the wt, cit-IR was also greatly reduced with only
a few weakly IR cell soma observed in the LDT (Fig. 4 H). In
nNOS2/4 cit-IR cells were scattered throughout the brain
stem but were absent in the cerebral cortex (data not shown).
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Fi6. 5. Comparison of mRNA localizations for nNOSa and total nNOS. cRNA digoxygenin in situ hybridization employed probes directed
against nNOS C-terminal (C-term), representing total nNOS mRNA, and an nNOSa-specific probe (ex2) in wt and nNOS2/4 (KO) animals. VCN,
ventral cochlear nucleus; PPN, pedunculopontine nuclei; Str, striatum; Ctx, cerebral cortex. (X100.)
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Since nNOS-IR was only moderately reduced in nNOS~/4
striatum and PPN/LDT, the loss of cit-IR implies that the
residual nNOSBy was less catalytically active than nNOSa.

Nonradioactive in Situ Hybridization Shows Substantial
nNOS mRNA Expression in nNOSA/2 Brain. Nonradioactive
in situ hybridization for the C-terminal domain of nNOS that
occurs in nNOSg, B, and vy revealed mRNA levels in nNOS2/2,
approximating wt levels in several regions such as PPN/LDT
(Fig. 5) as well as the dorsal and ventral cochlear nuclei. In
other regions, notably the cerebellum and olfactory granule
cells (data not shown), no nNOS mRNA was detected in
nNOS2/4, Likewise, nNOS mRNA was absent from the hy-
pothalamus, with the exception of a few nuclei, and was
expressed in >95% fewer cells in the dorsal and medial
amygdala of nNOS*/2 animals (data not shown). In the
striatum and cerebral cortex, the number of cells expressing
nNOS mRNA was roughly 50% of wt (Table 1). For cortical
and striatal cells that do stain in nNOS2/2 however, the
relative intensity of staining was the same as in wt.

In the wt, the nNOSa mRNA localization pattern was
closely similar to total nNOS mRNA in all brain regions
examined (Fig. 5). The abolition of staining for nNOS« in
knockout animals demonstrated the specificity of the in situ
method.

Radioactive in Situ Hybridization Shows Substantial
nNOSB mRNA in Both Wt and nNOSA/2 Brain. Probes
designed to specifically recognize the nNOSS, and vy isoforms
of nNOS showed nNOSB to be the predominant form in
nNOS*/2, nNOSP was also expressed in wt animals. nNOSS
levels were high in the PPN/LDT and similar in wt and
nNOS%/2 (Fig. 6). nNOSB mRNA levels in the cochlear
nucleus were low in both wt and nNOS2/4, but moderately
increased in nNOS2/4, In wt striatum, nNOSB occurred in
roughly 5% of all nANOS-positive cells. By contrast, in nNOS*/4
nNOSB was present in 35-50% of all nNOS-positive cells,
indicating up-regulation of expression. In the wt cerebral
cortex, nNOS was present in 10% of all nNOS-positive cells
in wt, and in 25-30% in nNOS*/2, reflecting some up-
regulation of nNOSQ in nNOS4/2, nNOSy-specific probes did
not show appreciable levels of signal in any regions of either
the nNOS?/ or the wt brain.

All regions expressing nNOSS also expressed nNOSe, sug-
gesting that the two isoforms are generally coexpressed in the
same cells. In wt striatum, however, some cells may only
express nNOSP. Thus, hybridization of consecutive sections
with probes directed against exon 2, reflecting nNOS« expres-
sion, and the C terminus of nNOS, reflecting expression of all
nNOS splice forms, reveals that the number of nNOS« cells is
only 88.1 = 5.9% (n = 14) of all nNOS cells. Double-labeling
experiments, however, are needed to conclusively answer this
question.

DISCUSSION

nNOS« has been thought to account for 95% or more of all
NOS catalytic activity in the brain, because of the low residual
activity remaining in whole brain extracts of nNOS2/2 (11).
Our study revealed that nNOSS is prominent in many brain
areas and in wt mice can account for the major portion of
citrulline formation in areas such as the cochlear nucleus.

Table 1. nNOS-positive cells in knockout and wild type

nNOS-positive cells per

section
Region Wild type nNOSA/A
Cortex 51+ 6.6 28+ 5.4
Striatum 115 = 14 70 = 15

Data are means = S.E.M. of 16-25 samples.
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FiG. 6. nNOSB mRNA localizations in wild-type and nNOSA/A
(KO) mice. Radioactive oligonucleotide in situ hybridization employed
the nNOSB-specific probe. Arrowheads indicate selected cells showing
black radioactive emulsion grains. Sections are counterstained with
cresyl violet. Abbreviations are as in Fig. 5 legend. (x400.)

While large numbers of alternatively spliced forms of nNOS
transcripts have been described, their relevance in vivo has
been questioned. Our findings indicate that nNOSR is cata-
lytically active in vivo. We did not detect nNOSy mRNA,
suggesting that nNOSR is the only functional alternative form
of nNOS, though we may have failed to detect low levels of
nNOSymRNA. Bredt and associates (4) reported that nNOSB
possesses activity comparable to nNOSa, whereas nNOS+y
lacks activity. Thus, in brain regions with substantial citrulline
staining in nNOS2/4 and detectable nNOSBy IR, nNOSp
probably accounts for the catalytic activity.

Previous studies indicate that a major portion of nNOS is
associated with membranes (36). Membrane association of
nNOS in neurons appears to be mediated by the PDZ domain
and interactions with proteins such as PSD-95 and 93 (4). Since
nNOSB and vy lack the PDZ domain, they are cytosolic (4). Our
evidence that nNOSR is catalytically active in vivo indicates
that membrane association is not required for catalytic activity.
Activation of nNOS by stimulation of NMDA receptors is
thought to depend on the localization of nNOS to the vicinity
of the NMDA receptor via PSD-95 (4). We do not know
whether nNOSPB can be activated by NMDA receptor stimu-
lation.

Despite the importance of nNOS in many neuronal func-
tions, nNOS2/2 animals appear grossly normal. Could residual
nNOSB or other uncharacterized splice forms protect these
mice from more extensive neuronal pathology? Substantial
levels of nNOS occur in numerous brain regions of knockout
animals. The only areas essentially devoid of nNOS mRNA in
the knockout are the cerebellum, the main (but not the
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accessory) olfactory bulb, and the hypothalamus. The lack of
nNOS mRNA in virtually all nuclei of the hypothalamus, and
the >95% reduction in the number of cells in the dorsomedial
nucleus of the amygdala containing nNOS mRNA, regions
known to mediate male-specific aggression and sexual behav-
ior (37), may account for the dramatic behavioral changes
observed in nNOS*/ (38).

Excess production of NO is thought to mediate neuronal
damage following vascular stroke (39). NOS inhibitors provide
60-70% protection against stroke damage (40, 41), while only
a 38% protection occurs in nNOS*/ (42). Perhaps the absence
of greater protection in the nNOS2/4 animals stems from the
persistence of nNOSp in the cortex and striatum.

The pronounced up-regulation of nNOSP in the striatum
and cortex of nNOSA/2 is not evident in other brain regions.
This up-regulation might result from unique dynamic features
of corticostriate neuronal circuitry. The amount of nNOSB
expression in nNOS2/4 is not sufficient to fully account for all
the remaining nNOS expression detected with the C-terminal
probe. Brenman et al. (4) observed augmented Western blot
staining for nNOSBy protein in several brain regions of
nNOS*/2 animals. Since they employed an antiserum specific
for the C-terminal region of nNOS, they may have detected
novel alternatively spliced forms of the enzyme. These forms
might encode proteins of the same length as nNOSp and vy but
with alternative untranslated first exons, and therefore would
be undetectable with our oligonucleotide probes.
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