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Abstract
Background. Decreased renal cortical neuronal NO syn-
thase (nNOS) abundance/activity correlates with progres-
sion of chronic kidney disease (CKD) in a number of animal
models.
Methods. Western blotting with both N-terminal and C-
terminal antibodies, immunoprecipitation, proteomics, RT-
PCR and in situ hybridization were used to identify nNOS
splice variants in the rat kidney.
Results. We have identified two nNOS proteins and tran-
scripts in the rat kidney; nNOSα (∼160 kDa) and nNOSβ
(∼140 kDa), a catalytically active exon-2 deletion vari-
ant, lacking both the PDZ and protein inhibitor of nNOS
(PIN) domains. We also report that nNOSβ protein abun-
dance is increased in the kidney at 11 weeks following 5/6th
nephrectomy (5/6NX)-induced CKD while nNOSα protein
abundance is diminished. The transcript data parallel the
protein data in 5/6NX. By in situ hybridization, there is
abundant nNOSα mRNA widely distributed throughout the
normal kidney cortex, with very sparse nNOSβ mRNA con-
fined to a few proximal tubules. In a second injury model
(6 weeks after 5/6 renal mass reduction by combined right
kidney ablation and infarction of ∼2/3 of the left kidney;
5/6 A/I), nNOSα mRNA almost disappears from the kidney
cortex while nNOSβ mRNA abundance increases in tubules
and tubulo-interstitium.
Conclusion. The renal cortical nNOSβ protein is present
in low abundance in the normal kidney and increases with
injury, in an inverse pattern of change with the nNOSα.
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Introduction

Neuronal NO synthase (nNOS) is widely distributed in
the normal kidney with abundant expression in macula
densa, proximal tubules and collecting duct [1,2]. The first
nNOS described was an ∼160 kDa protein, currently known
as the nNOSα. However, alternate splicing can produce
many nNOS mRNA variants and other nNOS protein iso-
forms have been identified in extrarenal tissues: nNOSβ ∼
140 kDa, nNOSγ ∼125 kDa, nNOSµ ∼165 kDa and
nNOS-2 ∼144 kDa [2–10].

In this study, we compared an N-terminal antibody (rec-
ognizing the unique PDZ-PIN region of nNOSα) to a C-
terminal antibody (that theoretically recognizes all nNOS
variants), to determine whether multiple nNOS protein iso-
forms exist in the rat kidney. A targeted proteomics ap-
proach was used, and the presence of the relevant tran-
scripts was investigated using RT-PCR. We also re-analysed
the kidney cortex (KC) from a previously published study
on 5/6th nephrectomy (5/6NX) chronic kidney disease
(CKD) [11] to determine whether changes in nNOSβ pro-
tein abundance occur with kidney injury. In order to local-
ize the nNOS isoforms, we conducted in situ hybridization
studies in sham and CKD kidneys 6 weeks after 5/6 re-
nal mass reduction by combined ablation and infarction
(5/6 A/I).

Subjects and methods

The following tissues were harvested from control male
(n = 4) and female (n = 3) Sprague Dawley (Harlan, Indi-
anapolis, IN, USA) rats; aorta, KC, kidney medulla (KM),
skeletal muscle, heart, lung, liver, small intestine, testis
and cerebellum. Western blots were performed on the KC
taken from sham and 5/6NX rats, each n = 6 (details pub-
lished previously [11]) using a C-terminal antibody (ABR
PA1-033; Affinity BioReagents, Golden, CO, USA). For in
situ hybridization, the left kidney was obtained from one
control and one rat at 6 weeks after 5/6 A/I. Supplies were
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from Sigma, St Louis, MO, USA, unless otherwise speci-
fied.

For western blot, 5–300 µg of protein (in 50 µl) was
loaded on 7.5% gels, separated by SDS–PAGE (200 V,
2.5 h) and blotted to Hy-bond nitrocellulose membranes
(1.75 h, 0.18 Amps, Amersham Biosciences, Piscataway,
NJ, USA). A positive control (5–10 µg rat cerebellar lysate)
and molecular weight (MW) markers were run on each gel.
The membranes were blocked and probed with one of the
following antibodies: a C-terminal rabbit polyclonal anti-
body (ABR PA1-033, 1:250 dilution for ECL detection,
1:4000 dilution for ECL Advance detection, overnight in-
cubation) or an N-terminal rabbit polyclonal antibody [12]
(1:5000 dilution for ECL detection, 1-h incubation), fol-
lowed by a secondary goat anti-rabbit IgG-HRP antibody
(BioRad, Hercules, CA, USA; 1:3000 for ECL; 1:60 000
for ECL Advance detection, 1-h incubation). The bands
were visualized using ECL or ECL Advance (Amersham
Biosciences) and captured with a VersaDoc image analysis
system (BioRad).

For peptide competition, 150 µg of neutralizing peptide
(ABR PEP-190) was incubated with 3.75 µg of the C-
terminal nNOS antibody (ABR PA1-033) overnight at 4◦C
and centrifuged. The supernatant was diluted in a blocking
solution (1:4000) and used for nNOS detection. The control
membrane was probed with the ABR PA1-033 alone. Both
membranes were then probed with a secondary goat anti-
rabbit IgG-HRP antibody (BioRad; 1:60 000 dilution, 1-h
incubation).

For immunoprecipitation, KC/KM and cerebellum were
homogenized with a lysis buffer (20 mM Tris–HCl, 150 mM
NaCl, 1% Triton X-100, 0.5% Nonidet P-40, 1 mM EDTA,
1 mM EGTA, 20 mM sodium orthovanadate, 20 mM NaF,
5 mM phenylmethylsulfonyl fluoride, 21 µg/ml aprotinin,
5 µg/ml leupeptin) and centrifuged. The supernatant (KC =
1.5 ml, 26 µg protein/µl; KM = 1 ml, 25 µg/µl; Cer =
1 ml, 11.5 µg/µl) was incubated with 20–80 µl of an
ABR PA1-033 C-terminal nNOS antibody overnight at 4◦C
with continuous rotation. Protein A-Sepharose beads (30–
50 µl, Amersham Biosciences) were added, rotated for 2 h
at 4◦C, washed, re-suspended in 50 µl of 2× Laemmli
buffer, boiled for 3 min and loaded onto 7.5% gels. The
proteins were separated by 1D-SDS–PAGE (200 V, 2.5 h)
and stained with Coomassie blue. Bands of interest were
excised under fully sterile conditions.

Protein digestion, peptide mass fingerprinting and se-
quence tagging [12,13] were conducted on individual bands
excised as 1–3 mm3 plugs from the 1D-SDS–PAGE gels as
follows. Plugs were conditioned and de-stained with 20 µl
of 0.1 M NH4HCO3 for 15 min followed with 30 µl of
99.9% acetonitrile. The gel pieces were dried, re-hydrated
with 20 µl of 0.02 M dithiothreitol in 0.1 M NH4HCO3 and
heated at 56◦C for 45 min for reduction of disulfide bonds.
The solution was replaced with 0.055 M iodoacetamide
in 0.1 M NH4HCO3 for alkylation of reduced thiols (30
min in the dark). The alkylation solution was removed.
The gel plugs were conditioned for 15 min with 200 µl of
0.05 M NH4HCO3, and then dehydrated with 200 µl of
99.9% acetonitrile. After 15 min, the solution was removed,
and gel plugs were dried by vacuum centrifuge and re-
hydrated with 3 µl of 20 ng/µl modified trypsin (Promega,

Madison, WI, USA) in 0.05 M NH4HCO3. The re-hydrated
gel pieces were covered with 5–6 µl of 0.05 M NH4HCO3
solution and incubated overnight at 37◦C. The samples were
cooled, and the trypsinization reaction was stopped by the
addition of 1 µl of 0.1% trifluoroacetic acid (TFA). MALDI
matrix was α-cyano-4-hydroxycinnamic acid (α-CN) con-
taining 10 mM NH4H2PO4. The samples were (a) spotted
as 1:1 (v/v) samples of protein digest: α-CN or (b) desalted
sample aliquots (0.7–1.0 µl, 4 mg/ml α-CN, 50% acetoni-
trile, 0.1% TFA) spotted directly onto MALDI sample tar-
gets using C18 Zip Tips R© (Millipore, Salem, MA, USA).
Samples were air-dried in the dark and cleared of particulate
matter with compressed gas prior to sample plate loading
into the mass spectrometer.

Positive ion MALDI-TOF mass spectra were acquired us-
ing an Applied Biosystems (Foster City, CA, USA) AB4700
protein analyser operating in reflectron mode and with
ion source pressure of ∼0.5 µTorr. After a 400-ns time-
delayed ion extraction period, the ions were accelerated
to 20 kV for TOF mass spectrometric analysis. A total of
600–1000 laser shots (355 nm Nd:YAG solid-state laser
operating at 200 Hz) were acquired and signal-averaged.
Individual sample plates were calibrated, and plate mod-
elling was performed using a six-peptide calibration stan-
dard with (1) des-Arg1-Bradykinin, (2) angiotensin I,
(3) Glu1-Fibrinopeptide B, (4) ACTH (1–17), (5) ACTH
(18–39) and (6) ACTH (7–38). Data were analysed using
Mascot 1.9 against the 20051115/20061212 Swiss Protein
database assuming (a) monoisotopic peptide masses, (b)
cysteine carbamidomethylation, (c) variable oxidation of
methionine, (d) no missed trypsin cleavage sites, (e) MS
mass accuracy >50 ppm and (f) a MSMS mass accuracy
>0.3 Da. Limitation of the original protein mass was not
employed within the Mascot search. A Mascot score of ≥65
was considered to be statistically significant (P < 0.05).

For RT-PCR, RNA was extracted using TRI reagent
treated with DNase I (Ambion, Austin, TX, USA) and re-
verse transcribed with random primers (Invitrogen, Carls-
bad, CA, USA). Complementary DNA (0.5 µg) from each
sample was amplified by PCR using 50 ng of each primer
and the FailSafeTM PCR system (Epicentre, Madison, WI,
USA) in a 50 µl final volume. Forward primers target-
ing Exon 1a, 1b, and 1c were made according to Lee
et al. [4]. Reverse primers were designed from rat-specific
sequences (NM_052799) targeting exon 2, 5 and 6 (Ex2:5′-
ccgcagcacctcctcgaatc 3′; Ex5:5′-accccgtttccagtgtgctcttca
3′; Ex6:5′-gcgccatagatgagctcggtg 3′). Ribosomal 18S
(Ambion) served as a ‘housekeeping’ gene. Complimen-
tary DNA was amplified simultaneously for all tissues,
electrophoresed on a 0.7% or 1.5% agarose gels (depend-
ing on the expected PCR product size) and stained with
ethidium bromide. Images were captured using a VersaDoc
image analysis system (BioRad).

The same mRNA fragments for rat nNOSα and β anal-
ysed by RT-PCR were also targeted by in situ hybridization.
The 5′ end of the forward and reverse primer sequences
was modified by incorporating a T7-specific transcription
factor recognition site (seq: TAA TAC GAC TCA CTA
TAG GGA AGC CGG ATC) to produce nNOS-specific
riboprobes. Kidneys were harvested fixed in 4% buffered
paraformaldehyde (pH 7.0), embedded in OCT (Electron
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Fig. 1. Immunoblots of a male kidney cortex (KC, 200 µg), kidney medulla (KM, 100 µg) and control cerebellar lysate (Cer, 5 µg) with the N-terminal
nNOS antibody (A) and ABR PA1-033 C-terminal nNOS antibody (B). Lanes: 1 = male KC, 2 = male KM, 3 = female KC, 4 = female KM, 5 = Cer.

Microscopy Sciences, PA, USA) and sectioned at 10 µm
using a cryotome. After acid hydrolysis in 0.2 M HCl, the
sections were digested with 3 µg/ml of proteinase K for
15 min at room temperature in diethyl-pyrocarbonate-
treated phosphate-buffer saline (PBS), pH 7.0. After acety-
lation, the probe was added to a 500 µl pre-warmed pre-
hybridization solution [5 mM ethylenediaminetetraacetic
acid, 0.1% Triton X-100, 0.1% CHAPS, 50 µg/ml heparin
sulfate, 5× saline sodium citrate (SSC) solution, 10% dex-
tran sulfate, 50% formamide, 0.2 mol/l DTT and 1 mg/ml
tRNA]. Cover slips were applied with paraffin strips. Hy-
bridization was performed overnight in a moist chamber at
65◦C. The cover slips were removed, and the sections were
washed in a graded series (5×, 2×, 0.2×) of SSC buffer
+ 0.1% Triton X. The reaction was blocked with 10% goat
serum for 60 min at room temperature, and then the sections
were incubated with the anti-daioxigenin antiserum diluted
in 10% goat serum (1:2000) at room temperature overnight.
The sections were washed (100 mM Tris, pH 9.5, 100 mM
NaCl, 50 mM MgCl2, 1% Tween 20) and rinsed (50 mM
Tris, pH 7.5, 150 mM NaCl, 100 mM KCl, 0.1% Tween 20)
several times. They were developed with a BM Purple Sub-
strate (Roche Ltd, CA, USA) and counterstained with Nu-
clear Fast Red (Vector Laboratories Inc., CA, USA). They
were then dehydrated with serial ethanol concentrations,
followed by xylol. The sections were mounted with the Cy-
toseal XYL medium (Fisher Sci, MA, USA) and evaluated
under a Zeiss AxioCam MRc5 laboratory microscope.

Results

Homogenates of the rat kidney cortex and medulla
(KC/KM) were immunoblotted using an N-terminal anti-
body [12] that detects the nNOSα and gives a single band
at ∼160 kDa in KC/KM and cerebellum (Figure 1A). To
investigate the presence of other possible nNOS isoforms,
we used a C-terminal nNOS antibody that by western blot
gave bands in normal KC/KM at the MWs of nNOSα
(∼160 kDa) and nNOSβ (∼140 kDa). In addition, we de-
tected a band at ∼125 kDa (Figure 1B), the correct MW for
the nNOSγ. All three bands faded when incubated with the

Fig. 2. Immunoblots of a female kidney cortex (KC), kidney medulla
(KM), and control cerebellar lysate (Cer) with the ABR PA1-033 C-
terminal nNOS antibody in the absence (A) and presence (B) of neutral-
izing peptide. KC/KM samples were from three separate females. Lanes:
1–3 = KC, 4–6 = KM, 7 = Cer.

neutralizing peptide (Figure 2), suggesting that they were
nNOS isoforms or proteins with structural homogeneity to
AA 1409–1424 of nNOS.

Homogenates from KC/KM and cerebellum were im-
munoprecipitated with a C-terminal antibody and elec-
trophoresed (1D-SDS–PAGE). Data were acquired by
MALDI-TOF MS and MS/MS. We identified nNOS in the
∼170 and ∼160 kDa bands of cerebellum (Table 1; C3/C4).
The observed peptide coverage for C4 spans the rat nNOS
protein sequence from amino acid (AA) residue 36–1407,
consistent with nNOSα. While nNOS was also detected in
C3, we could not determine if this larger isoform was the
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Table 1. Proteins identified by MALDI-TOF MS/MS-MS

Band Protein ID Protein accession
number

MASCOT
score

Sequence
coverage (%)

Number of matching
non-redundant peptides

Estimated
MW (kDa)

Calculated
MW (kDa)

C3 nNOS P29476 169 15 20 190 161.8
C3 Clathrin heavy chain P11442 141 13 19 190 193.2
C4 nNOS P29476 600 33 37 160 161.8
KM3 Clathrin heavy chain P11442 251 23 28 190 193.2
KM4 nNOS P29476 138 18 19 160 161.8
KM5 nNOS P29476 187 17 21 150 161.8
KC3 Clathrin heavy chain P11442 458 32 42 190 193.2
KC4 Spectrin-α-chain brain P16546 136 15 18 160 168
KC4 Myosin-6 Q9UM54 78 11 14 160 150
KC5 Aminopeptidase N P15684 76 12 9 150 109.6

C, cerebellum; KM, kidney medulla; KC, kidney cortex. Peptide masses were searched against the Swiss Protein data (20051115) and all taxa (197 228
sequences and 71 581 181 residues) assuming complete alkylation of cysteine with iodoacetamide, partial oxidation of methionine, no missed cleavages
by trypsin and a MS mass tolerance of 50 ppm & MSMS mass tolerance of 0.3 Da. The Mascot score is the absolute probability that the observed match
is a random event. The Mascot score is reported as −10 × log10(P), where P is the absolute probability; therefore, the lower the probability that an
observed match is a random event, the higher the score. In this study, a score of ≥65 was considered significant. The sequence coverage is the number
of amino acid (AA) residues identified by peptide sequence tagging compared to the parent protein (AA identified/total AA in parent protein).

Fig. 3. End-point RT-PCR of the kidney medulla using forward primers
targeting exon 1a, 1b or 1c (previously published and sequenced by Lee
et al. [4]) and reverse primers targeting exon 5 or exon 6. The DNA ladder
is shown on the left.

nNOSµ since the tryptic peptide mass/fragments associated
with the 34AA insert were not observed.

In KM, nNOS was identified in ∼160 and ∼140
kDa bands (Table 1; KM4/KM5). KM4 contained pep-
tide ions mapping to the rat nNOSα from AA 36–
1400 whereas only peptides spanning AA 360–1400 were
identified in KM5. Of note, we did not identify the
R.VSKPPVIISDLIR.G, the R.GIASETHVVLILR.G or the
R.GPEGFTTHLETTFTGDGTPK.T tryptic peptides, pre-
dicted to be present within AA 1–358 of the nNOSα, con-
sistent with the identification of the ∼140 kDa band as the
nNOSβ. Due to low abundance, we were unable to detect
the nNOS protein in KC by MS although four unrelated pro-
teins were present: clathrin heavy chain (CLH), spectrin-α
chain brain (SPTA2), myosin-6 (MYO6) and aminopepti-
dase N (AMPN) (Table 1). There is no homology between
CLH, SPTA2, MYO6 and AMPN and the immunogen of
the ABR C-terminal antibody or nNOS. In addition, CLH,
SPTA2 and MYO6 were identified by immunoprecipitation
in the absence of an antibody suggesting protein–protein in-
teractions and/or non-specific binding to protein A. AMPN
was identified by MALDI-TOF MS/MS-MS in only one im-

Fig. 4. End-point RT-PCR of various male rat tissues: kidney cortex (KC),
kidney medulla (KM), cerebellum (Cer), testis (T), lung (Lu), aorta (A),
liver (Li), small intestine (Si), heart (H) and skeletal muscle (M). nNOSα

transcript was detected using a forward primer targeting exon 1a and a
reverse primer targeting exon 2. nNOSβ transcript was detected using a
forward primer targeting exon 1a and a reverse primer targeting exon 6.
Ribosomal 18S was used as an internal control. The KC/KM samples used
for end-point RT-PCR were the same tissue samples used in generating
the KC/KM proteomic data. DNA ladders are shown on the left and right.

munoprecipitation and not in repeated studies, suggesting
contamination rather than a lack of ABR nNOS antibody
specificity [14].

Although an immunoreactive protein band at ∼125 kDa
(nNOSγ) was detected with the ABR nNOS C-terminal an-
tibody by western blot analysis, we were unable to confirm
the presence of nNOSγ by proteomic analysis in either KM
or KC.

RT-PCR was performed on the same KM samples used
for proteomic analysis, using various untranslated regions
of exon 1 [4]. Two bands were detected with exon 1a–
exon 5 primer pairing indicating the presence of nNOSα
(∼1365 bp) and nNOSβ (∼310 bp) mRNA expression
(Figure 3). As shown in Figure 4, nNOSα and/or nNOSβ
mRNA was present in various rat tissues including KC/KM,
skeletal muscle, liver, small intestine, lung, testis and cere-
bellum. To test for the presence of the nNOSγ transcript,
exon 1a–exon 6 primer pairing was performed. Again, only
two bands were detected indicating the presence of nNOSα
(∼1603 bp) and nNOSβ (∼548 bp), but no nNOSγ mRNA
expression (Figure 3).
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Fig. 5. Densitometry showing abundance of nNOSα (A) and nNOSβ (B) in the kidney cortex of sham (n = 6) and 5/6 nephrectomy (5/6NX; n = 6) rats
studied 15 weeks after surgery, using the ABR PA1-033 C-terminal nNOS antibody. Data obtained using the N-terminal antibody specific for nNOSα

are also shown for comparison (C) [8]. ∗P < 0.05 versus sham.

We recently reported that the nNOSα protein was de-
creased in KC with 5/6NX [11]. Using the C-terminal
antibody, we confirm that nNOSα protein abundance is
decreased, while nNOSβ protein abundance is increased fol-
lowing injury (Figure 5). We have also reported previously
that the nNOSα protein was decreased in KC with 5/6 A/I
[15,16]. Using in situ hybridization, we have confirmed and
extended our previous findings. In the sham kidney, there is
extensive nNOSα labelling that was widely distributed in al-
most all structures of renal cortex (Figure 6). Glomeruli dis-
played high nNOSα labelling intensity with the most promi-
nent tubular intensity in the macula densa, while proximal
tubules and renal interstitium were less pronounced. There
was scant nNOSβ mRNA labelling in the sham KC, with
no visible staining in the glomeruli and occasional scattered
staining in the proximal tubules. In the 5/6 A/I kidney, the
nNOSα was barely detectable in any cortical structures,
while the nNOSβ was widely distributed, mainly in prox-
imal tubules, with moderate labelling in interstitium and
no staining in the glomerulus or macula densa (Figure 6).

Discussion

The major novel finding in this study is that predominantly
not only the nNOSα but also the nNOSβ protein is present

in the normal rat kidney. In addition, we have confirmed
the presence of two nNOS mRNA transcripts (nNOSα,
nNOSβ) arising from the same 5′ untranslated region. There
is widespread cortical distribution of the nNOSα transcript
in glomeruli, tubules and interstitium and sparse nNOSβ
transcript, confined to proximal tubules. The distribution
of the nNOS isoforms changes in CKD, with loss of cor-
tical nNOSα and an increase in the nNOSβ protein and
transcript, with the transcript localized to proximal tubules
and interstitium.

Unlike full-length (∼160 kDa) nNOSα, nNOSβ lacks
PDZ and PIN domains. The PDZ-domain targets nNOSα
to the membrane, thus the nNOSβ will only occur in the
cytosol [17] as shown for rat intestine [7]. Despite this
cytosolic location (similar to inducible NOS), the nNOSβ
is calcium/calmodulin dependent [17]. The PIN domain
contains a protein–protein binding site where PIN inhibits
nNOSα activity [18], while the nNOSβ cannot be influ-
enced by protein–protein interactions. In vitro studies have
shown that the nNOSβ is catalytically active, with ∼80% of
the nNOSα activity when transfected into COS cells [17].
Studies in the mouse brain show colocalization of citrulline
(NOS product) and nNOSβ [19]; thus, the renal nNOSβ is
likely to be a functional enzyme although under different
regulation compared to the nNOSα.

The nNOSβ is present in many brain areas in wild-type
mice, and in the nNOSα knockout mouse the brain nNOSβ
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Fig. 6. Representative images of nNOSα and nNOSβ mRNA expression (blue stain) in the kidney cortex from control (A, C) and 6-week 5/6 A/I rats
(B, D) visualized by in situ hybridization. All were counterstained with Nuclear Fast Red. The top 400× panels show proximal tubules, while sections
containing glomeruli are shown on the bottom 400× panels. Proximal tubules are marked with a thin arrow, while a thick arrow points at interstitial
staining. Black triangle represents macula densa.

abundance increases [19]. Further, in nNOSα knockout
mice, the nNOSβ was able to maintain normal penile erec-
tion, suggesting that there may be compensatory upreg-
ulation of nNOSβ when nNOSα-derived NO is deficient
[20]. We have previously observed reductions in renal cor-
tical nNOSα with concurrent increases in nNOSβ mRNA
and protein in rapamycin-treated Fisher/Lewis renal allo-
grafts and Fisher/Fisher isografts [21]. We also recently
reported that nNOSα abundance (using an N-terminal an-
tibody) was reduced with 5/6NX [11]. In the present study,
we confirmed this using a C-terminal antibody and also ob-
served increased nNOSβ protein abundance in 5/6NX rats,
again suggesting an attempt at compensatory upregulation
in response to renal injury. We also observed an increase in
nNOSβ mRNA in the 5/6 A/I KC. Previously, we reported
an overall fall in total NO production with 5/6NX [11] and
5/6 A/I [15,16] as measured by urinary nitrite + nitrate ex-
cretion. This means that the increased renal cortical nNOSβ

seen here in both of these models cannot compensate for an
overall loss of NO. Furthermore, we always observe a reduc-
tion in the in vitro NOS activity of renal cortex from CKD
models where the nNOSα has been reduced [1], suggesting
that the increased nNOSβ cannot completely replace renal
NO generation.

Whether the increased renal cortical nNOSβ is bene-
ficial in CKD, or ends up contributing to the injury, is
not clear. The presence of nNOSβ in the normal kidney
and brain, and preservation of critical physiologic func-
tions in the nNOSα knockout [19,20], suggests that activity
of this isoform is not inherently damaging. In addition,
we have preliminary data showing that there is a selec-
tive increase in the nNOSβ transcript and protein in the
kidney of the midterm pregnant rat, coincident with the
gestational renal vasodilation [22]. However, in the present
study the in situ hybridization data show that in CKD the
nNOSβ is expressed in different locations to the normally
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occurring nNOSα, again suggesting that nNOSβ-derived
NO cannot fully compensate in restoration of NO-
dependent functions. For example, there appears to be no
nNOSβ in the macula densa in either control or CKD ani-
mals. Vallon and colleagues previously suggested that only
the nNOSα is expressed in the macula densa and that no
compensatory macula densa nNOSβ upregulation occurs
in the nNOSα knockout mouse [23]. In the absence of
nNOSα, therefore, the nNOS-dependent vasodilatory com-
ponent of tubuloglomerular feedback control of GFR [23] is
likely to be lost in CKD. If macula-densa-derived NO also
contributes to glomerular mesangial matrix production, this
could also mean an exacerbation of the sclerotic process.
There are many questions that arise from these observations
that we hope will stimulate further experimental and clinical
studies.

We were able to use a proteomic approach to validate
use of the ABR C-terminal antibody to detect nNOSβ,
but only in the renal medulla where there is relatively
high nNOS abundance. Despite detecting both nNOSα
and nNOSβ transcripts in the rat KC, we could not con-
firm the presence of any nNOS protein in the KC by our
proteomic analysis. This presumably resulted from a rel-
atively low abundance of nNOS in the KC that was be-
neath the level of detectability of the proteomic methods
we used. Given the large body of literature demonstrat-
ing that nNOS is present in very high concentrations in
the macula densa, we hypothesize that the abundance of
nNOS in the macula densa relative to total cortex is be-
neath the level of detection by the MS methods we have
used.

Although an immunoreactive protein band at ∼125 kDa
(nNOSγ) was detected with the ABR nNOS C-terminal
antibody by western blot analysis, we were unable to con-
firm the presence of nNOSγ by proteomic analysis. While
this absence could simply reflect low protein abundance,
the fact that we could not detect any nNOSγ mRNA sug-
gests that the nNOSγ is not present in the normal rat
kidney. Of note, in vitro transfection studies showed that
the nNOSγ has very low activity, ∼3% of the nNOSα
[17]. Perhaps, this ∼125 kDa band (which was com-
peted by neutralizing peptide) contains a novel nNOS
variant?
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