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The neuronal nitric oxide synthase (nNOS) is the main NOS isoform in the urogenital tract catalyzing
the synthesis of nitric oxide, the mediator of penile erection and presumably an important factor in the
control of urinary voiding. We have cloned from the rat penile corpora cavernosa a cDNA coding for a
novel nNOS differing from the cerebellar nNOS by the presence of a 102 nucleotides stretch and other
features. This new species is the only nNOS mRNA expressed in the rat penis, urethra, prostate, and skeletal
muscle, coexists with the cerebellar nNOS in the pelvic plexus and bladder, and is detectable in the
cerebellum. The novel insert is present in human penile RNA and is transcribed from intron 16. The features
and distribution of the penile nNOS suggest that it is may be regulated differentially from the cerebellar
nNOS. q 1996 Academic Press, Inc.

Nitric oxide (NO) plays a fundamental role in the maintenance of the smooth muscle tone
of the lower urogenital tract (1). In the penis, it is the mediator of penile erection (1,2) and it
is synthesized predominantly in the non-adrenergic non-cholinergic nerve terminals by the
neuronal nitric oxide synthase (nNOS). NO elicits the relaxation of the corpora cavernosal
smooth muscle through the activation of guanyl cyclase and subsequent Ca2/ mobilization.
In the rat, erectile dysfunction is accompanied by a decrease in penile NOS activity, and in
some cases by a reduction in nNOS content (3-7). NO synthesized by nNOS appears to be an
important factor in the relaxation of the urethral, bladder, and prostatic smooth muscle (1,8,9)
involved in micturition and seminal fluid ejaculation.

nNOS is found in nerves along the urogenital system stemming from the pelvic plexus (1)
and determined in the soluble fraction of tissue homogenates (3-7). In these respects, it is
indistinguishable from the nNOS cloned originally from the cerebellum of the rat (10,11),
mouse (12), and human (13,14), and a single gene has been identified in these species. However,
due to the particular organization of its promoter (15.16), alternative start sites and nNOS
proteins of different sizes are possible. A differential tissue splicing has been described for
the mouse nNOSmRNA (12).

The differential roles played by NO in the central and peripheral nervous system (17-19)
would argue in favor of the existence of tissue-specific nNOS differing in amino acid regions
that may confer functional responsiveness to local regulatory factors. In addition, most physio-
logical functions dependent on NO-related neurotransmission, including penile erection, remain
unaffected in cerebellar nNOS knockout mice (20). In this report we describe the cloning of
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FIG. 1. Novel nNOS mRNA (RPnNOS) in the rat penile corpora cavernosa. (Top) NO1-8 start at indicated
nucleotides (even numbers: antisense; odd numbers: sense). Primers have 24 bases of the RCnNOS sequence plus a
9-base restriction site at the 5*end, except NO5 (20-mer). Restriction sites are CCGGAATTC (EcoRI; NO1,7) or
GCCGGATTCC (BamHI; NO2,6,8). Sizes of fragments encompassed by each set of primers are shown. (Bottom, A)
Staining of RT/PCR bands. C: rat cerebellum; P: penile corpora cavernosa. M: size markers. 1/6, 1/2: NO primer
combinations. (Bottom, B,C) Southerns with cDNA probes as indicated. nNOS1/2: region of nNOS encompassed by
primers NO1/NO2; nNOS330: 5*end region of nNOS1/2, generated by Ban1 restriction digestion; RPnNOS102: 102
bp insert present in RPnNOS and absent in RCnNOS.

a novel nNOS cDNA from the rat penis, and its expression in other organs of the rat, mainly
in the urogenital tract.

MATERIALS AND METHODS

Reverse transcription (RT) and PCR. RNA was isolated from rat penises (skin-denuded bulb and shaft) and
cerebellum, and polyA/ RNA was selected as described (21). After DNAse treatment RNAs (0.5 mg) were incubated
with MMLV reverse transcriptase (100 U) and 0.5 mM primers NO2 or NO6 (Fig. 1, top). Primers were synthesized
based on the sequence (10) of the rat cerebellar nNOS (RCnNOS) on the calmodulin/FMN region Primers NO1 and
NO2 encompass a 601 bp DNA sequence. Primers NO5 and NO6 encompass an internal 146 bp fragment. The PCR-
amplified cDNAs are 18 bp larger because the primers have non-NOS sequences as 5* tails (restriction sites). 1/5 of
the RT mix was heated at 65 C and submitted to PCR with NO1/NO2 or NO1/NO6 primers (0.25 mM) for 36 cycles
at 94 C (45 sec), 55 C (30 sec), and 72 C (2 min). An aliquot was used for a second PCR round at 62 C annealing
temperature. Products (1/8) were run and stained with ethidium bromide on 1.5% Nusieve gels. Fragments were
eluted, purified and cloned in plasmid PCRII (Invitrogen, La Jolla, CA). Southern blots were hybridized (21) against
the [32P]-labeled probes.

cDNA library cloning. Penile polyA/ RNA (10 mg) was reverse transcribed with oligodT primers (XhoI site at
end), followed by ligation with EcoRI adaptors and cleavage of the XhoI site. The cDNA inserts were cloned into
the XhoI/EcoRI sites of lamdaZap vector arms (Stratagene, La Jolla, CA). Initial screening was performed with a
probe (RPnNOS5/6) generated by RT/PCR as above with NO5/NO6 primers. Selected clones were submitted to
secondary and tertiary screening with RPnNOS5/6, and RPnNOS102 (probe for the novel 102 bp fragment; see
Results). Two clones (#1 and #2) were used for pBS SK0 phagemid excision and DNA isolation. EcoRI and XhoI
digestion was followed by Southern blotting and sequential hybridization with the previous two probes. A 3.1 kb
insert was found in both clones but only clone #1 was sequenced (5*end: nt1684).

Isolation of the cDNA 5* region. It was generated (nt 248 to 2956 by extra long PCR using 20-mer primers: a)
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FIG. 2. Position and sequence of a 102 bp insert (RPnNOS102). (Top) Representation of RCnNOS in region
encompassed by primers NO1/2, showing exon boundaries (E) 13-18. The insert was found in the 722 bp penile
cDNA isolated from lane 1/2 on Fig. 1, in position 2865. (Middle) Nucleotide and amino acid sequences. (Bottom)
Staining of the 102 bp fragment generated by PCR from both the penile and cerebellar fragments 1/6 and 1/2 in
Fig. 1.

RCnNOSATG (sense, from the rat nNOS (10), 5* end: nt 248), and RC14 (antisense, from the novel 102 bp insert,
TGTCACGGGCAGCAACCAGA). 1 mg of total rat penis RNA was incubated with AMV reverse transcriptase
(Promega, Madison, WI), and amplified with the GeneAmp XL PCR kit (Perkin-Elmer, Branchburg, NJ), using
optimized conditions in conjunction with rTH DNA polymerase. The PCR fragment was cloned by blunt end ligation
into EcoRV cut pZero2.1 (Invitrogen, San Diego, CA) and designated pZRCnNOSATG-RCI4.

DNA sequencing. PCR fragments and cloned cDNAs were submitted to dideoxy sequencing in both directions
using an automatic sequenator (Applied Biosystems, Foster City, CA). Differences with the nNOS sequence (13) were
confirmed by repeated sequencing.

Determination of novel nNOS expression. RNA was obtained from rat organs as described above, and incubated
(2 mg) with MMLV reverse transcriptase (100 U) using NO2, NO6, or oligoDT as primer for first strand DNA
synthesis. 1/5 of each reaction was used for PCR with primers NO1/NO6 or NO5/NO6. Samples were run, blotted,
and hybridized as above.

PCR of genomic DNA. Human lung and rat liver DNA were isolated (Easy DNA, Invitrogen, La Jolla), and 1 mg
was subjected to extra long PCR with primers for exons 16 and 17 on the nNOS sequence (10) and on the novel 102
bp fragment. They were: a) primers RCI4 on the 3*end of RPnNOS102 (antisense), and NO-E16F on the middle of
exon 16 (nt 2826; sense); b) primers NO-17E17 on the 3*end of exon 17 (nt 2960; antisense) with either NO-16F on
the middle of exon 16 (nt 2865; sense) or with RCI3 on the 5*end of RPnNOS102 (GTACCCGGAACCCTTGCGTT;
sense). PCR fragments were isolated from 0.8% agarose gels, purified and sequenced.

PCR of human cDNA library. PolyA/ RNA was isolated from human corpora cavernosa and a cDNA library was
constructed as above. DNA was isolated using the Wizard Lamda Preps DNA kit (Promega, Madison, WI) and PCR
was performed with primers RCI-3 and NO6.

RESULTS AND DISCUSSION

Detection of novel nNOS mRNA in the rat penile corpora cavernosa. A comparative RT/
PCR on polyA/ RNA isolated from rat corpora cavernosa and cerebellum was performed in
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FIG. 3. Cloning of RPnNOS coding region and sequence comparison with RCnNOS. (Top) 3* clone from cDNA
library, and 5* cDNA fragment generated by PCR from the library. Arrows indicate positions of amino acid substitutions
on RPnNOS as compared to RCnNOS. The site of the 102 bp in frame insert is indicated below clone 1. (Bottom)
RCnNOS coding region. Chart: nucleotide changes resulting in amino acid substitutions as compared to RCnNOS
(RCnNOS numbering conserved).

order to determine whether different nNOS cDNAs were generated from both organs. Fig. 1,
bottom, A, shows that in the case of the rat cerebellum (C), primers NO1/2 (lane 3) and 1/6
(lane 2) gave the expected 619 bp and 511 bp bands, respectively, on the staining pattern (lane
1). However, the bands generated from penile RNA are larger: 720 bp (lane 4) and 615 bp
(lane 5), respectively. No bands were seen in the negative controls (no RNA or no reverse
transcriptase; not shown)). Similar bands were generated by just one PCR round amplification
at the highest stringency. Sequencing of the NO1/2 and NO1/6 fragments showed a complete
homology between cerebellar nNOS and penile nNOS RNA (RPnNOS), with the exception
of a 102 bp insert, in RPnNOS, designated RPnNOS102. This insert indicates that the penis
contains a novel nNOS isoform RNA. No RCnNOS fragments were visible in the penis.

Two primers (RCI-1 and RCI-2) for both extremes of RPnNOS 102 (see below) were used
to generate by PCR the 102 bp probe that was cloned into vector PCR-I. A probe (nNOS330)
common to the 5*end of both RPnNOS1/2 and RCnNOS1/2 (outside RPnNOS102) was pre-
pared by digestion of RPnNOS1/2 with BanI. Southern blot of the gel with nNOS330 (Fig.
1, bottom panel B) confirmed the staining pattern and showed that although the known nNOS
species is predominant in the cerebellum, it is accompanied by a minor expression of the novel
nNOS RNA. Further proof was obtained by hybridization with RPnNOS102 (Fig. 1, bottom
panel C), showing that in the penis no regular RCnNOS is expressed and the only penile
nNOS species is the novel RPnNOS, whereas in the cerebellum RCnNOS coexists with traces
of RPnNOS. Sequencing of the NO1/2 and NO1/6 PCR fragments originated from penile
RNA and cloned RPnNOS102 gave a common sequence for the 102 bp insert (Fig. 2, middle).
This coresponds to a 34 amino acid stretch which lacks significant homology at the nucleotide
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FIG. 4. Tissue expression of RPnNOS and RCnNOS. RNA was reversed and the cDNA amplified with the indicated
primer sets. Fragments were separated on 1.5% Nusieve, and the gel was submitted to Southern blotting). Sizes
expected for RCnNOS are 511 bp (lanes 1,3), 155 bp (lanes 2,4,6), and 619 bp (lane 5). Each fragment is 102 bp
longer for RPnNOS.

or amino acid level with any sequence in the DNA data bank. The insert occurs at nucleotide
position 2865 (Fig. 2, top), breaking the triplet for lysine 839 without changing this amino
acid or the reading frame. This corresponds to the boundary between exons 16 and 17 in the
nNOS gene (15,16).

Confirmation of the expression of RPnNOS102 in the cerebellum by staining was obtained
when the RT was carried out with either NO2 or NO6, followed by a first round of PCR with
NO1/NO2 or NO1/NO6, and a second round with RCI-1/RCI-2 (Fig. 2 bottom). No 102 bp
band was visible in the RNA from RPSMC, thus indicating the absence of RPnNOS in the
penile smooth muscle that is the target for NO.

Cloning and sequencing of RPnNOS cDNA. Sequencing of clone 1 revealed, in addition to
the 102 bp insert, four nucleotide and amino acid changes (Fig. 3) with RCnNOS. The 2.7 kb
fragment generated by ‘‘extended’’ PCR using a primer at the 3*end of RPnNOS102 (RCI-4)
showed another amino acid change. The non-coding 3* tail is shorter by 319 bp in RPnNOS.

Expression of nNOS species in different tissues. The RT/PCR was repeated on RNA from
rat urogenital organs and other tissues. Fig. 4, top left shows the presence of intense signals
for the 102 bp insert in the penis and urethra, and visible bands in the cerebellum and bladder,
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FIG. 5. Detection of the 102 bp insert on rat and human intron 16 and in human penile RNA. (A) Rat (R) and
human (H) DNAs were amplified with the indicated set of primers, and fragments were separated on 1% agarose and
stained. (B) DNA from a human penile cDNA library was submitted to PCR with the indicated primers (expected
size: 207 bp), and fragments were separated on 1.5% Nusieve and stained.

in all PCRs that worked (combinations 1-4). The nNOS-E17 probe common for both RPnNOS
and RCnNOS (top right) replicated the staining pattern (not shown), and gave single larger
bands for penis and urethra, as expected. The bladder showed larger fragments accompanying
the shorter ones, and the cerebellum had traces of the larger band.

When the experiment was duplicated with primer combinations 1-4 and additional tis-
sues, the prostate and skeletal muscle gave signals with the P102 probe (bottom left), of
the same size as in penis and urethra and nearly as intense (prostate). The pelvic plexus
and liver had little RPnNOS102. The staining pattern was similar to this hybridization (not
shown). The common nNOS-E17 probe (bottom right) confirmed that RPnNOS is unique
in penis, urethra, prostate, and skeletal muscle, but much less abundant than RCnNOS in
pelvic plexus and liver.

Intron location of the novel nNOS sequence and expression in human penile tissue. The
location of RPnNOS102 within intron 16 was established by extra-long PCR using primers
spanning different regions of this intron. Fig. 5, left shows that it is 1.2 kb from exon 16
(R, 3rd lane) and 4.3 kb from exon 17 (R, 2nd lane), within a 5.4-5.6 kb intron (R, 1st
lane). The insert is present in human DNA (H) at the same location as in the rat DNA and
also in a smaller bottom band, as confirmed by partial sequencing around the 102 bp insert.
The consensus sequence for the initial 96 nucleotides in this 102 bp region in human DNA
was virtually identical to RPnNOS102, with only two nucleotides changes (AGC to AAA,
on amino acid #31 in insert; serine changed to lysine). The insert is present in the RNA
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from human corpora cavernosa, as indicated by PCR of a human penile cDNA library with
primers RCI-3/NO6 giving the expected 207 bp fragment, and the sequencing confirming
the 102 region (not shown).

Physiological significance. No evidence is available on whether the novel nNOS is an
alternative splicing product (12), or it is encoded by another nNOS gene. Irrespective of this,
the existence of a novel nNOS poorly represented in the cerebellum and having a long insert,
strongly suggests that this sequence confers special properties to the penile nNOS protein that
are particularly suited to its role in the mechanism of penile erection. The other amino acid
differences may enhance the functional specificity of this nNOS, designated as PnNOS for
both rat and human tissues. Since virtually no cerebellar nNOS is present in the penis, we
postulate that PnNOS and not CnNOS is responsible for the synthesis of NO during penile
erection.

The abundance of PnNOS in prostate, urethra, and to a lower extent in bladder, is an
indicator that PnNOS may synthesize NO as a peripheral neurotransmitter in nerve terminals
controlling endothelium-independent smooth muscle relaxation (17-19). This would occur
through an isoform-specific modulation of NOS enzyme activity different from the one op-
erating in the central nervous system. We hypothesize that the tone of the urethra and prostate,
and partially the bladder may be controlled by PnNOS. The basal levels of PnNOS coexisting
with CnNOS in the cerebellum and pelvic plexus suggest that PnNOS may be located in
neurons and nerve fibers separate from the ones for CnNOS.
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