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Abstract
Objectives—We investigated the effects of an arginase inhibitor on bladder overactivity and
measured bladder arginase I and II mRNA levels in rats with chronic spinal cord injury (SCI).

Methods—Awake cystometrograms were performed 3–4 weeks after spinal cord transection in
female rats. Cystometric parameters such as mean amplitudes and number of non-voiding
contractions (NVCs), voided volume, voiding efficiency, and micturition pressure were evaluated
before and after intravenous (i.v.) injection of an arginase inhibitor (nor-NOHA: Nω-Hydroxy-nor-
L-arginine) in SCI rats. The effects of a NOS inhibitor (L-NAME: Nω-Nitro-L-arginine methyl ester
hydrochloride) were also examined to determine whether suppression of bladder overactivity by
arginase inhibition is mediated by increased production of NO. In addition, mRNA levels of arginase
I and II in SCI bladders were measured using quantitative real–time polymerase chain reaction (qRT-
PCR).

Results—nor-NOHA (10 mg/kg, i.v.) significantly decreased the amplitude and number of NVCs.
There were no significant changes in other parameters before and after administration of vehicle or
nor-NOHA at any dose. When L-NAME (20 mg/kg, i.v.) was administered prior to nor-NOHA
injection (10 mg/kg, i.v.), nor-NOHA–induced inhibition of NVCs was prevented. The relative levels
of both arginase I and II mRNA in the bladder were significantly higher in SCI rats compared to
spinal cord intact rats.

Conclusions—These results suggest that arginase inhibition can suppress SCI-induced bladder
overactivity as indicated by a reduction in NVCs. Thus, arginase inhibition could be an effective
treatment for neurogenic bladder overactivity in pathological conditions such as SCI.
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INTRODUCTION
Nitric oxide (NO) has been recognized to play an important physiologic role during micturition
and possibly in the pathophysiology of lower urinary tract dysfunctions. NO serves as a
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neurotransmitter and cell mediator with a broad range of effects in the lower urinary tract,
including smooth muscle relaxation.1 It has been reported that NO in the bladder can inhibit
bladder afferent activity to suppress bladder overactivity and nociceptive responses. NO donors
applied intravesically suppressed bladder overactivity induced by cyclophosphamide,2 and the
NO scavenger oxyhemoglobin induced bladder overactivity.3 It was also shown that NO can
directly suppress N-type Ca2+ channels in bladder afferent neurons.4 Thus, enhancement of
NO expression in the bladder could be beneficial to suppress bladder overactivity.

NO production can be controlled not only by activities of constitutive and inducible NO
synthase (NOS) isozymes but also by activities of either of the two arginase isozymes.5–10
Notably, these results include demonstrations that inhibition of arginase activity can enhance
NO-dependent relaxation of isolated smooth muscle tissue.6,7 However, little is known about
the contribution of arginase activity to bladder function although it has recently been reported
that activation of arginase pathways that increases polyamine biosynthesis contributes to
muscle injury and remodeling of the rabbit bladder following ischemia.11 Therefore, we
investigated the effects of an arginase inhibitor on bladder overactivity and measured bladder
arginase I and II mRNA levels using quantitative real–time polymerase chain reaction (qRT-
PCR) in rats with spinal cord injury (SCI). In addition, the effect of a NOS inhibitor was also
examined to determine whether suppression of bladder overactivity by arginase inhibition is
mediated by increased production of NO.

MATERIAL AND METHODS
Adult female Sprague-Dawley rats (250–300 gm) were used. All experiments were conducted
in accordance with institutional guidelines and approved by the University of Pittsburgh
Institutional Animal Care and Use Committee.

Drugs
Nω-Hydroxy-L-arginine dihydrochloride (nor-NOHA), an arginase inhibitor (Alexis
Biochemicals, San Diego, CA), and Nω-Nitro-L-arginine methyl ester hydrochloride (L-
NAME), a NOS inhibitor (Sigma Chemical Co., St. Louis, MI), were dissolved in distilled
water (dH2O).

Spinal transaction
Spinal cord transection was performed between Th8 to Th9 with the rat under isoflurane
anesthesia. After Th8 laminectomy the dura and spinal cord were cut with scissors and a sterile
Gelform sponge was placed between the cut ends of the spinal cord. Postoperatively the animals
were treated with ampicillin (50 mg/kg intramuscularly) for 7 days. The bladder of spinalized
rats was manually emptied twice daily after spinalization until performing the experiments.
Bladders were harvested from normal spinal cord intact rats as control and SCI rats 3–4 weeks
after spinalization and then frozen in dry ice and stored at liquid nitrogen until further
processing.

Cystometry
Three to four weeks after spinalization, cystometry in conscious rats was performed. Under
isoflurane anesthesia, a PE-90 catheter was inserted via a midline abdominal incision into the
bladder through the bladder dome. Intravenous (i.v.) injections were made through a cannula
(PE-10) inserted into the right jugular vein. After surgery, rats were placed in a restraining cage
and allowed to recover from anesthesia for 1 to 2 hours. The intravesical catheter was connected
via a 3-way stopcock to a pressure transducer and a syringe pump for recording intravesical
bladder pressure and infusing saline into the bladder, respectively. Saline at room temperature
was infused at a rate of 0.08 ml per minute to elicit bladder contraction. Saline voided from
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the urethral meatus was collected and measured to determine voided volume (VV). After every
bladder contraction, infusion was stopped and post-void residual volume (RV) was measured.
Residual saline was withdrawn through the intravesical catheter by gravity, and then the bladder
was confirmed to be emptied by palpation through the abdominal wall. Bladder capacity (BC)
was calculated as BC= VV + RV. Voiding efficiency (VE) was calculated as VE = ((VV/BC)
× 100)). Maximum voiding pressure and pressure threshold for voiding were also measured.
The number and mean amplitudes of non-voiding contractions (NVCs) per voiding cycle were
also measured during 4 min prior to micturition. NVCs were defined as rhythmic intravesical
pressure increases greater than 7 cm water from baseline pressure without a release of fluid
from the urethra. These cystometric parameters were evaluated before and after i.v. injection
of nor-NOHA. nor-NOHA at doses of 1.0, 5.0, and 10.0 mg/kg was administered in a separate
groups of SCI rats (n=6 each), and L-NAME (20 mg/kg, i.v.) after i.v. injection of nor-NOHA
(10.0 mg/kg) was administered in 6 SCI rats. Vehicle (dH2O) was administered in 6 SCI rats
as controls.

qRT-PCR of Arginase I and II mRNA
Measurement of Arginase I and II mRNA levels in the whole bladder was performed using 7
spinal intact rats and 7 SCI rats 3–4 weeks after spinalization. Total RNA was extracted from
frozen tissues using TRIZOL (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. The concentration of the RNA was quantified by determination of optical density at
260 nm (OD 260). Reverse transcription (RT) was performed as previously described.12 The
resulting cDNA was stored at −20°C until assayed by real-time PCR. Sequences of
oligonucleotides used as primers for arginase I and arginase II mRNAs are Arginase I forward:
GGCAATTGGAAGCATCTCTGG; Arginase I reverse: CTGTGATGTAGAGACCTTCTC;
Arginase II forward: ACAGCCTGGCAATCGGTACC; Arginase II reverse:
GACCTTCTGGATACCAAGTCG. Primers for mRNA of 18s rRNA, which was used as the
internal control, were purchased from Qiagen (Valencia, CA). Real time PCR was performed
using Mx3000P (Stratagene, La Jolla, CA) and carried out with QuantiTect SYBR Green PCR
Master Mix (Qiagen). Each PCR amplification was performed in duplicate, using the following
profile: one cycle at 95°C for 15 minutes, 35 cycles at 95°C for 1 minute, at 55°C for 1 minute,
and at 72°C for 1 minute. Specificity of arginase I and II PCR products was confirmed by
melting curve analysis. Standard curves constructed from serial dilution of cDNA in each tissue
were analyzed with the Mx3000P Multiplex Quantitative PCR Systems (Stratagene). The
quantitative values for arginase I and II were normalized to that for 18S rRNA obtained from
the same samples.

Statistics
All data values are expressed as mean ± S.E. Statistical significance was determined with paired
or Mann Whitney test for analysis of cystometry parameters and arginase mRNA, respectively.
P-values less than 0.05 are considered to be significant.

RESULTS
Cystometry

During awake cystometry, all spinalized rats showed NVCs before large amplitude voiding
bladder contractions occurred (fig. 1). The amplitude of NVCs increased as the bladder was
filled with infused saline. The mean amplitude and number of NVCs were 39.0 ± 5.3 cm H2O
and 6.0 ± 0.8 per voiding cycle, respectively (table 1). The highest dose (10mg/kg, i.v.) of nor-
NOHA significantly decreased the amplitudes of NVCs from 36.8 ± 3.4 cm H2O to 29.0 ± 3.3
cm H2O (P < 0.01, n=6) and number of NVCs from 5.6 ± 0.4 to 4.7 ± 0.5 (P < 0.05, n=6),
whereas vehicle (n=6) or any lower dose of nor-NOHA (1.0 and 5.0 mg/kg, i.v., n=6 each) did
not affect the amplitudes and number of NVCs (fig. 2). The inhibitory effects of nor-NOHA
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on NVCs were seen 20–30 min after the drug administration and lasted for 90–120 min,
followed by partial recovery. There were no significant changes in other cystometric
parameters before and after administration of vehicle or nor-NOHA at any dose (table 1, fig.
2). When L-NAME (20 mg/kg, i.v.) was injected one voiding-cycle before nor-NOHA (10 mg/
kg, i.v.) application, nor-NOHA-induced reductions in the number and mean amplitude of
NVCs were prevented (table 1, fig. 1, 2).

qRT-PCR
The relative levels of arginase I and II mRNAs in the rat bladder are shown in fig. 3. Levels
of arginase I mRNA averaged 9.4-fold higher in SCI bladder than in spinal cord intact rats,
and levels of arginase II mRNA averaged 4.2-fold higher in SCI bladder (p < 0.05 for both
arginase mRNAs, n=7).

COMMENT
In the present study, inhibition of arginase suppressed bladder overactivity as evidenced by a
reduction in the number and mean amplitude of NVCs in chronic SCI rats. In addition, because
nor-NOHA–induced inhibition of NVCs was prevented by an NOS inhibitor, suppression of
bladder overactivity by arginase inhibition seems to be mediated at least in part by increased
production of NO. Furthermore, the levels of arginase I and II mRNAs in the bladder are
significantly increased in chronic SCI rats compared with spinal cord intact rats.

Overactive voiding can develop days or weeks after spinal cord injury. Damage to the spinal
cord above the sacral level results in bladder overactivity. This type of neurogenic bladder
overactivity after spinal cord injury is mediated by the emergence of a capsaicin-sensitive C-
fiber-mediated spinal micturition reflex due to C-fiber hyperexcitability and reorganization of
synaptic connections in the spinal cord.13 In chronic SCI rats, Aδ bladder afferents trigger the
voiding reflex, but C-fiber afferents appear to induce bladder overactivity (i.e., NVCs) during
the filling phase. Increased NOS expression in bladder afferent pathways has been reported in
rats with SCI.14 NO has only minimal relaxing effects on rat bladder smooth muscle,15 and
it was suggested that exogenous NO depressed reflex bladder activity by suppressing the
excitability and/or the release of transmitters from bladder afferent nerves.2 The present study
showed that i.v. administration of an arginase inhibitor significantly suppressed the NVCs
induced by hyperexcitable C-fiber afferents in chronic SCI rats in the awake state, and a NOS
inhibitor prevented nor-NOHA–induced inhibition of NVCs. These results suggest that
increased production of NO in the bladder induced by arginase inhibition can suppress bladder
activity induced by spinal cord injury. In addition, because other cystometric parameters that
are related to Aδ-fiber-dependent voiding function were not altered after arginase inhibition,
it is likely that the effect of the arginase inhibitor was mediated by the action on C-fiber bladder
afferent pathways, but not on Aδ-fiber afferent pathways.

NO has a dual effect, possibly dependent on concentration or different sites of action (i.e.,
central or peripheral), to suppress or amplify nociceptive mechanisms.16 Some studies
indicated that NO might have a depressant effect on afferent activity. Reduced nitrite levels in
the urine of patients with interstitial cystitis suggested that decreased NO release in the bladder
might contribute to the disorder.16 Patients treated with L-arginine to increase the synthesis
of NO exhibited some reduction in symptom, raising the possibility that NO might have an
antinociceptive action.17,18 In rats, intravesical administration of an NO donor depressed
bladder hyperactivity associated with cyclophosphamide- induced cystitis,2 and intravesical
oxyhemoglobin, a NO scavenger, induced detrusor overactivity in normal rats,3 suggesting a
local inhibitory effect of NO on bladder activity. It has also been reported that inhibition of the
L-arginine/NO pathway by NOS inhibitors resulted in detrusor overactivity and decreases
bladder capacity.19,20 By contrast, NO centrally released in the spinal cord can induce detrusor
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overactivity because cystitis-induced detrusor overactivity was reportedly suppressed by
intrathecal injection with a NOS inhibitor in rats.21

Cellular production of NO absolutely depends on the availability of arginine, the nitrogenous
substrate of NOS. A second major pathway of arginine metabolism is via the arginases, which
catalyze the conversion of L-arginine to L-ornithine plus urea. L-arginine catabolism via
arginase can act as an endogenous negative control system to regulate overall NO production.
5–9,11 However, the arginases may be responsible not only for regulating NO synthesis by
modulating intracellular arginine availability, but also for providing ornithine for the synthesis
of polyamines controlling cell proliferation and differentiation.8,22 Consequently, increased
polyamine synthesis via arginase activity may play a role in bladder hypertrophy, which is
often an end stage situation in various pathological conditions such as benign prostatic
hyperplasia and neurogenic bladder dysfunction including SCI. The present study found
significant upregulation of arginase I and II mRNAs in SCI bladders. Therefore, arginine and
arginine metabolites may also exert specific effects on the regulation of cell proliferation and
hypertrophy; however, further studies are needed to clarify this point.

CONCLUSIONS
These results suggest that upregulation of arginase I and II is involved in the mechanism
inducing bladder overactivity in chronic SCI rats and that arginase inhibition can suppress SCI-
induced bladder overactivity as indicated by a reduction in NVCs. Thus, arginase inhibition
could be an effective treatment for neurogenic bladder overactivity in pathological conditions
such as spinal cord injury.
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Figure 1.
Effects of i.v. administration of nor-NOHA (A) alone and nor-NOHA after i.v. injection of L-
NAME (B) on NVCs in SCI rats. Arrows indicate the timing of drug administration.
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Figure 2.
Amplitudes (A) and the number of NVCs (B) in SCI rats before (Pre) and after (Post) i.v.
administration of vehicle (dH2O), nor-NOHA (1.0–10.0 mg/kg) alone, and nor-NOHA after
i.v. injection of L-NAME. Note that the highest dose of nor-NOHA significantly suppressed
the number and amplitude of NVCs. Each histogram represents mean ± S.E. **P <0.01, *P
<0.05 compared with pre-drug values.
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Figure 3.
Relative expression of arginase I (A) and arginase II (B) mRNAs in the bladder of normal rats
(n=7) and SCI rats (n=7). Relative expression of arginase mRNAs was normalized against β-
actin mRNA. Each bar represents mean ± S.E.
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