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RESEARCH ARTICLE
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Abstract
Neurogenic detrusor overactivity and the associated loss of bladder control are among the

most challenging complications of spinal cord injury (SCI). Anticholinergic agents are the

mainstay for medical treatment of detrusor overactivity. However, their use is limited by

significant side effects such that a search for new treatments is warranted. Inosine is a nat-

urally occurring purine nucleoside with neuroprotective, neurotrophic and antioxidant

effects that is known to improve motor function in preclinical models of SCI. However, its

effect on lower urinary tract function has not been determined. The objectives of this study

were to determine the effect of systemic administration of inosine on voiding function fol-

lowing SCI and to delineate potential mechanisms of action. Sprague−Dawley rats under-

went complete spinal cord transection, or cord compression by application of an

aneurysm clip at T8 for 30 sec. Inosine (225 mg/kg) or vehicle was administered daily via

intraperitoneal injection either immediately after injury or after a delay of 8 wk. At the end

of treatment, voiding behavior was assessed by cystometry. Levels of synaptophysin

(SYP), neurofilament 200 (NF200) and TRPV1 in bladder tissues were measured by

immunofluorescence imaging. Inosine administration decreased overactivity in both SCI

models, with a significant decrease in the frequency of spontaneous non−voiding contrac-

tions during filling, compared to vehicle−treated SCI rats (p<0.05), including under condi-

tions of delayed treatment. Immunofluorescence staining demonstrated increased levels

of the pan-neuronal marker SYP and the Adelta fiber marker NF200, but decreased stain-

ing for the C-fiber marker, TRPV1 in bladder tissues from inosine-treated rats compared to

those from vehicle-treated animals, including after delayed treatment. These findings
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demonstrate that inosine prevents the development of detrusor overactivity and attenu-

ates existing overactivity following SCI, and may achieve its effects through modulation of

sensory neurotransmission.

Introduction
Spinal cord damage from trauma, congenital defects or other insults, can result in loss of nor-
mal urinary tract function. As a result of aberrant neural input, the urinary bladders of such
patients commonly display extensive fibroproliferative remodeling, resulting in diminished
functional capacity, detrusor overactivity and poor compliance. Furthermore, altered neuronal
input to the urinary sphincter can cause a loss of coordination between bladder muscle con-
traction and opening of the sphincter, a condition termed detrusor sphincter dyssynergia
(DSD). This in turn results in pathological remodeling of the bladder and ensuing damage to
the upper urinary tract predisposing sufferers of spinal lesions to incontinence, recurrent infec-
tions and even renal failure.

Current management of detrusor overactivity in individuals with spinal injury focuses on
(i) catheterization to circumvent the dyssynergic sphincter and promote bladder emptying;
and (ii) medication to reduce involuntary bladder contractions and improve compliance. Exist-
ing pharmacotherapy relies heavily on the use of anti-cholinergic agents, which act either
through inhibition of neurotransmitter release or by direct receptor blockade (reviewed in [1]).
Although medications targeting cholinergic signaling can be effective, they are not without
adverse effects. Thus, investigation of alternative strategies to target neurogenic detrusor over-
activity is warranted.

Inosine is a naturally occurring purine nucleoside that is generated intracellularly by deami-
nation of adenosine or through the action of 5’-nucleotidase on inosine monophosphate. It
possesses antioxidant, anti-inflammatory, axogenic and neurotrophic properties. Inosine is
metabolized to hypoxanthine and uric acid, the latter of which is a scavenger of peroxynitrite
that mediates antioxidant activity (reviewed in [2]). The neuroprotective activity of inosine has
been demonstrated in a range of neuronal cell types in response to a variety of neurologic
insults both in vitro and in vivo [3,4,5,6,7,8,9,10,11]. In particular, previous studies have shown
that, following unilateral stroke or traumatic brain injury, inosine augments the sprouting of
corticospinal tract (CST) fibers from the intact side of the brain to the denervated side of the
spinal cord, causing substantial improvements in skilled use of the impaired limbs
[4,5,12,13,14]. In these studies, however, the impact of inosine administration on detrusor
overactivity following neurologic injury was not explored.

In this study, we investigated the impact of systemic inosine administration on bladder
function in transection and compression models of spinal cord injury. We observed significant
improvements in detrusor overactivity in SCI rats receiving inosine either immediately at the
time of injury or following a delay of 8 wk, compared to vehicle-treated SCI rats. Functional
improvements were accompanied by increased immunoreactivity for the pan-neuronal marker
synaptophysin and neurofilament 200, and decreased immunoreactivity for TRPV1. These
findings suggest inosine acts through modulation of sensory neurotransmission and may be a
novel treatment for neurogenic detrusor overactivity.
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Materials and Methods

Ethics Statement
These studies were performed in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. All experiments
were approved by the Animal Care and Use Committee of Boston Children’s Hospital (proto-
col #13-09-2501R). All surgeries were performed under isoflurane anesthesia and every effort
was made to minimize suffering.

Creation of spinal cord injury and inosine administration
Male Sprague-Dawley rats (6–7 wk of age, ~250 g, Charles River Laboratories, Wilmington,
MA) were subjected to complete spinal cord transection or spinal cord compression essentially
as described [15]. Briefly, under isoflurane anesthesia a dorsal midline incision was made over
the thoracic spinal cord. Superficial and deep muscle layers were incised in the midline to
expose the spine. For complete transection, the dura was incised, the cord was severed at T8
with a scalpel blade and Gelfoam (Ethicon™) was placed between the two cut ends of the spinal
cord prior to skin closure; the dura was not closed. For compression, an aneurysm clip impart-
ing 60 g of closing force was applied to the cord at T8 for 30 sec; in this case the dura remained
intact. Following closure of the skin incision, post-operative pain was managed with meloxi-
cam analgesia (5 mg/ml, s.c. every 24 h for 3 d). Rats also received prophylactic Baytril (100
mg/ml at 7.5mg/kg, s.c.) during the post-operative period. During the period characterized by
bladder areflexia, bladders were emptied every 12 h by manual expression until reflex voiding
returned. This period lasted for up to 2 wk in rats subjected to spinal cord transection, and for
5–7 d for rats with cord compression. Rats were administered either inosine (225 mg/kg, i.p.) or
a corresponding volume of vehicle as control immediately or following a delay of 8 wk (com-
pression group only). Inosine or vehicle was administered daily for 6 wk. At 6 wk (transection
and compression with immediate treatment groups) or 14 wk (compression + delayed treatment
group only) after injury, cohorts of rats were subjected to cystometry, bladder contractility test-
ing or tissue harvest for immunohistochemical assessments as outlined below.

Cystometric analysis
Voiding function was assessed in a subset of injured rats (transection + vehicle, n = 5; transec-
tion + inosine, n = 4; compression + vehicle, n = 6; compression + inosine, n = 5; compression
+ vehicle delayed, n = 6; compression + inosine delayed, n = 3) using conscious cystometry,
essentially as described [15]. Cystometry was performed at 6 wk (transection and compression
with immediate inosine treatment) or 14 wk (compression with delayed inosine treatment)
after creation of injury. Briefly, 3 d prior to analysis, a suprapubic catheter was inserted in a
subset of animals in each cohort. Under isoflurane anesthesia, a dorsal midline incision was
made in between the scapulae of rats. A laparotomy was created using a lower abdominal mid-
line incision. PE-50 tubing (Intramedic, Sparks, MD) with a flared tip was tunneled from the
dorsal incision into the peritoneal cavity, and secured in the dome of the bladder using a purse-
string stitch (6–0 prolene). The exteriorized PE-50 tubing on the dorsal aspect was attached to
a Luer lock adapter and secured to the skin with a 3–0 silk suture. Post-operative pain was
managed with meloxicam analgesia (5 mg/ml, s.c. every 24 h for 3 d), animals also received
prophylactic Baytril (100 mg/ml at 7.5mg/kg, s.c.) during the 3 d post-operative period. Con-
scious cystometry was conducted 3 d after placement of the catheter, by attaching the catheter
to a physiological pressure transducer (MLT844, ADInstruments, Colorado Springs, CO) to
allow measurement of intravesical pressure, while bladder was continuously infused with sterile
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PBS at 100 μl/min. After an equilibration period of 60 min, bladder pressures were monitored
over 4–5 voiding cycles. Voided volumes were determined by collection of voided bladder con-
tents on a weighing scale placed below the housing cage. Pressure readings were converted to
digital signals using a PowerLab data acquisition system and analyzed using LabChart Pro soft-
ware. Post void residual volumes were measured by aspirating the SP catheter at the conclusion
of cystometry. In this analysis, a spontaneous non-voiding contraction (SNVC) was defined as
any rise in intravesical pressure of greater than 5 cm H2O that did not result in a void. Data
from 4–5 voiding cycles were averaged from each animal and included frequency and ampli-
tude of non-voiding contractions, compliance (change in infused volume/change in intravesi-
cal pressure during the filling phase), peak pressure during voiding contraction, and voided
volumes. Bladder activity was monitored over a period of up to 4 h. At the end of analysis, rats
were euthanized via CO2 inhalation.

Ex vivo contractility studies
At the end of the 6 wk treatment period, bladders from a cohort of animals subjected to com-
plete transection and treated with vehicle or inosine (n = 13 each) were harvested and pre-
served in ice-cold Kreb’s buffer (NaCl 120 mM; KCl 5.9 mM; NaHCO3 25 mM; Na2H2PO4 1.2
mM; MgCl • 6H2O 1.2 mM; CaCl2 2.5 mM; dextrose 11.5 mM) for ex vivo contractility analy-
ses. Following euthanasia via CO2 inhalation, bladder tissue was carefully cut into strips and
the mucosa dissected off the detrusor muscle under microscopic guidance. Detrusor strips
were attached to a force transducer (Grass Instruments) and suspended in an organ bath main-
tained at 37°C and bubbled with a mixture of 95% O2 and 5% CO2. Following an equilibration
period for 45 min, contractile responses to phenylephrine (adrenergic agonist, 100 μM), α,β-
methylene-ATP (purinergic agonist, 10 μM), carbachol (1 nM-10 μM), KCl (120 mM), and to
electrical field stimulation (1–64 Hz, 20 V, 0.5 ms pulse width, 10 sec duration) were measured
in separate strips. Data were expressed as force (mN) normalized by tissue cross-sectional area
and presented as mean ± SEM.

Immunohistochemistry and histomorphometric analysis
Following scheduled euthanasia by CO2 inhalation at 6 or 14 wk after injury, bladders were
excised for standard histological processing. Briefly, bladders were weighed and fixed in 10%
neutral-buffered formalin, and processed for embedding in paraffin. Sections (5 μm) were cut
and subjected to immunohistochemical (IHC) analyses using standard procedures, as
described [16]. Primary antibodies used were: anti-synaptophysin (SYP38, 1:50 dilution,
Abcam, Cambridge, MA], anti-neurofilament (NF200, 1:250 dilution, Sigma-Aldrich,
St. Louis, MO), anti-vesicular acetylcholine transferase (VAChT, 1:200 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-TRPV1 (1:200 dilution, Alomone Laboratories, Jeru-
salem, Israel). Sections were then incubated with species-matched Alexa Fluor-conjugated sec-
ondary antibodies (Life Technologies, Grand Island, NY) and nuclei were counterstained with
4’, 6-diamidino-2-phenyllindole (DAPI). Specimens were visualized using an Axioplan-2
microscope (Carl Zeiss MicroImaging, Thornwood, NY) and representative images were
acquired using Axiovision software (version 4.8). Histomorphometric analyses (n = 3–7 ani-
mals per group) were performed as previously described [16] to assess the effect of injury and
inosine treatment on marker expression using ImageJ software (version 1.47). Area measure-
ments and signal counts were carried out on 8 random, independent microscopic fields (mag-
nification 20X) captured throughout the bladder wall of each animal per injury group (for both
vehicle and inosine treatments), for a total of 24–56 independent microscopic fields per group
(n = 3–7 animals). These measurements were then summed and averaged across all replicates
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(non-surgical control n = 4; transection + vehicle n = 4; transection + inosine n = 4; compres-
sion + vehicle n = 6; compression + inosine n = 7; compression + vehicle delayed n = 6; com-
pression + inosine delayed n = 3) in each group to determine the extent of SYP, NF200,
VAChT or TRPV1 staining. Measurements were normalized to the total tissue area examined
(mm2). Histomorphometric data were quantified by two independent reviewers to ensure con-
sistency in evaluation, with one observer blinded to the treatment group.

Statistical analysis
Quantitative measurements for urodynamic and histomorphometric parameters were analyzed
as follows: inter-group comparisons between three or more groups were performed with the
Kruskal-Wallis test in combination with the Scheffe’s test for post-hoc analysis. Comparison
between two groups was performed with Mann-Whitney test. Statistical evaluations were per-
formed with SPSS Statistics software v19.0 (http://www.spss.com) and data were expressed as
mean ± standard deviation. Statistically significant values were defined as p<0.05. For contrac-
tility testing, differences in contractile responses between treatment groups were determined
by Student’s t-test, with p<0.05 considered significant.

Results
To address the ability of inosine to mitigate detrusor overactivity, one of the primary clinical
concerns in patients with SCI, we subjected rats with spinal cord transection or compression
injury, to sustained inosine administration, with inosine given for 6 wk either immediately at the
time of injury or following a delay of 8 wk. Voiding function was assessed by conscious cystome-
try performed at 6 wk (transection and compression with immediate inosine treatment) or 14
wk (compression with delayed inosine treatment) after creation of injury. As shown in Fig 1A
(upper panels), rats receiving vehicle in all injury groups displayed extensive detrusor overactiv-
ity, characterized by frequent spontaneous non-voiding contractions (SNVCs) during conscious
cystometry. In contrast, injured rats receiving inosine showed significant attenuation of detrusor
overactivity (Fig 1A, lower panels). No significant differences were observed in peak pressure,
resting pressure, micturition cycle time, voiding efficiency or compliance (data not shown).
Quantification of overactivity revealed reductions in both frequency and amplitude of SNVCs,
with>4 times fewer SNVCs compared to vehicle-treated controls (p<0.05)(Fig 1B). Inosine-
treated rats in the transection group also showed lower amplitude of SNVCs (p<0.05)(Fig 1C).

To determine whether the observed improvement in voiding parameters in inosine-treated
rats reflected direct effects on muscle contractility, we evaluated agonist-evoked force genera-
tion in bladder muscle strips from vehicle- and inosine-treated rats. Muscle contractility
induced by phenylephrine, electrical field stimulation, ATP or KCl-mediated depolarization
was not significantly different between tissues from inosine-treated or control rats (Fig 2). In
addition, immunoreactivity for the vesicular acetylcholine transporter in bladder sections was
not significantly different between vehicle- or inosine-treated rats in any of the models, sug-
gesting that the beneficial effect of inosine on voiding function occurred independently of
direct effects on muscle contractility.

Based on our observation that chronic treatment of SCI rats with inosine did not alter
motor activity in smooth muscle, and in light of prior studies showing the effects of inosine on
axon sprouting [4,6,13,17], we proceeded to assess the impact of inosine treatment on levels of
neuronal markers in the bladder. Staining for the pan-neuronal marker synaptophysin (SYP)
was decreased in bladder tissues from rats with SCI compared to non-surgical controls. In all
injury models, SYP immunoreactivity was increased in bladders following inosine treatment,
compared to that observed in tissues from vehicle-treated controls reaching significance in
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Fig 1. Inosine improves neurogenic detrusor overactivity. (A) Representative cystometrograms of rats with transection or compression spinal cord injury
that received vehicle (upper panels) or inosine (225 mg/kg, lower panels) i.p. daily for 6 wk, either immediately at the time of injury (left and middle panels) or
beginning 8 wk after injury (right panels) are shown. Cystometry was performed at 6 wk (transection and compression with immediate inosine treatment) or
14 wk (compression with delayed inosine treatment). In each case, the upper tracing in each graph demonstrates intravesical pressure (cm H2O) and the
lower tracing indicates voided volume. Arrowheads indicate voids. Time (in min) is indicated on the x-axis. Numbers of rats in each group are: transection
+ vehicle, n = 5; transection + inosine, n = 4; compression + vehicle, n = 6; compression + inosine, n = 5; compression + vehicle delayed, n = 6; compression
+ inosine delayed, n = 3. Graphs summarizing the frequency (B) and amplitude (C) of spontaneous non-voiding contractions in vehicle- versus inosine-
treated SCI rats in both injury models are indicated. Data are presented as mean ± standard deviation. Inosine treatment decreased the frequency of SNVCs
in all models, and the amplitude of SNVC following transection injury.

doi:10.1371/journal.pone.0141492.g001
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compression injury groups (Fig 3, p<0.05), although signal did not reach the level observed in
tissue from non-surgical controls. Importantly, a significant increase in SYP staining was
observed even following an 8 wk delay in inosine administration.

The number of NF200-positive axon profiles was decreased in bladder tissues from vehicle-
treated rats with SCI compared to non-surgical controls. Inosine treatment led to an increase
in NF200-positive axon profiles in bladder tissue from all injury groups compared to vehicle-
treated animals (Fig 4, p<0.05, all groups). In no case did the number of NF200-positive axon
profiles in tissues from inosine-treated rats reach that in tissues from non-surgical controls.

Staining for the C-fiber marker TRPV1 revealed a significant increase in TRPV1 immunore-
activity in the bladders of vehicle-treated rats exposed to each injury condition compared to
non-surgical controls (Fig 5, p<0.05). In each condition, inosine treatment was associated with
a significant attenuation of TRPV1 immunoreactivity (p<0.05, all groups).

Fig 2. Inosine acts independently of direct effects on smoothmuscle contractility. Contractility of muscle strips from vehicle- or inosine-treated rats
with transection injury (n = 13 in each group) was assessed in response to (i) carbachol, (ii) electrical field stimulation, (iii) α,β-meATP or (iv) KCl (120 mM).
Force generation normalized to cross-sectional tissue area did not differ between tissues from vehicle- and inosine-treated rats under any condition. Data are
present as mean ± SEM.

doi:10.1371/journal.pone.0141492.g002
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Fig 3. Inosine treatment increases the extent of synaptophysin immunoreactivity following spinal cord injury. (A) Representative photomicrographs
of staining for the pan-neuronal marker synaptophysin (SYP) in bladder sections from SCI rats treated with vehicle or inosine or non-surgical controls are
shown. Numbers of rats in each group were: transection + vehicle, n = 4; transection + inosine, n = 4; compression + vehicle, n = 6; compression + inosine,
n = 7; compression + vehicle delayed, n = 6; compression + inosine delayed, n = 3; non-surgical controls (n = 4). For all panels, marker expression is
displayed in red (Alexa-Fluor 594) labeling. Blue denotes DAPI nuclear counterstain. Arrows denote SYP+ boutons. Scale bars in all panels = 200 μm. (B)
Histomorphometric analysis of the density of SYP+ boutons in 8 independent high-power fields. Data are presented as mean ± standard deviation. *, p<0.05
inosine versus respective vehicle control.

doi:10.1371/journal.pone.0141492.g003
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Fig 4. Inosine treatment increases the extent of NF200 immunoreactivity following spinal cord injury. (A) Representative photomicrographs of
staining for the Aδ fiber marker NF200 (red) in bladder sections from SCI rats treated with vehicle or inosine or non-surgical controls are shown. Numbers of
rats in each group were: transection + vehicle, n = 4; transection + inosine, n = 4; compression + vehicle, n = 6; compression + inosine, n = 7; compression
+ vehicle delayed, n = 6; compression + inosine delayed, n = 3; non-surgical controls (n = 4). Blue denotes DAPI nuclear counterstain. Scale bars = 200 μm.
(B) Histomorphometric analysis of the density of NF200+ nerve trunks in 8 independent high-power fields. Data are presented as mean ± standard deviation.
*, p<0.05 inosine versus corresponding vehicle control.

doi:10.1371/journal.pone.0141492.g004
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Fig 5. Inosine treatment decreases TRPV1 immunoreactivity following spinal cord injury.Representative photomicrographs of staining for the C fiber
marker TRPV1 (red) in bladders from SCI rats treated with vehicle or inosine or non-surgical controls are shown. Numbers of rats in each group were:
transection + vehicle, n = 4; transection + inosine, n = 4; compression + vehicle, n = 6; compression + inosine, n = 7; compression + vehicle delayed, n = 6;
compression + inosine delayed, n = 3; non-surgical controls (n = 4). Blue denotes DAPI nuclear counterstain. Scale bars = 200 μm. (B) Histomorphometric
analysis of TRPV1 immunoreactivity in 8 independent high-power fields. Data are presented as mean ± standard deviation. *, p<0.05 inosine versus
corresponding vehicle control.

doi:10.1371/journal.pone.0141492.g005
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Discussion
In this study we determined the impact of inosine treatment on lower urinary tract complica-
tions following spinal cord injury. Our findings demonstrated (i) a profound improvement in
detrusor overactivity in SCI rats receiving inosine compared to vehicle-treated controls in all
injury models; (ii) a decrease in the frequency of SNVC in all injury models and a decrease in
the amplitude of SNVC in the transection injury group following inosine treatment; (iii) no
effect of inosine on motor activity in detrusor smooth muscle; and (iv) increased expression of
the pan-neuronal marker SYP and Aδ fiber marker NF200, and decreased expression of the C-
fiber marker TRPV1 in bladders of inosine-treated SCI rats compared to vehicle-treated con-
trols. Importantly, several endpoints were improved even in rats receiving delayed inosine
treatment. Together, these findings suggest that inosine improves detrusor overactivity in part
through modulation of sensory neurotransmission, and that inosine can elicit functional
improvements even in the context of existing damage following SCI.

The mechanisms whereby inosine acts to improve neurogenic detrusor overactivity have
not been explored. In agreement with prior reports, both transection and compression injury
to the spinal cord led to changes in immunoreactivity for the Aδ fiber marker NF200 and the
C-fiber marker TRPV1 (reviewed in [18]) in bladder tissues. Previous studies of the impact of
spinal cord injury on lower urinary tract function have identified an important role for C-fiber
afferent neurons in mediating pathologic changes in voiding behavior [19]. In rodents with
detrusor overactivity secondary to SCI or cyclophosphamide-induced inflammation, treatment
with the TRPV1 agonists and C-fiber-selective neurotoxins capsaicin or resiniferatoxin was
found to inhibit non-voiding contractions through TRPV1 desensitization [20,21]. Our results
indicate that inosine treatment attenuated the injury-induced increase in TRPV1 immunoreac-
tivity, both with immediate and delayed administration, in parallel with significant improve-
ments in detrusor overactivity. Together, these findings suggest that inosine achieves its effects,
at least in part, through inhibition of TRPV1 expression and/or activity.

The increased SYP immunoreactivity observed in bladders from rats with compression
injury that received inosine either immediately or after an 8 wk delay is in agreement with the
known neuroprotective and neurotrophic activities of inosine [3,4,5,6,12,13]. In studies investi-
gating regrowth of injured neurons in the central nervous system, inosine was found to pro-
mote the growth of axons via activation of the neuron-specific kinase, Mst3b [3,4,5,22,23].
Preliminary observations suggest expression of both Mst3b and Mst3 isoforms in bladder tissue
from spinal cord injured rats (R.M.A., unpublished observations); however, the functional sig-
nificance of Mst3/3b with respect to the potential neurotrophic activity of inosine in the blad-
der remains to be determined.

Inosine is also known to act through interaction with members of the adenosine receptor
family [24,25,26] For example, the anti-nociceptive effects of inosine in diverse models of
pain were found to be mediated via A1 and A2A subtypes, resulting in inhibition of protein
kinase C [25] and protein kinase A, as well as modulation of KATP, Kv and BK channels [26].
A2A receptor activation was also implicated in relaxation of bladder muscle strips via KATP

activation and elevation of intracellular cAMP [27], as well as in the immunosuppressive
activity of inosine in experimental models of inflammation [24]. In our study, no significant
difference in inflammation, as determined by myeloperoxidase activity, was observed in tis-
sues from vehicle- or inosine-treated rats (Y.G.C. and R.M.A., unpublished observations),
suggesting that the observed functional improvements in inosine-treated animals were inde-
pendent of changes in inflammatory state of the tissues. The contribution of adenosine recep-
tor-dependent signaling in the observed effects of inosine on detrusor overactivity is
currently under investigation.
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Based on its favorable safety profile, as well as its anti-oxidant, anti-inflammatory and neu-
rotrophic activities, inosine has recently completed evaluation in Phase II clinical trials for mul-
tiple sclerosis and Parkinson’s disease [28]. In the case of Parkinson’s disease, inosine
administered orally was demonstrated to be safe and well tolerated by patients, with fewer
adverse events in those receiving inosine versus placebo. Our demonstration of significant
functional improvements in detrusor overactivity not only in a prevention study but also under
conditions of existing neuronal damage suggests a novel use for inosine in treatment of neuro-
genic detrusor overactivity.

Acknowledgments
The authors would like to thank members of the Urological Diseases Research Center at Boston
Children’s Hospital for helpful discussions, and Kyle Costa for technical assistance.

Author Contributions
Conceived and designed the experiments: LB DK CE JMMS RMA. Performed the experi-
ments: YGC AS CD DF VC DTMS. Analyzed the data: YGC AS CD DF VC LB JMMS RMA.
Wrote the paper: LB CE JMMS RMA.

References
1. del Popolo G, Mencarini M, Nelli F, Lazzeri M (2012) Controversy over the pharmacological treatments

of storage symptoms in spinal cord injury patients: a literature overview. Spinal cord 50: 8–13. doi: 10.
1038/sc.2011.110 PMID: 22042300

2. Hasko G, Sitkovsky MV, Szabo C (2004) Immunomodulatory and neuroprotective effects of inosine.
Trends Pharmacol Sci 25: 152–157. PMID: 15019271

3. Benowitz LI, Jing Y, Tabibiazar R, Jo SA, Petrausch B, Stuermer CA, et al. (1998) Axon outgrowth is
regulated by an intracellular purine-sensitive mechanism in retinal ganglion cells. J Biol Chem 273:
29626–29634. PMID: 9792672

4. Benowitz LI, Goldberg DE, Madsen JR, Soni D, Irwin N (1999) Inosine stimulates extensive axon collat-
eral growth in the rat corticospinal tract after injury. Proc Natl Acad Sci U S A 96: 13486–13490. PMID:
10557347

5. Chen P, Goldberg DE, Kolb B, Lanser M, Benowitz LI (2002) Inosine induces axonal rewiring and
improves behavioral outcome after stroke. Proc Natl Acad Sci U S A 99: 9031–9036. PMID: 12084941

6. Benowitz LI, Goldberg DE, Irwin N (2002) Inosine stimulates axon growth in vitro and in the adult CNS.
Prog Brain Res 137: 389–399. PMID: 12440381

7. Shi M, You SW, Meng JH, Ju G (2002) Direct protection of inosine on PC12 cells against zinc-induced
injury. Neuroreport 13: 477–479. PMID: 11930165

8. Hou B, You SW,WuMM, Kuang F, Liu HL, Jiao XY, et al. (2004) Neuroprotective effect of inosine on
axotomized retinal ganglion cells in adult rats. Invest Ophthalmol Vis Sci 45: 662–667. PMID:
14744912

9. Bocklinger K, Tomaselli B, Heftberger V, Podhraski V, Bandtlow C, Baier-Bitterlich G (2004) Purine
nucleosides support the neurite outgrowth of primary rat cerebellar granule cells after hypoxia. Eur J
Cell Biol 83: 51–54. PMID: 15146976

10. Shen H, Chen GJ, Harvey BK, Bickford PC, Wang Y (2005) Inosine reduces ischemic brain injury in
rats. Stroke 36: 654–659. PMID: 15692110

11. Liu F, You SW, Yao LP, Liu HL, Jiao XY, Shi M, et al. (2006) Secondary degeneration reduced by ino-
sine after spinal cord injury in rats. Spinal Cord 44: 421–426. PMID: 16317421

12. Smith JM, Lunga P, Story D, Harris N, Le Belle J, James MF, et al. (2007) Inosine promotes recovery of
skilled motor function in a model of focal brain injury. Brain 130: 915–925. PMID: 17293357

13. Zai L, Ferrari C, Subbaiah S, Havton LA, Coppola G, Strittmatter S, et al. (2009) Inosine alters gene
expression and axonal projections in neurons contralateral to a cortical infarct and improves skilled use
of the impaired limb. J Neurosci 29: 8187–8197. doi: 10.1523/JNEUROSCI.0414-09.2009 PMID:
19553458

Inosine Inhibits Bladder Overactivity

PLOS ONE | DOI:10.1371/journal.pone.0141492 November 3, 2015 12 / 13

http://dx.doi.org/10.1038/sc.2011.110
http://dx.doi.org/10.1038/sc.2011.110
http://www.ncbi.nlm.nih.gov/pubmed/22042300
http://www.ncbi.nlm.nih.gov/pubmed/15019271
http://www.ncbi.nlm.nih.gov/pubmed/9792672
http://www.ncbi.nlm.nih.gov/pubmed/10557347
http://www.ncbi.nlm.nih.gov/pubmed/12084941
http://www.ncbi.nlm.nih.gov/pubmed/12440381
http://www.ncbi.nlm.nih.gov/pubmed/11930165
http://www.ncbi.nlm.nih.gov/pubmed/14744912
http://www.ncbi.nlm.nih.gov/pubmed/15146976
http://www.ncbi.nlm.nih.gov/pubmed/15692110
http://www.ncbi.nlm.nih.gov/pubmed/16317421
http://www.ncbi.nlm.nih.gov/pubmed/17293357
http://dx.doi.org/10.1523/JNEUROSCI.0414-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553458


14. Kuricova M, Ledecky V, Liptak T, Madari A, Grulova I, Slovinska L, et al. (2014) Oral administration of
inosine promotes recovery after experimental spinal cord injury in rat. Neurol Sci 35: 1785–1791. doi:
10.1007/s10072-014-1840-3 PMID: 24913204

15. Seth A, Chung YG, Kim D, Ramachandran A, Cristofaro V, Gomez P 3rd, et al. (2013) The impact of
discrete modes of spinal cord injury on bladder muscle contractility. BMC Urol 13: 24. doi: 10.1186/
1471-2490-13-24 PMID: 23668225

16. Chung YG, Algarrahi K, Franck D, Tu DD, Adam RM, Kaplan DL, et al. (2014) The use of bi-layer silk
fibroin scaffolds and small intestinal submucosa matrices to support bladder tissue regeneration in a rat
model of spinal cord injury. Biomaterials 35: 7452–7459. doi: 10.1016/j.biomaterials.2014.05.044
PMID: 24917031

17. Kim D, Zai L, Liang P, Schaffling C, Ahlborn D, Benowitz LI (2013) Inosine enhances axon sprouting
and motor recovery after spinal cord injury. PLoS One 8: e81948. doi: 10.1371/journal.pone.0081948
PMID: 24312612

18. de Groat WC, Yoshimura N (2010) Changes in afferent activity after spinal cord injury. Neurourol Uro-
dyn 29: 63–76. doi: 10.1002/nau.20761 PMID: 20025033

19. de Groat WC, Yoshimura N (2006) Mechanisms underlying the recovery of lower urinary tract function
following spinal cord injury. Prog Brain Res 152: 59–84. PMID: 16198694

20. Komiyama I, Igawa Y, Ishizuka O, Nishizawa O, Andersson KE (1999) Effects of intravesical capsaicin
and resiniferatoxin on distension-induced bladder contraction in conscious rats with and without chronic
spinal cord injury. J Urol 161: 314–319. PMID: 10037430

21. Juszczak K, Ziomber A, Wyczolkowski M, Thor PJ (2009) Urodynamic effects of the bladder C-fiber
afferent activity modulation in chronic model of overactive bladder in rats. J Physiol Pharmacol 60:
85–91.

22. Petrausch B, Tabibiazar R, Roser T, Jing Y, Goldman D, Stuermer CA, et al. (2000) A purine-sensitive
pathway regulates multiple genes involved in axon regeneration in goldfish retinal ganglion cells. J Neu-
rosci 20: 8031–8041. PMID: 11050124

23. Benowitz LI, Goldberg DE, Irwin N (2001) A purine-sensitive mechanism regulates the molecular pro-
gram for axon growth. Restor Neurol Neurosci 19: 41–49. PMID: 12082228

24. Gomez G, Sitkovsky MV (2003) Differential requirement for A2a and A3 adenosine receptors for the
protective effect of inosine in vivo. Blood 102: 4472–4478. PMID: 12947007

25. Nascimento FP, Figueredo SM, Marcon R, Martins DF, Macedo SJ Jr., Lima DA, et al. (2010) Inosine
reduces pain-related behavior in mice: involvement of adenosine A1 and A2A receptor subtypes and
protein kinase C pathways. J Pharmacol Exp Ther 334: 590–598. doi: 10.1124/jpet.110.166058 PMID:
20472668

26. Macedo-Junior SJ, Nascimento FP, Luiz-Cerutti M, Santos AR (2013) Role of pertussis toxin-sensitive
G-protein, K+ channels, and voltage-gated Ca2+ channels in the antinociceptive effect of inosine. Puri-
nergic Signal 9: 51–58. doi: 10.1007/s11302-012-9327-2 PMID: 22806273

27. Gopalakrishnan SM, Buckner SA, Milicic I, Groebe DR, Whiteaker KL, Burns DJ, et al. (2002) Func-
tional characterization of adenosine receptors and coupling to ATP-sensitive K+ channels in Guinea
pig urinary bladder smooth muscle. J Pharmacol Exp Ther 300: 910–917. PMID: 11861797

28. Schwarzschild MA, Ascherio A, Beal MF, Cudkowicz ME, Curhan GC, Hare JM, et al. (2014) Inosine to
increase serum and cerebrospinal fluid urate in Parkinson disease: a randomized clinical trial. JAMA
Neurol 71: 141–150. doi: 10.1001/jamaneurol.2013.5528 PMID: 24366103

Inosine Inhibits Bladder Overactivity

PLOS ONE | DOI:10.1371/journal.pone.0141492 November 3, 2015 13 / 13

http://dx.doi.org/10.1007/s10072-014-1840-3
http://www.ncbi.nlm.nih.gov/pubmed/24913204
http://dx.doi.org/10.1186/1471-2490-13-24
http://dx.doi.org/10.1186/1471-2490-13-24
http://www.ncbi.nlm.nih.gov/pubmed/23668225
http://dx.doi.org/10.1016/j.biomaterials.2014.05.044
http://www.ncbi.nlm.nih.gov/pubmed/24917031
http://dx.doi.org/10.1371/journal.pone.0081948
http://www.ncbi.nlm.nih.gov/pubmed/24312612
http://dx.doi.org/10.1002/nau.20761
http://www.ncbi.nlm.nih.gov/pubmed/20025033
http://www.ncbi.nlm.nih.gov/pubmed/16198694
http://www.ncbi.nlm.nih.gov/pubmed/10037430
http://www.ncbi.nlm.nih.gov/pubmed/11050124
http://www.ncbi.nlm.nih.gov/pubmed/12082228
http://www.ncbi.nlm.nih.gov/pubmed/12947007
http://dx.doi.org/10.1124/jpet.110.166058
http://www.ncbi.nlm.nih.gov/pubmed/20472668
http://dx.doi.org/10.1007/s11302-012-9327-2
http://www.ncbi.nlm.nih.gov/pubmed/22806273
http://www.ncbi.nlm.nih.gov/pubmed/11861797
http://dx.doi.org/10.1001/jamaneurol.2013.5528
http://www.ncbi.nlm.nih.gov/pubmed/24366103



