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BACKGROUND AND PURPOSE
Hydrogen sulfide (H2S), generated by enzymes such as cystathionine-g-lyase (CSE) from L-cysteine, facilitates pain signals by
activating the Cav3.2 T-type Ca2+ channels. Here, we assessed the involvement of the CSE/H2S/Cav3.2 pathway in
cystitis-related bladder pain.

EXPERIMENTAL APPROACH
Cystitis was induced by i.p. administration of cyclophosphamide in mice. Bladder pain-like nociceptive behaviour was
observed and referred hyperalgesia was evaluated using von Frey filaments. Phosphorylation of ERK in the spinal dorsal horn
was determined immunohistochemically following intravesical administration of NaHS, an H2S donor.

KEY RESULTS
Cyclophosphamide caused cystitis-related symptoms including increased bladder weight, accompanied by nociceptive
changes (bladder pain-like nociceptive behaviour and referred hyperalgesia). Pretreatment with DL-propargylglycine, an
inhibitor of CSE, abolished the nociceptive changes and partly prevented the increased bladder weight. CSE protein in the
bladder was markedly up-regulated during development of cystitis. Mibefradil or NNC 55–0396, blockers of T-type Ca2+

channels, administered after the symptoms of cystitis appeared, reversed the nociceptive changes. Further, silencing of Cav3.2
protein by repeated intrathecal administration of mouse Cav3.2-targeting antisense oligodeoxynucleotides also significantly
attenuated the nociceptive changes, but not the increased bladder weight. Finally, the number of cells staining positive for
phospho-ERK was increased in the superficial layer of the L6 spinal cord after intravesical administration of NaHS, an effect
inhibited by NNC 55–0396.

CONCLUSION AND IMPLICATIONS
Endogenous H2S, generated by up-regulated CSE, caused bladder pain and referred hyperalgesia through the activation of
Cav3.2 channels, one of the T-type Ca2+ channels, in mice with cyclophosphamide-induced cystitis.

Abbreviations
AS, antisense; CSE, cystathionine-g-lyase; DCM, dorsal commissure; DRG, dorsal root ganglia; LDH, lateral dorsal horn;
MDH, medial dorsal horn; ODNs, oligodeoxynucleotides; p-ERK, phospho-ERK; PPG, DL-propargylglycine, SC,
scrambled; TRPA1, transient receptor potential ankyrin 1
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Introduction
Hydrogen sulfide (H2S), a toxic gas occurring in volcanic
zones and hot spring areas, is synthesized from L-cysteine by
several enzymes including cystathionine-g-lyase (CSE) and
cystathionine-b-syntase in mammals and plays various roles
as a gasotransmitter in health and disease (Wang, 2002;
Fiorucci et al., 2006). The functions of H2S in sensory neurons
include the regulation of the secretion of HCO3

- in the duo-
denum (Ise et al., 2011) and Cl- in the colon (Schicho et al.,
2006), contraction of bladder smooth muscle (Patacchini
et al., 2004) and induction of neurogenic inflammation in the
airways (Trevisani et al., 2005), lungs (Bhatia et al., 2006) and
pancreas (Bhatia et al., 2005). We have demonstrated that H2S
activates the Cav3.2 T-type Ca2+ channels expressed in sensory
neurons, leading to the facilitation of somatic pain process-
ing (Kawabata et al., 2007; Maeda et al., 2009; Takahashi et al.,
2010; channel nomenclature follows Alexander et al., 2011).
Furthermore, H2S also plays an important role in the process-
ing of visceral pain, because exogenously administered NaHS,
a H2S donor compound, evokes colonic or pancreatic pain
signals and endogenous H2S generated by CSE contributes to
pancreatitis-related referred hyperalgesia (Matsunami et al.,
2009; Nishimura et al., 2009).

The most common visceral pain in the field of urology is
bladder pain, a symptom of lower urinary tract diseases such
as cystitis, cystolithiasis and bladder cancer, which impairs
the quality of life in patients. Interstitial cystitis or painful
bladder syndrome is an idiopathic disease, presenting with
bladder pain and urinary frequency or urgency (Kelada and
Jones, 2007). The bladder pain accompanying interstitial cys-
titis is regional, chronic and spread over the lower pelvic and
suprapubic area and mimics neuropathic pain (Theoharides
et al., 2008). Interestingly, there is evidence that NaHS
administered intravesically produces changes in urodynamic
parameters after chemical disruption of the urothelial barrier
in rats, although the mechanisms underlying the effect of
NaHS in vivo have yet to be analysed (Streng et al., 2008). It is
still open to question whether endogenously synthesized H2S
is involved in the bladder pain accompanying cystitis. There-
fore, the present study investigated the possible involvement
of endogenous H2S and the Cav3.2 T-type Ca2+ channels, one
of molecular targets for H2S (Maeda et al., 2009; Takahashi
et al., 2010), in the processing of bladder pain in mice with
cyclophosphamide-induced cystitis, an animal model of
human interstitial cystitis (Wantuch et al., 2007).

Methods

Animals
All animal care and experimental protocols complied with
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion no. 85-23, revised 1996) and were approved by the
Committee for the Care and Use of Laboratory Animals of
Kinki University. The ARRIVE guidelines for reporting experi-
ments involving animals (McGrath et al., 2010) have been
followed. Female ddY mice weighing 18–25 g (total = 421)
were purchased from Japan SLC Inc. (Shizuoka, Japan) or

Kiwa Laboratory Animals Co., Ltd. (Wakayama, Japan). The
animals were housed in a temperature-controlled room under
a 12-h day per night cycle at about 24°C and had free access
to food and water.

Induction of cyclophosphamide-induced
cystitis and assessment of bladder pain-like
nociceptive behaviour and referred
hyperalgesia (nociceptive changes)
Cystitis was induced in mice by the i.p. administration of
cyclophosphamide at 300 mg·kg-1, and bladder pain-like
nociceptive behaviour was defined as described previously
(Olivar and Laird, 1999) with minor modifications (Miki
et al., 2011). Mice were placed on a raised wire mesh under a
clear plastic box (23.5 ¥ 16.6 ¥ 12.4 cm), and acclimated to
the experimental environment for 1 h. Bladder pain-like
nociceptive behaviour was observed from 3.5 to 4 h after the
administration of cyclophosphamide; that is the number of
times the animal licked the external urethral opening was
measured for 30 min. Immediately after the observation of
nociceptive behaviour, the region between the anus and ure-
thral opening was stimulated mechanically using four dis-
tinct von Frey filaments (Laird et al., 2002) with strengths of
0.008, 0.07, 0.4 and 1.0 g, in ascending order of strength, for
the determination of referred hyperalgesia. The mechanical
stimulation with each filament was applied 10 times at inter-
vals of 5–10 s. To prevent ‘wind-up’ effects or desensitization,
repeated stimulation of the same point was avoided. The
scoring of nociceptive behaviour was as follows: 0 = no
response; 1 = licking or biting of the external urethral
opening and/or the surrounding area, leaving the position,
bending of the trunk, raising the upper half of the body and
thrashing limbs; 2 = jumping. Data are expressed as the total
score for responses to 10 challenges with each filament.

Evaluation of the severity of
cyclophosphamide-induced cystitis in mice
Immediately after the von Frey test, the mice were killed by
cervical dislocation, and the bladder was removed and
weighed to estimate the bladder oedema. In some experi-
ments, the bladder was fixed, embedded in paraffin, sec-
tioned, and stained with haematoxylin and eosin for
morphological analysis.

Silencing of Cav3.2 by intrathecal
administration of antisense (AS)
oligodeoxynucleotides (ODNs)
Knockdown of Cav3.2 channels was achieved by repeated
intrathecal administration of the mixture of two distinct
AS-ODNs. AS-ODNs targeting mouse Cav3.2 protein or scram-
bled (SC) ODNs were synthesized by Sigma-Aldrich Japan
(Ishikari, Japan). The sequences were as follows: AS-ODN-
Cav3.2 (No. 1, TGA AGT GGT AAT GGT GGT GAT GGT GGT;
No.2, GAG TGA TGA TGG ACA GGA ACG AGA CCG);
SC-ODN-Cav3.2 (No. 1, TAA GTG GTG GTA TGA GGG TGT
TTG GGA; No.2, GGG AAA GAC CAC GGG TAA TGG TAG
GAC). A mixture of two types of AS-ODN-Cav3.2 or SC-ODN-
Cav3.2 solution (No.1 and 2; 1 mg·mL-1 each) in a volume of
5 mL was administered intrathecal, once a day for 3 d in mice.
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Western blot analysis
The mice were killed by cervical dislocation 4–4.5 h after the
i.p. administration of cyclophosphamide, and the bladder
was excised and frozen in liquid nitrogen. In the knockdown
experiments, the bilateral dorsal root ganglia (DRG) at the
L1-L6 spinal levels were also collected. The tissue samples
were homogenized in a RIPA buffer (PBS, 1% Igepal CA-630,
0.5% sodium deoxycholate and 0.1% SDS), containing
0.1 mg·mL-1 PMSF, 0.15 U·mL-1 aprotinin and 1 mM sodium
orthovanadate. After the addition of 2-mercaptoethanol and
bromophenol blue, the supernatant was denatured at
95–100°C for 5 min, and the proteins were separated by elec-
trophoresis on a 12.5% (for the detection of CSE) or 7.5%
[for Cav3.2 and transient receptor potential ankyrin 1
(TRPA1)] SDS-polyacrylamide gel (Wako Pure Chemicals,
Osaka, Japan) and transferred onto a PVDF membrane
(Immobilon-P, Millipore, Billerica, MA, USA). The membrane
was blocked with a blocking solution containing 5% skim
milk, 137 mM NaCl, 0.1% Tween 20 and 20 mM Tris-HCl
(pH 7.6). After a wash, the membrane was incubated over-
night at 4°C with an anti-CSE rabbit polyclonal antibody
(1:1000), an anti-Cav3.2 rabbit polyclonal antibody (1:200)
(Sigma-Aldrich Japan), an anti-TRPA1 rabbit polyclonal anti-
body (1:1000) (Novus Biologicals, Littleton, CO, USA) or an
anti-GAPDH rabbit polyclonal antibody (1:3000) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). After another wash,
the membrane was incubated with a horseradish peroxidase-
conjugated anti-rabbit antibody (1:1000) (Cell Signaling
Technology, Beverly, MA, USA). Immunolabelled proteins
(CSE, 44 kDa; Cav3.2, 230 kDa; TRPA1, 110 kDa; GAPDH,
37 kDa) were visualized with enhanced chemiluminescence
detection reagent (Amersham Biosciences, Little Chalfont,
UK). The resulting films were scanned and quantified using
densitometric software (Win ROOF, Mitani Corporation,
Fukui, Japan).

Immunohistochemical analysis of
phosphorylation of ERK in the spinal cord
following intravesical administration of a
donor for H2S in mice
The mice received indomethacin (i.p., 10 mg·kg-1) 30 min
before catheterization of the bladder via the urethra, in
order to reduce the background staining of phospho-ERK
(p-ERK) because of endogenous prostanoid formation in
response to mechanical stimuli with catheterization and/or
intravesical administration, as described previously (Miki
et al., 2011). Under anaesthesia with urethane (1.5 g·kg-1,
i.p.) the urine was drained off through the catheter by
applying light pressure to the abdomen, and the mouse was
allowed to rest for 25 min. The animal then received intra-
vesical administration of NaHS, a donor for H2S, (50 nmol
per mouse; 50 mL of 1 mM solution) and 5 min later, was
transcardially perfused with 20 mL of 1% paraformaldehyde
in a 0.2 M phosphate buffer (pH 7.4) and subsequently with
140 mL of 4% paraformaldehyde in the same buffer for fixa-
tion. The spinal cord was removed, postfixed in the latter
solution, and cryoprotected in a phosphate-buffered 30%
sucrose solution overnight at 4°C. The L6 spinal cord
segment was serially cut into 30 mm sections using a freez-
ing microtome. After incubation for 20 min in a 0.3%

hydrogen peroxide solution containing methanol, the sec-
tions were incubated in 1% normal goat serum for 30 min,
and reacted overnight at 4°C with a rabbit polyclonal anti-
body against human phospho-p44/42 MAPK (Thr202/Tyr204)
(Cell Signaling Technology) at a dilution of 1:500. After
being washed in PBS, the sections were incubated in bioti-
nylated anti-goat IgG for 1 h and reacted with an avidin-
biotin complex (VECSTATIN Elite ABC kit, Vector,
Burlingame, CA, USA) for 30 min at 4°C, and finally devel-
oped with a 0.05 M Tris-HCl buffer (pH 7.6) containing
0.05% 3,3′-diaminobenzidine-tetra HCl, 0.4% nickel ammo-
nium sulphate, and 0.035% hydrogen peroxide for 10 min
at 24°C. The sections were then rinsed three times with the
Tris-HCl buffer for 10 min. Cells staining positive for p-ERK
were counted in five sections of the L6 spinal cord from
each mouse, and the cell number was determined bilaterally
in four distinct regions, the medial dorsal horn (MDH),
lateral dorsal horn (LDH), dorsal commissure (DCM) and
sacral parasympathetic nucleus (Birder and de Groat, 1992;
Miki et al., 2011).

Assay of H2S content in the mouse
bladder tissue
Tissue H2S content was determined as described previously (Li
et al., 2005) with minor modifications. The mice were killed
by cervical dislocation, and the bladder was removed,
weighed and homogenized in an ice-cold 100 mM potassium
phosphate buffer including 10% trichloroacetic acid and 1%
zinc acetate. After addition of 2.1 mM N,N-dimethyl-p-
phenylenediamine sulfate and 3.15 mM FeCl3, the mixture
was incubated at room temperature for 20 min and centri-
fuged. The absorbance of the filtered supernatant was meas-
ured at a wave-length of 670 nm. The concentration of H2S in
each sample was calculated against a calibration curve of Na2S
solution (15–240 mM).

Statistical analysis
Data are presented as means with SEM. Statistical signifi-
cance for parametric data was analysed by Student’s t-test for
comparisons between two groups and by an analysis of vari-
ance followed by Tukey’s test for multiple comparisons. For
non-parametric analyses, the Kruskal–Wallis H-test followed
by a least significant difference-type test was employed
for multiple comparisons. Significance was set at a level of
P < 0.05.

Materials
Cyclophosphamide, DL-propargylglycine, mibefradil, NNC
55–0396, and verapamil were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and dissolved in saline. HC-030031 was
purchased from Tocris Bioscience (Bristol, UK) and dissolved
in 0.5% methylcellulose. AP18 was purchased from Enzo Life
Sciences Inc. (Farmingdale, NY, USA) and dissolved in PBS
containing 0.46% Tween 80 and 7.5% DMSO. NaHS was
obtained from Kishida Chemical Co, Ltd (Osaka, Japan) and
dissolved in distilled water. Indomethacin was purchased
from Wako Pure Chemicals and dissolved in 4% sodium
hydrogen carbonate.
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Results

Characterization of
cyclophosphamide-induced cystitis
accompanied by bladder pain and referred
hyperalgesia in mice
As reported previously (Olivar and Laird, 1999; Miki
et al., 2011), i.p. administration of cyclophosphamide
(300 mg·kg-1) induced cystitis characterized by mucosal
oedema and a partial rupture of urothelial cells (Figure 1A),
and by a marked increase in bladder weight, used as an
indicator of oedema (Figure 1D). Cyclophosphamide also
provoked bladder pain-like nociceptive behaviour from 3.5
to 4 h and referred hyperalgesia in the region between the
anus and urethral opening at 4 h post-administration
(Figure 1B and C). Cyclophosphamide-induced cystitis is
believed to be produced by accumulation of acrolein, a
hepatic metabolite of cyclophosphamide, in the bladder
(Fraiser and Kehrer, 1992), which exhibits cytotoxicity
including DNA damage (Liu et al., 2010) and also stimulates
TRPA1 channels (Bautista et al., 2006). To determine the
contribution of TRPA1 channels to the pathogenesis of
cyclophosphamide-induced cystitis, we examined the
effect of pretreatment with a TRPA1 channel blocker
on cyclophosphamide-induced cystitis. Pretreatment with
AP18, a TRPA1 channel blocker, given i.p. at 10 mg·kg-1,
partly prevented the cyclophosphamide-induced increase
in bladder weight (Figure 1D), but failed to attenuate
the nociceptive changes (bladder pain-like nociceptive
behaviour or referred hyperalgesia) (Figure 1B and C).
Note that AP18 at the same dose (equivalent to
47.7 mmol·kg-1) completely inhibited the mechanical hyper-
algesia following intraplantar administration of allyl iso-
thiocyanate, a TRPA1 channel agonist, in mice (Okubo
et al., 2012).

Involvement of CSE, an H2S-synthesizing
enzyme, in cyclophosphamide-induced cystitis
and bladder pain and referred hyperalgesia
in mice
To investigate the role of endogenous H2S synthesized by
CSE in the development of cyclophosphamide-induced cys-
titis accompanied by bladder pain, we examined the effect
of DL-propargylglycine (PPG), a CSE inhibitor. PPG at
100 mg·kg-1 administered i.p. 60 min before cyclophospha-
mide markedly inhibited the cyclophosphamide-induced
nociceptive changes, i.e., bladder pain-like nociceptive
behaviour and referred hyperalgesia (Figure 2A and B), and
reduced the increase in bladder weight (Figure 2C). In
agreement with the results from inhibition experiments,
Western blot analysis revealed a marked up-regulation
of CSE at protein levels in the bladder tissue of mice
with cyclophosphamide-induced cystitis, which was not
affected by pretreatment with the TRPA1 blocker, AP18
(Figure 3). Surprisingly, combined pretreatment with AP18
(10 mg·kg-1) and PPG (100 mg·kg-1) did not affect the
increased bladder weight (Figure 2D), although either com-
pound, given alone, did decrease bladder weight (see
Figures 1D and 2C).

Figure 1
Characterization of the cyclophosphamide-induced cystitis accom-
panied by bladder pain-like nociceptive behaviour and referred
hyperalgesia in mice. Cyclophosphamide (CP; 300 mg·kg-1) or
vehicle was administered i.p. to mice. (A) Morphological character-
istics of bladder tissue from mice with cyclophosphamide-induced
cystitis, stained with haematoxylin and eosin. Arrow heads show the
rupture of urothelial cells. Scale bars indicate 1 mm. Nociceptive
behaviour (B) was observed 3.5–4 h after cyclophosphamide, and
referred hyperalgesia was evaluated 4 h after cyclophosphamide (C).
After the nociceptive test, the mice were killed and the bladder
weight was measured as an indicator of bladder oedema (D). AP18,
an inhibitor of TRPA1 channels (10 mg·kg-1) or vehicle was given i.p.
to mice 30 min before cyclophosphamide. Data show means with
SEM for six mice. *P < 0.05, **P < 0.01 versus vehicle + vehicle. †P <
0.05 versus vehicle + CP.

BJP M Matsunami et al.

920 British Journal of Pharmacology (2012) 167 917–928



Inhibitors of T-type, but not L-type, Ca2+

channels or TRPA1 channels reverse the
cyclophosphamide-induced nociceptive
changes in mice
T-type Ca2+ channels are known to mediate the facilitation of
somatic, pancreatic and colonic nociception by H2S (Kawa-
bata et al., 2007; Maeda et al., 2009; Matsunami et al., 2009;
Nishimura et al., 2009; Takahashi et al., 2010), while the func-
tions of L-type Ca2+ channels and TRPA1 channels could also
be modulated by H2S (Garcia-Bereguiain et al., 2008; Streng
et al., 2008; Sun et al., 2008). To clarify the mechanisms by
which CSE-derived H2S participated in the cystitis-related
bladder pain, we examined the effects of the T-type Ca2+

channel blockers mibefradil and NNC 55–0396, the L-type
Ca2+ channel blocker verapamil and the TRPA1 channel
blocker AP18, given i.p. after the symptoms of cystitis
appeared. Mibefradil (10 mg·kg-1) or NNC 55–0396
(20 mg·kg-1) given i.p. 3 h after cyclophosphamide, com-
pletely suppressed the cystitis-related nociceptive changes
(Figure 4A and B), while neither reversed the already
increased bladder weight (Figure 4C). In contrast, verapamil
(5 mg·kg-1 i.p.) with the same schedule, exerted no inhibitory
effects on the nociceptive changes or on the increased
bladder weight (Figure 5). Although pretreatment with AP18
(10 mg·kg-1) partly prevented the increased bladder weight
without affecting nociceptive changes (see Figure 1), post-
treatment with this compound, i.e., after the symptoms of
cystitis appeared, failed to modify the nociceptive changes or
the increased bladder weight (Figure 5). HC-030031, another
TRPA1 channel blocker, (300 mg·kg-1) given in the same
manner, also failed to significantly reduce the nociceptive
changes induced by cyclophosphamide (Figure 5).

Figure 2
Effect of PPG, a CSE inhibitor, on cyclophosphamide-induced bladder
pain-like nociceptive behaviour, referred hyperalgesia and increases
in bladder weight. (A, B, C) PPG (100 mg·kg-1) or vehicle was
administered i.p. to mice 60 min before cyclophosphamide (CP;
300 mg·kg-1) or vehicle. Nociceptive behaviour (A) was observed
3.5–4 h after cyclophosphamide and referred hyperalgesia was
evaluated 4 h after cyclophosphamide (B). After the nociceptive
tests, the mice were killed and the bladder weight was measured as
an indicator of bladder oedema (C). (D) Effects of pretreatment
with PPG in combination with AP18, a TRPA1 channel blocker,
on cyclophosphamide-induced increases in bladder weight. PPG
(100 mg·kg-1) and AP18 (10 mg·kg-1) were administered i.p. to
mice 60 min and 30 min, respectively, before cyclophosphamide
(300 mg·kg-1) or vehicle. Data show the mean with SEM for 7–8 (A,
B and C) or 5–6 (D) mice. *P < 0.05, **P < 0.01 versus vehicle +
vehicle. †P < 0.05, ††P < 0.01 versus vehicle + CP.

Figure 3
Enhanced expression of CSE protein in the bladder of mice with
cyclophosphamide-induced cystitis. (A) Typical photographs of
Western blots for CSE in the bladder. (B) CSE protein levels in the
bladder quantified by densitometry. The mice were killed for excision
of the bladder 4 h after i.p. cyclophosphamide (CP; 300 mg·kg-1) or
vehicle. AP18 (10 mg·kg-1) or vehicle (V) was administered i.p. to
mice 30 min before cyclophosphamide. Data show the mean with
SEM for four to six experiments. **P < 0.01 versus vehicle + vehicle.
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Silencing of Cav3.2 protein suppresses
the cyclophosphamide-induced
nociceptive changes
Among the three isoforms T-type Ca2+ channels (Cav3.1,
Cav3.2 and Cav3.3), the Cav3.2 channels are considered to be
the most important for pain signalling (Bourinet et al., 2005;
Choi et al., 2007; Messinger et al., 2009) and mediate H2S-
induced facilitation of somatic pain processing (Maeda et al.,
2009; Takahashi et al., 2010). Hence, we examined the effect
of knocking down Cav3.2 channels with AS-ODN-Cav3.2 on
the cyclophosphamide-induced bladder pain in mice. First,
we confirmed that repeated intrathecal administration of
AS-ODN-Cav3.2 to the mice greatly decreased the level of
Cav3.2 protein, but not TRPA1 protein, in the DRG
to 20% of the levels in control mice treated with SC-
ODN, indicating successful and specific silencing of Cav3.2

protein in the sensory neurons (Figure 6A and B). The knock-
down of Cav3.2 channels significantly suppressed the
cyclophosphamide-induced nociceptive changes (Figure 6C
and D), although the increase in bladder weight was unaf-
fected (Figure 6E).

Expression levels of Cav3.2 protein in the
DRG and H2S levels in the bladder tissue
following administration of
cyclophosphamide in mice
Expression levels of Cav3.2 protein in the DRG tended to
increase 4 h after systemic administration of cyclophospha-
mide in mice. Quantification of the Western blots showed
that the expression level for Cav3.2 protein was 192% higher
in cyclophosphamide-injected mice than in vehicle-treated
animals. However, we could not detect a significant increase

Figure 4
Effect of mibefradil and NNC 55–0396, T-type Ca2+ channel blockers, on cyclophosphamide-induced nociceptive changes and increases in bladder
weight. Mibefradil (Mibe; 10 mg·kg-1), NNC 55–0396 (NNC; 10 or 20 mg·kg-1) or vehicle was administered i.p. to mice 3 h after cyclophos-
phamide (CP; 300 mg·kg-1, i.p). Nociceptive behaviour (A) was observed 3.5–4 h after cyclophosphamide, and referred hyperalgesia was
evaluated 4 h after cyclophosphamide (B). After the nociceptive tests, the mice were killed and the bladder weight was measured as an indicator
of bladder oedema (C). Data show the mean with SEM for 7–11 (left panels in A, B and C) or 5–13 (right panels in A, B and C) mice. *P < 0.05,
**P < 0.01, ***P < 0.001 versus vehicle + vehicle. †P < 0.05, ††P < 0.01 versus vehicle + CP.
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in bladder H2S levels after cyclophosphamide treatment: the
corresponding H2S levels were 123 � 25.5 % (n = 3) in the
cyclophosphamide-treated mice and 100 � 25.5 % in the
vehicle-treated mice (n = 3).

Intravesical administration of an H2S donor
facilitates phosphorylation of ERK in the
spinal cord through T-type Ca2+ channels
To ask whether H2S in the bladder activated sensory neurons
via T-type Ca2+ channels, we measured p-ERK in the four
distinct regions of the L6 spinal cord (Figure 7A) after intra-
vesical administration of NaHS, an H2S donor, in anesthetized
mice. As reported previously (Miki et al., 2011), intravesical
administration of distilled water itself caused the phosphor-
ylation of ERK in the spinal cord at the L6 level, an effect
attenuated by pretreatment with indomethacin (Figure 7B).
In mice pretreated with indomethacin, intravesical adminis-
tration of NaHS (50 nmol per mouse) caused a prompt
increase of p-ERK in the superficial layers of the spinal cord
(Figure 7C). The number of p-ERK-positive cells in the four
regions (Figure 7A) was significantly increased only in MDH
and LDH by the intravesical administration of NaHS
(Figure 7D). In addition, pretreatment with the T-type Ca2+

channel blocker NNC 55–0396, (i.p. 20 mg·kg-1) completely
inhibited the phosphorylation of ERK in the superficial layers
of the L6 spinal cord (Figure 8A) and the increased number of
p-ERK-positive cells in the spinal MDH and LDH regions
(Figure 8B) following intravesical administration of NaHS.

Pretreatement with T-type Ca2+ channel
inhibitors prevents the
cyclophosphamide-induced cystitis and
nociceptive changes in mice
Finally, to study the involvement of T-type Ca2+ channels in
the development of cystitis, we determined the preventive
effects of pretreatment with mibefradil and NNC 55–0396, on
the cyclophosphamide-induced increase in bladder oedema
and nociceptive changes in mice. A single pretreatment
with mibefradil (i.p. 10 mg·kg-1) significantly reduced the
increased bladder weight (Figure 9C), but not the nociceptive
changes (Figure 9A and B), whereas the same dose of mibe-
fradil, given twice (one injection before and one 3 h after
cyclophosphamide treatment), significantly prevented all
cystitis symptoms including the nociceptive changes
(Figure 9). On the other hand, a single pretreatment with

Figure 5
Lack of effects of post-treatment with verapamil, an L-type Ca2+ channel blocker, or AP18 and HC-030031, TRPA1 channel blockers, on
cyclophosphamide-induced bladder pain-like nociceptive behaviour, referred hyperalgesia and increases in bladder weight. Verapamil (Vera;
5 mg·kg-1), AP18 (10 mg·kg-1), HC-030031 (300 mg·kg-1) or vehicle was administered i.p. to mice 3 h after the i.p. administration of cyclo-
phosphamide (CP; 300 mg·kg-1) or vehicle. Nociceptive behaviour (A) was observed 3.5–4 h after cyclophosphamide, and referred hyperalgesia
was evaluated 4 h after cyclophosphamide (B). After the nociceptive tests, the mice were killed and the bladder weight was measured as an
indicator of bladder oedema (C). Data show the mean with SEM for five to six (left panels in A, B and C), six (centre panels in A, B and C) or 9–10
(right panels in A, B and C) mice. *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle + vehicle. †P < 0.05 versus vehicle + CP.
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NNC 55–0396 (20 mg·kg-1) significantly reduced both the
increased bladder weight and the nociceptive changes
(Figure 9).

Discussion and conclusions

Prevention of the cyclophosphamide-induced increase in the
bladder weight and the nociceptive changes (bladder pain
and referred hyperalgesia) by inhibition of CSE, an H2S-
forming enzyme, and the cyclophosphamide-induced

Figure 6
Effect of knockdown of Cav3.2 protein by repeated intrathecal admin-
istration of AS-ODN-Cav3.2 on cyclophosphamide-induced nocicep-
tive changes and increases in bladder weight. AS-ODN-Cav3.2
(Cav-AS) or SC-ODN (SC) (10 mg per mouse in a volume of 5 mL) was
administrated i.t. once a day for 3 d. (A) Typical photographs of
Western blots for Cav3.2 protein in the DRG of the mice treated with
Cav-AS or SC. (B) Cav-AS-induced decrease in expression levels of
Cav3.2 protein, but not TRPA1 protein, quantified by densitometry.
Cyclophosphamide (CP; 300 mg·kg-1) or vehicle was administered
i.p. to mice treated with Cav-AS or SC. Nociceptive behaviour (C) was
observed 3.5–4 h after cyclophosphamide, and referred hyperalgesia
was evaluated 4 h after cyclophosphamide (D). After the nociceptive
tests, the mice were killed and the bladder weight was measured as an
indicator of bladder oedema (E). Data show the mean with SEM for
four (A and B) or 11–12 (C, D and E) mice. **P < 0.01, ***P < 0.001
versus SC + vehicle. †P < 0.05 versus SC + CP.

Figure 7
Effect of intravesical NaHS on the number of p-ERK-positive cells in
the L6 spinal cord of the mice. The mice were given indomethacin
(i.p., 10 mg·kg-1) 55 min before challenge with NaHS. For immu-
nostaining of p-ERK, the spinal cord was transcardially perfused and
fixed 5 min after the intravesical administration of NaHS (50 nmol
per mouse; 50 mL of 1mM solution). (A) Drawings of four separated
regions of the L6 spinal cord in mice. (B) Typical microphotographs
for the immunostaining of p-ERK 5 min after distilled water (vehicle)
in the mice pretreated with indomethacin or vehicle (NaHCO3). (C)
Typical microphotographs for the immunostaining of p-ERK caused
by intravesical NaHS in mice pretreated with indomethacin. Scale
bars indicate 100 mm. (D) The number of p-ERK-positive cells in the
four regions of the bilateral spinal cord following intravesical NaHS.
Data indicate the mean with the SEM for 35–40 (seven to eight mice)
slices. **P < 0.01, ***P < 0.001 versus vehicle. SPN, sacral parasym-
pathetic nucleus.
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up-regulation of CSE in the bladder suggested the involve-
ment of CSE-derived H2S in the pathogenesis of this cystitis
model. Our data from the experiments using the inhibitors of
T-type Ca2+ channels and the AS-ODN-Cav3.2 for silencing of
Cav3.2 protein strongly imply a critical role of the Cav3.2
T-type Ca2+ channels, known to be one of molecular targets
for H2S, in the cystitis-related nociceptive changes. The
notion that H2S in the bladder tissue causes excitation of
nociceptors via T-type Ca2+ channels, is supported by our
results showing that phosphorylation of spinal ERK following
intravesical administration of the H2S donor was reversed by
blockade of T-type Ca2+ channels. Together, the present
study suggests that the CSE/H2S/Cav3.2 channel pathway
was involved in the bladder pain accompanying
cyclophosphamide-induced cystitis, a possible model for
interstitial cystitis.

Cyclophosphamide-induced cystitis in mice was charac-
terized by nociceptive changes (bladder pain and referred
hyperalgesia) and increased bladder weight, and by the his-
tological profile including mucosal oedema and a partial
rupture of urothelial cells, but little or no inflammatory cell
infiltration (see Figure 1), as reported previously (Olivar and
Laird, 1999; Boucher et al., 2000; Wang et al., 2008; Miki

et al., 2011). These features are similar to those of human
interstitial cystitis (Wantuch et al., 2007). Our findings that
pretreatment with AP18, a TRPA1 channel inhibitor, partly
prevented the increase in bladder weight, but not the nocic-
eptive changes in bladder following cyclophosphamide
(see Figure 1), imply that the pathogenesis of this cystitis
model would involve both TRPA1 channel-dependent and
-independent actions of acrolein, a major toxic metabolite of
cyclophosphamide (Fraiser and Kehrer, 1992). Considering
that the cyclophosphamide-induced upregulation of CSE in
the bladder was not inhibited by pretreatment with the
TRPA1 channel blocker (see Figure 3), CSE-derived H2S
appears to be fully capable of causing the nociceptive
changes, independently of TRPA1 channels. Although the
pathogenesis of human interstitial cystitis is still open to
question, it would be interesting to explore the clinical
impact of pharmacological intervention in the CSE/H2S/
T-type Ca2+ channel pathway in patients with interstitial cys-
titis in future. Nonetheless, it was surprising that combined
pretreatment with AP18 and PPG did not affect the
cyclophosphamide-induced bladder oedema (see Figure 2D),
while each of them exhibited significant inhibitory effects
(see Figures 1D and 2C). These findings remain to be analysed
further.

Our evidence for involvement of CSE-derived H2S in the
nociceptive changes is in agreement with our previous
reports concerning lipopolysaccharide-induced inflamma-
tory hyperalgesia (Kawabata et al., 2007), neuropathic pain
(Takahashi et al., 2010) and pancreatitis-related pain
(Nishimura et al., 2009). Particularly, considering the
up-regulation of CSE protein in pancreatic tissue during
cerulein-induced pancreatitis accompanied by pancreatic
pain (Nishimura et al., 2009), the present study indicates a
key role of endogenous H2S generated by CSE in visceral
inflammatory pain. The tendency towards up-regulation of
Cav3.2 protein expression in DRG may also contribute to the
endogenous H2S-dependent nociceptive changes in the mice
treated with cyclophosphamide. It is open to question if the
enhanced T-type Ca2+ channel activity involves cellular or
molecular events such as the altered membrane translocation
and phosphorylation of Cav3.2 channels. It is noteworthy
that pretreatment with PPG, a CSE inhibitor, partly prevented
the increased bladder tissue weight caused by cyclophospha-
mide (see Figure 2C), indicating a contribution of endog-
enous H2S to the development of oedema in the bladder
tissue. Further, the preventive effects of pretreatment with
T-type Ca2+ channel blockers on the increased bladder weight
and nociceptive changes (see Figure 9) suggest that the pro-
inflammatory effect of endogenous H2S might be, at least in
part, mediated by activation of T-type Ca2+ channels. In con-
trast, because the knockdown of Cav3.2 protein did not
reduce the cyclophosphamide-induced increase in the
bladder weight (see Figure 6E), the possibility cannot be ruled
out that T-type Ca2+ channels other than Cav3.2 might con-
tribute to the cyclophosphamide-induced bladder inflamma-
tion. Together, several inconsistencies, as described earlier,
may preclude a definitive conclusion regarding the involve-
ment of the H2S and Cav3.2 channel signalling in the forma-
tion of bladder oedema.

The pharmacological profile of cyclophosphamide-
induced nociceptive changes and phosphorylation of spinal

Figure 8
Effect of NNC 55–0396, a selective T-type Ca2+ channel blocker, on
the phosphorylation of ERK in the spinal cord of mice after intravesi-
cal NaHS. The mice were given indomethacin (i.p., 10 mg·kg-1)
55 min before challenge with NaHS. NNC 55–0396 (NNC;
20 mg·kg-1) or vehicle was administered i.p. 30 min before the intra-
vesical administration of NaHS (50 nmol per mouse; 50 mL of 1mM)
or vehicle. For immunostaining of p-ERK, the spinal cord was tran-
scardially perfused and fixed 5 min after the intravesical administra-
tion of NaHS. (A) Typical microphotographs showing the effect of
NNC on the phosphorylation of spinal ERK after intravesical NaHS in
mice. Scale bars indicate 100 mm. (B) Effect of NNC on the intravesi-
cal NaHS-induced increase in the number of p-ERK-positive cells in
the four regions of the bilateral spinal cord. Data indicate the mean
with the SEM for 30–35 (six to seven mice) slices. *P < 0.05, **P <
0.01 versus vehicle + vehicle. ††P < 0.01 versus vehicle + NaHS. SPN,
sacral parasympathetic nucleus.
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ERK following intravesical NaHS (see Figures 4, 5 and 7) and
the data from Cav3.2 protein knockdown experiments (see
Figure 6) clearly demonstrate that T-type Ca2+ channels are
the primary target for endogenous and exogenous H2S. H2S
should be capable of activating TRPA1 channels, because
NaHS in a concentration range of 1–10 mM causes cytosolic
Ca2+ mobilization in TRPA1-transfected cells, but not untrans-
fected cells (Streng et al., 2008). The lack of effect of post-
treatment with AP18 or HC-030031 on the nociceptive

changes after cyclophosphamide in the present study (see
Figure 5) implied that the concentration of H2S generated in
the bladder tissue after cyclophosphamide might not be high
enough to activate TRPA1 channels, or that activation of
TRPA1 channels by H2S, if any, might not contribute critically
to the bladder pain, but to the development of detrusor
overactivity during cystitis, as reported elsewhere (Streng
et al., 2008). Although there is conflicting evidence that H2S
facilitates and inhibits the functions of L-type Ca2+ channels

Figure 9
Preventive effects of pretreatment with mibefradil and NNC 55–0396, T-type Ca2+ channel blockers, on cyclophosphamide-induced bladder
pain-like nociceptive behaviour, referred hyperalgesia and increases in bladder weight in mice. Mibefradil (Mibe) was given i.p. once 30 min before
cyclophosphamide (CP; i.p., 300 mg·kg-1) (left panels in A, B and C), or (Mibe x2) 30 min before and 3 h after i.p. cyclophosphamide (centre
panels in A, B and C). NNC 55–0396 (20 mg·kg-1) was administered i.p. once 30 min before cyclophosphamide (right panels in A, B and C).
Nociceptive behaviour (A) was observed 3.5–4 h after cyclophosphamide and referred hyperalgesia was evaluated 4 h after cyclophosphamide (B).
After the nociceptive tests, the mice were killed and the bladder weight was measured as an indicator of bladder oedema (C). Data show the mean
with SEM for seven to eight (left panels in A, B and C), 10–14 (centre panels in A, B and C) and eight (right panels in A, B and C) mice. *P < 0.05,
**P < 0.01, ***P < 0.001 versus vehicle + vehicle. †P < 0.05, ††P < 0.01, †††P < 0.001 versus vehicle + CP.
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(Garcia-Bereguiain et al., 2008; Sun et al., 2008), the lack of
effect of verapamil on the bladder pain/referred hyperalgesia
in mice treated with cyclophosphamide (see Figure 5) makes
the involvement of L-type Ca2+ channels much less likely.

The levels of p-ERK in the spinal cord are now often used
as an immediate marker for visceral pain (Galan et al., 2003;
Million et al., 2006). We have reported that the administra-
tion of NaHS into the colon and pancreatic duct evoked
prompt phosphorylation of ERK in the superficial layer of the
spinal dorsal horn at T13-L1 and L5-S1 levels and at T9 level,
respectively, in mice and/or rats (Matsunami et al., 2009;
Fukushima et al., 2010). The present finding that intravesical
NaHS caused prompt phosphorylation of ERK in the superfi-
cial layers (MDH and LDH) of the L6 spinal cord (see Figure 7)
is consistent with the previous studies determining immedi-
ate phosphorylation of ERK and delayed expression of Fos in
the spinal cord following intravesical acetic acid in rats
(Birder and de Groat, 1992; Cruz et al., 1996; 2007). Clearly, it
would appear, from the inhibitory effect of NNC 55–0396 (see
Figure 7) that the phosphorylation of spinal ERK following
intravesical NaHS results from excitation of nociceptors via
T-type Ca2+ channels, considering. Thus, exogenously applied
H2S activates T-type Ca2+ channels in the bladder, leading to
neuronal excitation. However, it has yet to be demonstrated
whether endogenous levels of H2S in the bladder are capable
of activating T-type Ca2+ channels during the development of
cyclophosphamide-induced cystitis.

In conclusion, in the cyclophosphamide-induced cystitis
mouse model, endogenous H2S, generated by upregulated
CSE, following progression of the disease, facilitated the exci-
tation of sensory neurons through the activation of Cav3.2
T-type Ca2+ channels, leading to bladder pain. The present
study thus suggests that the treatment of pain by targeting
CSE or the Cav3.2 T-type Ca2+ channels would contribute
usefully to the design of a new therapeutic strategy for
patients suffering from interstitial cystitis.
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