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Type I collagen forms the main constituent of the extracel-
lular matrix in visceral organs. We reported here that cyclo-
phosphamide (CYP)-induced cystitis significantly increased
the production of type I collagen in the inflamed bladder
leading to increases in the bladder weight and the thickness of
the bladder wall. The endogenous nerve growth factor (NGF)
in the urinary bladder regulated type I collagen expression
because the neutralizing NGF antibody attenuated cystitis-
induced type I collagen up-regulation in the inflamed blad-
der. Neutralizing NGF antibody also subsequently reversed
cystitis-induced increases in bladder weight. Further studies
on the intermediate signaling pathways mediating NGF-in-
duced type I collagen expression in the inflamed bladder dur-
ing cystitis revealed that Akt, JNK, and ERK1/2 activities were
increased in the inflamed bladder, whereas p38 MAPK
remained unchanged. Suppression of endogenous NGF level
with neutralizing NGF antibody significantly blocked the
increased activity of Akt, JNK, and ERK1/2 in the inflamed
bladder during cystitis. These results indicate that endoge-
nous NGF plays an important role in the activation of Akt and
MAPK in the urinary bladder and in bladder hypertrophy
during cystitis.

Numerous inflammatory mediators including cytokines,
chemokines, and growth factors are identified to play signif-
icant roles in mediating the inflammatory process in visceral
organs (1–3). Increases in the inflammatory mediators in the
inflamed visceral organs may lead to increases in the excit-
ability of the axonal terminals located in the organ resulting
in sensory hypersensitivity (1); the increase in the axonal
terminal excitability, in turn, promotes neuropeptide
expression in and release from primary afferent neurons at
the peripheral terminals (4–7) and increases local blood flow
exacerbating the inflammatory process, together leading to
the petechial hemorrhages and visceral organ hypertrophy.
The growth factors that are elevated in the inflamed or
hypertrophied urinary bladder include nerve growth factor

(NGF),2 brain-derived neurotrophic factor, basic fibroblast
growth factor, and epidermal growth factor, etc (8–12). Up-
regulation of these factors may facilitate the intracellular
signal transduction pathways and lead to changes in gene
expression and cellular growth in the urinary bladder (13).
Increases in collagen deposition play a critical role in organ

hypertrophy (14–16). Collagen is the main constituent of the
extracellular matrix. The major four types of collagen, types I,
II, III, and IV, are made up of 90% of the total collagen in the
body. The type I collagen is the most abundant collagen in the
body responsible for forming mature tissue and is present in
skin, tendon, vascular, ligature, organs, and bone (17). Increases
in the production of type I collagen are one of the major factors
contributing to organ hypertrophy resulted from diseases or
injury (14–15, 18). Factors that are involved in the regulation of
type I collagen gene expression include cytokines and growth
factors such as tumor necrosis factor-�, interferon-�, trans-
forming growth factor-�, and fibroblast growth factor through
the alteration of one or more transcription factors, which have
been reviewed by Ghosh et al. (19). Although several of the
transcription factors that regulate type I collagen expression
such as Smad and activating protein 1 binding element can also
be regulated by NGF (20–23), the role of NGF in the regulation
of type I collagen in the urinary bladder is unknown and is
investigated in the present study.
Cystitis induced by intraperitoneal injection of cyclophos-

phamide (CYP) results in significant increases in bladder
weight and thickness of the bladder wall (muscular layer). Pre-
vious studies showed that CYP cystitis increased the expression
level of TrkA and p75NTR in the urinary bladder (24, 25). The
increases in the expression of NGF receptors would enhance
the responsiveness of the cells to NGF and may contribute to
themorphological and cellular changes in the inflamed bladder
during cystitis. Upon NGF binding to its receptors, several
intracellular signaling pathways are activated. Twomajor path-
ways that are involved in gene expression and cellular growth
are MAPK pathway and phosphoinositide 3-kinases/Akt path-
way (26).
MAPKs are a family of serine/threonine kinases including

extracellular signal-regulated kinase (ERK), c-Jun NH2 termi-
nal kinase (JNK), and p38 MAPK. Activation of ERK1/2 either
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led to decreased expression of type I collagen in human skin
fibroblasts (27) or mediate transforming growth factor-�1-in-
duced collagen synthesis in NIH 3T3 fibroblast cells (28). In
cardiac fibroblasts, activation of ERK1/2 enhanced while acti-
vation of p38 MAPK reduced procollagen mRNA expression
(29). In human osteosarcoma cells, selective p38 MAPK inhib-
itors blocked up-regulation of collagen gene transcription (30).
These results indicate cell-type specific effects of MAPK path-
ways in the regulation of collagen gene expression.
The involvement of phosphoinositide 3-kinase/Akt pathway

in collagen expression was recently observed in hepatic fibrosis
(31). Although Akt is not the only target of phosphoinositide
3-kinase-induced survival activity, Akt serves as a very impor-
tant convergence point and targets various survival signals such
as Bcl proteins, procaspase, and Forkhead (32–35), which may
increase cellular growth and survival and contribute to inflam-
mation-induced visceral organ hypertrophy.
In the present study, we investigated the role of NGF in the

regulation of type I collagen gene expression in the urinary
bladder and its role in cystitis-induced bladder hypertrophy.
Previous studies have shown that the level of NGF was
increased in the urine and the urinary bladder of patients with
cystitis (11–12, 36). Here, we used a chemically induced cystitis
rat model treated with an intraperitoneal injection of CYP, an
animal model that exhibits similar symptoms observed in
patients with cystitis, and characterized the role of endogenous
NGF in the activation of intracellular signaling pathways and
the type I collagen gene expression in the urinary bladder and
the changes in bladder morphology during cystitis.

EXPERIMENTAL PROCEDURES

Experimental Animals and Reagents—Adult male rats (150–
200 g) from Harlan Sprague-Dawley, Inc. (Indianapolis, IN)
were used. All experimental protocols involving animal use
were approved by the Institutional Animal Care and Use Com-
mittee at the Virginia Commonwealth University. Animal care
was in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) and
National Institutes of Health guidelines. All efforts were made
to minimize the potential for animal pain, stress, or distress as
well as to reduce the number of animals used. Cyclophospha-
mide, �-actin antibody, and other chemicals used in this exper-
iment were purchased from Sigma-Aldrich. Antibodies against
type I collagen, Akt/phospho-Akt, ERK1/2/phospho-ERK1/2,
JNK/phospho-JNK, p38 MAPK/phospho-p38 MAPK, were
from Cell Signaling Technology (Danvers, MA). NGF antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Real-time PCR reagents were purchased from Applied
Biosystems (Foster City, CA).Western blot secondary antibody
was from Pierce Biotechnology (Rockford, IL) and Li-cor Bio-
sciences, Inc. (Lincoln, NE).
Cyclophosphamide-induced Cystitis—CYP cystitis was in-

duced in rats by the technique described previously (37).
Briefly, cystitis was induced in rats by injecting CYP intraperi-
toneally at a single dose of 150 mg/kg for 2, 8, or 48 h. Control
rats received volume-matched injections of saline. All injec-
tions were performed under isoflurane (2%) anesthesia.

Protein Extraction—The urinary bladder was freshly dis-
sected out and homogenized in T-per buffer (Pierce) supple-
mented with protease and phosphatase inhibitor cocktails
(Sigma). The homogenate was centrifuged at 20,200 � g for 10
min at 4 °C, and the supernatantwas removed to a fresh tube for
further analysis. The protein concentration was determined
using a Bio-Rad DC protein assay kit.
Western Blot—Proteins were separated on a 10% SDS-PAGE

gel and transferred to a nitrocellulose membrane. The mem-
brane was blocked with 5% milk in Tris-buffered saline for 1 h
and then incubated with a specific primary antibody followed
by horseradish peroxidase-conjugated or IRDye secondary
antibody. For internal loading control, the samemembranewas
striped and reprobed with anti-�-actin antiserum or antibody
to a nonphosphorylation form of the kinase examined. The
bands were visualized with an ODYSSEY infrared imaging sys-
tem (Li-cor Bioscience) or by enhanced chemiluminescence.
Densitometric quantification of immunoreactive bands was
performed using the software FluorChem 8800 (Alpha Inno-
tech, San Leabdro, CA). The density of the specific band for
phosphoprotein was normalized with the density of the band
for the nonphosphorylated form of the protein. The density of
nonphosphoproteins was normalized with the density of the
bands of �-actin.
RNA Extraction and Quantitative Real-time PCR—Total

RNA was extracted using an RNA extraction kit RNAqueous
(Ambion, TX). RNA concentration was determined spectro-
photometrically. cDNA was synthesized using Cloned AMV
First-Strand synthesis kit (Invitrogen) with random hexamers.
Following reverse transcription, quantitative real-time PCR
was performed for type I collagen with a Taqman probe mixed
with PCRMaster-Mix for 40 cycles (95 °C for 15 s and 60 °C for
1 min) on a 7300 real-time PCR system (Applied Biosystems).
Quantitative real-time PCR of the same sample was performed
for �-actin or GAPDH expression as internal control. The level
of type I collagen mRNA was normalized against �-actin or
GAPDH expression in the same sample that was calculated
with �Ct method. The expression level of type I collagen
mRNA in control animal from each independent experiment
was considered as 1, and the relative expression level of type I
collagenmRNA in experimental animals was adjusted as a ratio
to its control in each independent experiment and expressed as
fold changes (2��Ct-fold).
Statistical Analysis—At least three independent experi-

ments were done in each group of study. Comparison
between control and experimental groups was made by using
one-way analysis of variance followed by Dunnett’s test. Dif-
ferences between means at a level of p � 0.05 were consid-
ered to be significant.

RESULTS

Cystitis-induced Bladder Hypertrophy Involves Increased
Production of Type I Collagen—Intraperitoneal injection of
CYP induced a significant increase in the weight of the urinary
bladder (Fig. 1B) with increased petechial hemorrhages (Fig.
1A). The bladder weight showed consistent increment post-
CYP injection as that: 63 � 6.7 mg in control animals, 109 �
12.7 mg at 2 h post-CYP injection, 135 � 15.9 mg at 8 h, and

NGF and Bladder Hypertrophy with Cystitis

FEBRUARY 5, 2010 • VOLUME 285 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 4207



158 � 34.4 mg at 48 h. Further examination of the microscopic
structure of the bladder wall with hematoxylin and eosin stain-
ing showed that cystitis induced significant increases (p� 0.05)
in the thickness of the bladder wall and substantial edema and
damage of the urothelium (Fig. 1, C and D).

To examine whether cystitis-
induced bladder hypertrophy is
attributable to, at least in part, the
changes in the level of extracellular
matrix, we examined the produc-
tion of type I collagen in the urinary
bladder from control animal and
animals treated with CYP. Real-
time PCR results showed that the
level of type I collagen mRNA was
increased at 2 and 8 h post-CYP
injection, but was not changed at
48 h post-CYP injection (Fig. 2A).
To identify the specific bladder tis-
sue that produced type I collagen in
the urinary bladder during cystitis,
we separated and examined the
urothelium and the detrusor
smooth muscle layer from control
animals and animals treated with
CYP for 8 h. We found that cystitis

increased the level of type I collagenmRNA in the smoothmus-
cle but not in the urothelium (Fig. 2B).
Western blot results showed that collagen protein level was

also increased in the inflamed bladder followingCYP treatment
(Fig. 2C). The level of type I collagen protein was significantly
increased (p � 0.05) at 8 and 48 h post-CYP injection (Fig. 2D).
Activation of Intracellular Signaling Kinases in the Urinary

Bladder during Cystitis—In addition to the increased activation
of ERK1/2 in the urinary bladder during cystitis (37), the phos-
phorylation levels of Akt and JNK were also increased in the
inflamed bladder (Fig. 3). We previously reported that the
ERK1/2 activity was increased in the urinary bladder at 2 h
post-CYP injection (37). The present study showed that theAkt
activitywas increased at 8 h (Fig. 3A, B), and JNKat 8–48 h (Fig.
3C), post-CYP injection. Both two isoforms of JNK, 55 kDa and
the 46 kDa, were activated in the inflamed bladder with cystitis
(Fig. 3D, E), which were mainly expressed in the urothelium
(Fig. 4). In contrast, the phosphorylation level of p38 MAPK
was unchanged in the inflamed urinary bladder when com-
pared with control (Fig. 3F).
Endogenous NGF Activates ERK1/2, Akt and JNK in the

Inflamed Bladder—To examine whether cystitis-induced ele-
vation of NGF system in the inflamed bladder (8, 11–12) has a
role in the activation of ERK1/2, Akt, and JNK, we injected the
NGF neutralizing antibody intraperitoneally at a dose of 30
�g/kg according to a previously published method (38). Ani-
mals that received control IgG served as control to the anti-
body. One injectionwasmade immediately after the CYP injec-
tion, and the animals were sacrificed 8 h after the CYP
treatment, because at this time point, the phosphorylation lev-
els of ERK1/2, Akt, and JNK were also increased when com-
pared with noninflamed animals. The results showed that cys-
titis-induced up-regulation of phospho-Akt in the urinary
bladder were inhibited by anti-NGF when compared with that
treated with CYP and control IgG (Fig. 5, A and B). Consis-
tently, anti-NGF also attenuated the up-regulation of phospho-
ERK1/2 (Fig. 5, C and D), and both isoforms of JNK (Fig. 6) in

FIGURE 1. Cystitis increases the urinary bladder weight and the thickness of the bladder wall. After CYP
treatment for 2, 8 or 48 h, the urinary bladder was dissected out, and the weight was measured. The parafor-
maldehyde-fixed bladder was sectioned at a thickness of 10 �m and stained by hematoxylin and eosin. Cystitis
caused significant increases in petechial hemorrhages (A) and in the weight (B) of the urinary bladder starting
from 2 h following CYP treatment. Hematoxylin and eosin staining shows edema, infiltration and considerable
damage of the urothelium (C). The thickness of the bladder wall was significantly increased from 2 h post-CYP
injection (D). Results were presented as mean � S.E. from 4 –5 animals at each time point. *, p � 0.05 versus
control. Bar, 500 �m.

FIGURE 2. Increases in the type I collagen mRNA and protein expression
levels in the urinary bladder following CYP-induced cystitis. After CYP
treatment, the urinary bladder was homogenized for RNA or protein extrac-
tion. The urothelium and smooth muscle layers were also separated and
homogenized for RNA extraction. Real-time PCR results showed that the type
I collagen mRNA level was increased at 2– 8 h post-CYP treatment and
returned to normal level at 48 h post-CYP treatment (A). At 8 h of cystitis, the
level of type I collagen mRNA was increased in the smooth muscle but not
urothelium of the inflamed bladder (B). Western blot (C) showed that the type
I collagen protein level was increased at 8 h and 48 h post CYP treatment (D).
Results were presented as mean � S.E. from 3–5 animals at each time point.
*, p � 0.05 versus control.
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the urinary bladder. It is noted that in most animals studied,
blockade of endogenous NGF in noninflamed animals
decreased the basal phosphorylation level of ERK1/2 and JNK
when normal IgG was used as control.
Contribution of NGF to the Type I Collagen Expression and

Urinary Bladder Hypertrophy—At 8 h post-CYP and anti-NGF
treatment, cystitis-induced increases in the type I collagen
expression was significantly attenuated by anti-NGF (Fig. 7).
Anti-NGF treatment blocked type I collagen mRNA synthesis
(Fig. 7C) and reduced the collagen protein level in the urinary
bladder by 40% when compared with that from animals treated
with CYP and control IgG (Fig. 7B). The cystitis-induced
increases in the weight of the urinary bladder was also reduced
by anti-NGF to 133.3� 20.7mgwhen comparedwith that from

animals receivingCYP and control IgG, whichwas 193.3� 41.3
mg (Fig. 8).
To examine whether NGF acted directly on the bladder

smooth muscle to induce the production of type I collagen, we
isolated the urinary bladder from naive animals and cultured
the bladder smooth muscle explants acutely and treated them
with NGF (100 ng/ml) for 30 min, 1 h, and 3 h. We used naive
animals to minimize the effects of neuronal mediators secreted
from the nerve terminals during cystitis. We found that type I
collagen mRNA level was significantly increased at 1 h post-
NGF stimulation (Fig. 9). Pretreatment of the culture with
PD98059 (1 �M, an inhibitor for the MEK/ERK pathway) or
wortmannin (0.5 �M, an inhibitor for phosphoinositide 3-ki-
nase/Akt pathway) significantly attenuated NGF-induced type
I collagen production (Fig. 9).

DISCUSSION

The present study demonstrated that cystitis induced signif-
icant increases in the weight of the urinary bladder and
increases in the thickness of the bladder wall reflecting bladder
hypertrophy. The bladder weight and the thickness of the blad-
der wall were immediately increased at 2 h post-CYP injection
and continued increasing until 48 h as examined. There are
several possible mechanisms and pathways involved in visceral
organ hypertrophy, including increases in the production of
extracellular matrix (13, 39, 40) and increases in muscular
growth (13, 41). In the current study, we examined the expres-
sion level of type I collagen, the main constituent of the extra-
cellular matrix, in the inflamed bladder and found that the
mRNA level of type I collagen was significantly increased at 2
and 8 h post-CYP injection andwas back to normal level at 48 h
post-CYP injection. The level of type I collagen protein was

FIGURE 3. Changes in Akt, JNK, and p38 MAPK phosphorylation levels in
the urinary bladder during cystitis. Following CYP treatment, the Akt phos-
phorylation level was examined by Western blot (A) and showed a significant
increase in the inflamed bladder at 8 h (B). The JNK phosphorylation level was
also increased (C, D, and E) in the inflamed bladder as that the 55-kDa isoform
of JNK1 was increased at 8 – 48 h post-CYP treatment (D), while the 46-kDa
isoform of JNK1 was increased at 8 h post-CYP treatment (E). Western blot (F)
showed that the phosphorylation level of p38 MAPK was not changed in the
inflamed bladder. Results were presented as mean � S.E. from 3– 6 animals at
each time point. *, p � 0.05 versus control.

FIGURE 4. Distribution of phospho-JNK in the inflamed bladder during
cystitis. The JNK phosphorylation level was examined from the urothelium
and muscle layer of the urinary bladder. The urothelium expressed more
phospho-JNK than the muscle layer did after bladder inflammation.

FIGURE 5. Attenuation of cystitis-induced Akt and ERK1/2 phosphoryla-
tion in the urinary bladder by NGF antibody. In the control IgG-treated
animals, cystitis increased the phosphorylation levels of Akt (A and B) and
ERK1/2 (C and D) in the inflamed bladder. Administration of NGF neutralizing
antibody had no effects on the basal level of phospho-Akt and phospho-
ERK1/2 in the urinary bladder but significantly blocked cystitis-induced up-
regulation of phospho-Akt and phospho-ERK1/2 in the inflamed bladder.
Results were presented as mean � S.E. from 3 animals at each time point.
*, p � 0.05 versus IgG; #, p � 0.05 versus CYP�IgG.
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increased at 8 and 48 h in the urinary bladder following CYP
treatment, suggesting that cystitis increased the synthesis and
deposition of type I collagen in the inflamed bladder.
To identify the potential signaling pathways that contribute

to type I collagen up-regulation in the inflamed bladder during
cystitis, we examined the activity (phosphorylation level) of the
MAPKs andAkt in the inflamed bladder. The reason for choos-
ing these pathways is that activation of these pathways led to
either increases or decreases in the type I collagen gene expres-
sion (27–31). Our results showed that following a time course
of cystitis the phosphorylation level of ERK1/2 was the highest
at 2 h post-CYP injection (37); the phosphorylation level of Akt
was the highest at 8 h post-CYP injection; the phosphorylation
level of JNK was the highest at 8–48 h post-CYP injection;
while the phosphorylation level of p38MAPKwas not changed.
To characterize the role of NGF in the activation of above
kinases and in the regulation of type I collagen expression, we
injected NGF-neutralizing antibody intraperitoneally with or
without a combination of CYP injection. We found that
blockade of NGF activity with the antiserum reversed the
activation of ERK1/2, JNK and Akt induced by cystitis in the

urinary bladder. Neutralizing NGF antibody also attenuated
cystitis-induced type I collagen up-regulation and increases
in the bladder mass. Although previous studies reported that
the type I collagen gene expression was regulated by other
factors such as transforming growth factor-� involving the
activation of ERK1/2 (28, 42), the role of the endogenous
NGF in cystitis-induced type I collagen synthesis remains to
be elucidated. The current study demonstrates that NGF not
only plays a key role in the activation of MAPK and Akt
pathways in the inflamed bladder but also contributes signif-
icantly to bladder hypertrophy.
Cellular responses mediated by NGF require ligand-binding

and subsequent activation of specific receptor tyrosine kinases
(Trks), which are embedded in the plasma membrane (43, 44).
Neurotrophin general receptor p75NTR, when it dimerizes
with Trk, increases the specificity and affinity of Trk for partic-
ular ligands (45). Previous studies showed that both TrkA and

FIGURE 6. Attenuation of cystitis-induced JNK phosphorylation in the uri-
nary bladder by NGF antibody. In the control IgG-treated animals, cystitis
increased the phosphorylation levels of JNK 55 kDa (A and B) and 46 kDa (A
and C) in the inflamed bladder. Administration of NGF neutralizing antibody
had no effects on the basal level of phospho-JNK in the urinary bladder but
significantly blocked cystitis-induced up-regulation of phospho-JNK in the
inflamed bladder. Results were presented as mean � S.E. from 3 animals at
each time point. *, p � 0.05 versus IgG; #, p � 0.05 versus CYP�IgG.

FIGURE 7. Attenuation of cystitis-induced type I collagen expression in
the urinary bladder by NGF antibody. In the control IgG-treated animals,
cystitis increased the type I collagen protein (A and B) and gene expression (C)
level in the inflamed bladder. Administration of NGF neutralizing antibody
had no effects on the basal level of type I collagen mRNA and protein in the
urinary bladder but significantly blocked cystitis-induced up-regulation of
type I collagen expression in the inflamed bladder. Results were presented as
mean � S.E. from 3 animals at each time point. *, p � 0.05 versus IgG; #, p �
0.05 versus CYP�IgG.
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p75NTR expression were increased in the inflamed urinary
bladder following cystitis induced by CYP injection (24, 25).
Localization study demonstrated the presence of TrkA immu-
noreactivity in the bladder smooth muscle cells (25) indicating
the ability of these cells in response to NGF, which may lead to
the increased type I collagen transcript in the detrusor muscle
of the inflamed bladder. Following NGF binding to TrkA
and/or p75NTR, a cascade of signal transduction is initiated,
which ultimately leads to changes in gene expression. The sig-
naling molecules that we examined in the inflamed bladder
during cystitis include ERK1/2, a key molecule in the MEK/
MAPK pathway (37), and Akt, a substrate of phosphoinositide
3-kinase. We showed that Akt activity (phosphorylation level)
was increased at a relatively later time versus the activation of
ERK1/2 (8 h versus 2 h post CYP injection). So far, we don’t have
evidence about the cross-talk between these two pathways.
However, it is apparent that both pathways are downstream of

NGF action because NGF neutralizing antibody blocked the
activation of these pathways in the inflamed bladder. Blockade
of one of these two pathways also attenuatedNGF-induced col-
lagen expression in cultured detrusor smooth muscle, suggest-
ing involvement of both pathways in type I collagen production.
CYP-induced cystitis causes dramatic increases in the blad-

der weight and the thickness of the bladder wall. One of the
possible factors contributing to visceral organ hypertrophy
involves the increased collagen deposition. Elevated expression
of collagen in the urinary bladder has been identified to play a
significant role in bladder hypertrophy caused by bladder outlet
obstruction (13). Our current study shows that cystitis-induced
bladder hypertrophy involves type I collagen up-regulation. It is
not surprising that our study demonstrated a partial reduction
(40%) of cystitis-induced type I collagen expression by NGF
neutralization. The regulation of collagen gene expression is
complicated and influenced by many factors, including fibro-
blast growth factor (13), some cytokines (19) and transforming
growth factor-� (19) that were also increased in the urinary
bladder with inflammation (12, 46, 47 and supplemental data).
The interactive effects of NGF and other growth factors in
influencing cellular function have been reported (48, 49); thus,
it could be possible that NGF-induced type I collagen expres-
sion was also influenced by other growth factors produced in
the urinary bladder during cystitis. In our other studies, we
found that cystitis increased the secretion of brain-derived neu-
rotrophic factor from the axonal nerve terminals that innervate
the urinary bladder (data not shown). The neuronal mediators
that are secreted from the nerve terminals during cystitis may
also have roles independently fromor interactively withNGF in
inducing type I collagen expression in the inflamed bladder.
Other MAPK family members, the JNK and p38 MAPK, are

more likely involved in stress and cytokines signaling. The pres-
ent study shows that both 55-kDa and 46-kDa isoforms of JNK
(50) were activated in the inflamed bladder; however, p38
MAPK was not, indicating a specific activation of JNK.
Although our experiments showed that NGF neutralization
blocked JNK activity induced by bladder inflammation, it is
reported that JNK is more likely activated by proneurotrophins
binding to p75NTR (51). The NGF antibody used in this study
(Santa Cruz Biotechnology) does not distinguish the pro-form
andmature formNGF, and it could block the activity of both. It
would be interesting to examine the level of pro-NGF in the
inflamed bladder and the role of pro-NGF in JNK activation in
the future studies. When we separated the urothelium and the
muscle layers of the urinary bladder, cystitis-induced JNK acti-
vation was shown more in the urothelium. This may be due to
the damage and cell death of the urothelium during cystitis.
CYP treatment of patients and the laboratory animals resulted
cystitis (52–54) is largely due to the urotoxicity effects of CYP
metabolite, acrolein (55), which causes considerable damage of
the urothelium layer. The general neurotrophin receptor
p75NTR was found in both urothelium and muscle cells (24)
and may play distinct roles specific to different cell type.
Studies from interstitial cystitis in patients and CYP-induced

cystitis in animals show that NGF is one of the major inflam-
matory mediators in bladder inflammation (8, 10, 11). NGF is
produced in and released from the epithelial cells andmast cells

FIGURE 8. Attenuation of cystitis-induced bladder hypertrophy by NGF
antibody. In the control IgG-treated animals, cystitis increased the weight of
the urinary bladder. Administration of NGF neutralizing antibody alone had
no effects on the urinary bladder weight when compared with control IgG
treatment but significantly blocked cystitis-induced increases in the bladder
weight. Results were presented as mean � S.E. from 3 animals at each time
point. *, p � 0.05 versus IgG; #, p � 0.05 versus CYP�IgG.

FIGURE 9. Up-regulation of type I collagen expression in the urinary blad-
der smooth muscle by NGF. In cultured detrusor smooth muscle, the level of
type I collagen mRNA was significantly increased by NGF treatment (100
ng/ml) for 1 h. Pretreatment for 30 min with PD98059 (1 �M) or wortmannin
(0.5 �M) attenuated NGF-induced type I collagen expression. PD98059 or
wortmannin alone had no effects on the level of type I collagen mRNA expres-
sion. The results were from 3 independent experiments and presented as
mean � S.E. *, p � 0.05 versus 0 treatment; #, p � 0.05 versus NGF treatment
for 1 h.
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during visceral inflammation, where it acts in a paracrine man-
ner to regulate the cytological changes and the sensitivity of the
visceral organ (36, 56, 57). Elevated activation of ERK1/2 and
Akt by the endogenous NGF in the inflamed urinary bladder
may lead to changes in gene expression and increases in cellular
proliferation and growth. Reduction of type I collagen up-reg-
ulation and bladder weight by NGF neutralizing antibody sug-
gest that NGF analogs might have potential therapeutic use in
the treatment of cystitis-induced bladder abnormality.
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