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BACKGROUND AND PURPOSE
The urinary bladder urothelium expresses various receptors and in response to chemical and mechanical stimuli releases
mediators, thereby modulating bladder sensory pathways. Transient receptor potential vanilloid 1 (TRPV1) ion channels and
nerve growth factor (NGF) in those cells are implicated in this modulatory effect and play a role in sensitizing pain-related
afferent pathways during inflammation. In this study, we investigated the interaction between NGF and TRPV1 channels in
urothelial cells.

EXPERIMENTAL APPROACH
Urothelial cells from female Sprague-Dawley rat bladders were cultured to quantify membrane expression of TRPV1 channels
and capsaicin-induced ATP release in the presence of NGF alone or with TrKA or PI3K inhibitors. Pain scores from rats with
cyclophosphamide (CYP)-induced bladder inflammation were assessed after treatment with a TrkA antagonist. Bladders (from
control and CYP rats) were collected and analysed for NGF content and TRPV1 channel expression.

KEY RESULTS
Cultured cells responded to NGF with increased TRPV1 channel expression in the cell membrane and increased release of ATP.
Both responses were blocked by either a TrkA antagonist or a PI3K inhibitor. Treatment in vivo with the TrkA antagonist
alleviated pain symptoms and reduced CYP-induced NGF overexpression in the mucosa. Furthermore, in urothelial cells from
animals with bladder inflammation, expression of TRPV1 channels in the membrane was significantly increased.

CONCLUSIONS AND IMPLICATIONS
During bladder inflammation, increased production of NGF in urothelial cells induced increased expression and activity of
TRPV1 channels in the cell membrane. This effect was primarily mediated by the PI3K pathway.

Abbreviations
BPS/IC, bladder pain syndrome /interstitial cystitis; CYP, cyclophosphamide; DRG, dorsal root ganglion; NGF, nerve
growth factor; NSF, N-ethylmaleimide sensitive factor; SNARE, soluble N-ethylmaleimide sensitive fusion attachment
receptor; TrkA, tyrosine kinase receptor A; TRPV1, transient receptor potential vanilloid 1
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Introduction
Bladder pain syndrome/interstitial cystitis (BPS/IC) is a debili-
tating condition in which the intense suprapubic and pelvic
pain reported by patients significantly impairs their quality of
life (Parsons, 2004). The aetiology is still unclear and the
syndrome is difficult to manage since no effective long-term
treatment has been found (Bjorling et al., 2011).

Several animal models that mimic symptoms of BPS/IC
have been developed. The most commonly used include
chemically induced cystitis, in which animals show marked
signs of nociception and vesical inflammation that alters the
normal bladder function. Those modifications occur follow-
ing alteration of the properties of bladder nerve fibres includ-
ing changes in ion channel expression (Nazif et al., 2007).
Sensory neurons that innervate the inflamed tissue become
more excitable resulting in the phenomena of hyperalgesia
and allodynia (Yoshimura and de Groat, 1999; Nazif et al.,
2007). More recently, considerable interest has been directed
to the role of the bladder epithelium (urothelium) in the
modulation of afferent signals during inflammatory condi-
tions. Mounting evidence supports a sensory function for this
specialized epithelium as urothelial cells are now recognized
to express a variety of sensory receptors, allowing them to
respond in an autocrine fashion to the neurotransmitters and
growth factors they produce and those released by other cells
present in the lamina propria (Birder, 2010). In addition, the
growth factors and neurotransmitters produced and released
by urothelial cells also act on underlying nerve fibres coursing
the bladder wall, influencing bladder reflex activity (Birder,
2010).

An example of an important trophic factor produced by
urothelial cells is the nerve growth factor (NGF). This neuro-
trophin is also produced by bladder detrusor smooth muscle
cells and its expression levels were already shown to be
elevated during BPS/IC (Lowe et al., 1997; Pinto et al., 2010).
NGF acts by binding in part to its high-affinity receptor tyros-
ine kinase A (TrkA), a cell surface transmembrane protein
expressed in urothelial cells and primary afferents. Activation
of TrkA by NGF leads to dimerization of the receptor and
phosphorylation of different residues that promote the acti-
vation of several intracellular signalling cascades (Allen and

Dawbarn, 2006; Steers and Tuttle, 2006), including the ERK
and the PI3K/Akt pathways (Obata and Noguchi, 2004).
Recent studies performed in adult sensory neurons showed
that the activation of these pathways regulates neuronal
responses with important roles in pain-signalling systems
(Pezet and McMahon, 2006).

The transient receptor potential vanilloid 1 (TRPV1) ion
channel is a pivotal component of sensory pathways. This
protein constitutes a non-selective cationic channel that is
activated by several nociceptive chemical and physical
stimuli such as noxious heat and vanilloid compounds
including capsaicin (Caterina et al., 1997). In the urinary
bladder, TRPV1 channels are expressed in primary afferents
and urothelial cells (Birder et al., 2001; Avelino et al., 2002).
Its role on bladder pain perception is already recognized since
the activation of the receptor induces the development of
hyperreflexia and pain associated with cystitis (Charrua et al.,
2007). A relationship between NGF and TRPV1 channels has
recently been established. In vivo, bladder inflammation,
together with bladder hyperactivity, is accompanied by
increased expression of NGF and TRPV1 channels (Liu et al.,
2009; 2014; Dornelles et al., 2014), suggesting a link between
both systems. Accordingly, recent studies using TRPV1 knock-
out (KO) mice revealed that these animals were unable to
develop bladder overactivity induced by chronic administra-
tion of NGF (Frias et al., 2012). Using in vitro approaches,
other studies have established the molecular mechanisms
suggesting the interaction of NGF and TRPV1 channels. In
sensory neurons, binding of NGF to TrkA activates a PI3K
pathway, promoting TRPV1 channel trafficking to the mem-
brane (Stein et al., 2006). The channel is inserted into the
membrane via regulated exocytosis and an increased sensi-
tivity to capsaicin was observed in the presence of NGF
(Zhang et al., 2005). PKC activation also promotes a rapid
vesicular transport of TRPV1 channels to the membrane
(Morenilla-Palao et al., 2004). However, the modulation of
TRPV1 channels by NGF on non-neuronal cells such as the
urothelium has not been demonstrated.

The present study addressed this issue by examining the
effect of NGF on primary cultures of rat urinary bladder
urothelial cells, with particular attention to the location and
sensitivity of TRPV1 channels as well as the signalling
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pathways involved. In addition, an animal model of bladder
hypersensitivity induced by cyclophosphamide (CYP) was
used to analyse the in vivo role of the NGF receptor in terms
of nociceptive behaviour. Overall, the present study shows
the effect of NGF on the surface expression of TRPV1 chan-
nels of urothelial cells and stresses the importance of the TrkA
receptor and downstream pathways that may play a role in
mediating painful symptoms of BPS/IC.

Methods

Animals
All animal care and experimental procedures complied with
the American Physiological Society’s Guide for the care and
use of laboratory animals and were approved by the University
of Pittsburgh Institutional Animal Care and Use Committee. A
total of 66 animals from a commercial vendor were used in the
experiments described here. Experiments were performed
with female Sprague-Dawley rats (250–300 g), maintained
under 12 h light/dark cycles with free access to food and water.

Cell culture
Animals were killed (100% CO2) and urinary bladders were
excised and placed in minimal essential medium (MEM)
(Invitrogen, Grand Island, NY, USA) containing penicillin/
streptomycin/fungizone (1%; Invitrogen) and HEPES (Invitro-
gen). The bladders were cut open, gently stretched with the
epithelial side up, pinned in a Sylgard-coated dish and incu-
bated overnight at 4°C in MEM with dispase 2 mg·mL−1 (Inv-
itrogen). On the following day, the epithelium was gently
scraped from the underlying tissue, placed in a culture flask
and treated with 0.25% trypsin to dissociate urothelial cells.
Following dissociation, the cell suspension was placed in MEM
containing FBS and centrifuged at 416× g for 15 min. The cells
were resuspended in CNT-16 (CellnTEC, Bern, Switzerland),
plated and incubated at 37°C with 5% CO2 and used within
24–48 h.

Cell surface biotinylation
Cells from normal (n = 10) or CYP-inflamed (n = 18, see
below) rats were cultured as described above and plated on
24-well dish plates at a concentration of 2 × 105 cells/mL. Cell
surface proteins (TRPV1 channels) were biotinylated with
Sulfo-NHS-SS-Biotin using Pierce Cell Surface Protein Isola-
tion Kit (Thermo Scientific, Rockford, IL, USA). Different
experimental conditions were tested by incubating cells with
NGF (100 ng·mL−1) for 15 min or NGF in the presence of a
TrkA antagonist (GW441756, 500 nM, n = 4) (Zhang et al.,
2014; Jung and Kim, 2008), a PI3K inhibitor (PP121, 5 μM, n
= 4) (Apsel et al., 2008) or a PKC inhibitor (chelerythrine
chloride, CC, 1 μM, n = 4) (Herbert et al., 1990; Ayar et al.,
2014) during 30 min at 37°C before further experimentation.
Whole cell lysates and membrane proteins (eluted with SDS-
PAGE buffer) were isolated and subjected to Western blotting
using a standard protocol. Levels of TRPV1 channels were
measured by densitometry and normalized with α-tubulin.

ATP release
Urothelial cells were cultured as described above and plated
on 35 mm collagen-coated culture dishes in a concentration

of 2 × 105 cells mL−1. Cells were superfused with HBSS buffer
(5 mM KCl, 0.3 mM KH2PO4, 138 mM NaCl, 4 mM NaHCO3,
0.3 mM NaH2PO4, 5.6 mM glucose, 10 mM HEPES, 2 mM
CaCl2, 1 mM MgCl2; pH 7.4) using a peristaltic pump (flow
rate 0.4 mL·min−1) and 100 μL of perfusate collected every
60 s. Samples were taken for 15 min before perfusion with the
TRPV1 agonist capsaicin (0.5 μM, n = 11), for 20 min during
capsaicin perfusion and for 15 min during washout with
HBSS. To analyse the influence of NGF in the capsaicin-
induced ATP release, responses of control cells were compared
with cells pretreated with NGF (100 ng·mL−1, n = 11) for
15 min at 37°C prior to further experimentation. In addition,
responses were also measured after pretreatment of cells with
the TrkA antagonist (GW441756, 500 nM, n = 9), the PI3K
inhibitor (PP121, 5 μM, n = 9) or the TRPV1 antagonist cap-
sazepine (50 μM, n = 8). ATP levels were quantified immedi-
ately after sample collection using a luciferin-luciferase
reagent and bioluminescence measured using a luminometer.
The blank readings (HBSS only) were subtracted from the
luminescence readings of each sample and the standard curve
was plotted using GraphPad Prism software (La Jolla, CA,
USA). ATP released from each culture dish was calculated with
reference to the standard curve and expressed in AUC units.

CYP-induced cystitis/TrkA antagonist
administration
Acute bladder inflammation was induced by an i.p. injection
of 150 mg·kg−1 of CYP. Control animals received an i.p. injec-
tion of vehicle (saline). CYP is metabolized in the liver to
acrolein, an irritant compound that is excreted in the urine,
eliciting an extreme bladder irritation. Animals were killed 24
or 48 h after CYP injection. The TrkA antagonist GW441756
(IC50 = 2 nM) or its vehicle was injected at a dose of 0.5 mg per
rat, i.p., 24 h prior to CYP injection and every day for 48 h.
GW441756 is a potent and selective inhibitor of the TrkA
receptor and its selectivity, cell viability studies and safety for
in vivo use have been described earlier (Zhang et al., 2014).

Tissue preparation for ELISA
Rat (control, CYP and CYP + GW441756 treated) bladders (n
= 27) were harvested and collected in HBSS medium (5 mM
KCl, 0.3 mM KH2PO4, 138 mM NaCl, 4 mM NaHCO3, 0.3 mM
NaH2PO4, 5.6 mM glucose, 10 mM HEPES; pH 7.4). Bladders
were longitudinally opened and mucosa was stripped and
collected into 300 μL of membrane lysis buffer (0.3 M NaCl,
50 mM Tris-HCl and 0.5% Triton X-100) containing complete
protease inhibitor cocktail (1 tablet/10 mL; Roche, Indian-
apolis, IN, USA) and phosphatase inhibitor cocktail (Sigma
Aldrich, St. Louis, MO, USA; 1:100). In this procedure, the
term ‘mucosa’ is used instead of urothelium because the
presence of some scarce suburothelial nerve terminals in the
collected tissue cannot be excluded. Tissue was homogenized
at 6 ms for 30 s in a Fast-Prep homogenizer (MP Biomedical,
Santa Ana, CA, USA) and centrifuged at 14 000× g for 15 min
at 4°C. The supernatant was collected and the pellet was
resuspended in 150 μL of membrane lysis buffer. The suspen-
sions were incubated on ice, homogenized and centrifuged
again as previously. Supernatants from each centrifugation
were collected and combined. Protein concentration was
determined using the Pierce BCA protein assay (Thermo
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Scientific). NGF levels were determined in the mucosa from
control versus CYP-treated animals (24 and 48 h, n = 6 per
group) and compared with NGF levels in mucosa from
animals pretreated with TrkA antagonist both alone and also
prior to CYP (GW441756 + CYP 24 h and GW441756 + CYP
48 h, n = 3 per group).

NGF ELISA
Mucosa lysates were diluted with 4 volumes of Dulbecco’s
PBS (2.68 mM KCl, 137 mM NaCl, 1.47 mM KH2PO4, 8.1 mM
Na2HPO4, 0.9 mM CaCl2 × 2H2O, 0.5 mM MgCl2 × 6H2O; pH
7.35). Samples were treated with 1N HCl to pH 2.0–3.0 for
15 min at room temperature and neutralized with 1N NaOH
to pH 7.5–8.0. Samples were then assayed in duplicate by ELISA

according to the manufacturer’s instructions. Plates were read
at 450 nm using a SpectraFluor Plus (Tecan, Maennedorf,
Switzerland) and the absorbance of the blank value (the mean
of the assay wells without sample) was subtracted from each
sample’s absorbance. NGF tissue values were normalized
against the protein concentrations of each sample and
expressed as picograms per microgram of protein.

Behaviour tests
Nociceptive behaviour. Decreased breathing rate, eye closure
and immobile posture with rounded back were considered as
signs of pain based on the study of Saitoh et al. (2010). The
behaviour (n = 3 each group) was observed for 10 min intervals
during a 60 min period in control (saline injected), CYP and
CYP + GW441756 treated animals 24 and 48 h after CYP injec-
tion. The absence or presence of ‘nociceptive behaviour’ was
examined and scored as one positive event of ‘nociceptive
behaviour’ when the immobility associated with reduced
breathing frequency occurred during each interval. The
number of positive events of nociceptive behaviour was then
counted in each rat for the 60 min total observation period.
Observations were made without knowledge of the treatments.

Mechanical hyperalgesia. All animals were handled daily
prior to behaviour testing to avoid stress and fear-motivated
behaviours. To assess mechanical sensitivity, rats were placed
in individual observation chambers atop a metal mesh floor
and allowed to acclimatize for 15 min. Cutaneous sensitivity
was assessed in the lower abdomen and in the hindpaw using
the von Frey monofilaments (rated at 2, 4, 6, 8, 15, 26, 60 and
100 g). Filaments were applied for 5 s perpendicularly to the
plantar surface and tested five times with an interval of 30 s
between filaments. A response was considered positive when
the animal reacted to the filament (paw withdraw or licking)
in at least three of five filament applications. The test was
performed at day 0, before any procedure, and 24 and 48 h
after CYP administration or its vehicle. Observations were
made without knowledge of the treatments.

Data analysis
Data were analysed using one-way ANOVA followed by
Newman–Keuls/Dunnett’s multiple comparison test or two-
way ANOVA followed by Tukey’s multiple comparison test.
Statistical significance was considered with P < 0.05.

Materials
CYP (Endoxan) was purchased from Baxter Oncology, Halle,
Germany. The TrkA antagonist (GW441756), the PI3K inhibi-

tor (PP121) and the PKC inhibitor CC were purchased from
Tocris Bioscience (Bristol, UK). ELISA kit for NGF was obtained
from Promega (Madison, WI, USA). Capsaicin, capsazepine and
the ATP luminescence kit were obtained from Sigma Aldrich.

Results

NGF increases expression of TRPV1 channels
in the cell membrane of urothelial cells
Exogenous NGF was applied to cultures of primary urothelial
cells for 15 min. After the incubation period, the expression
levels of the TRPV1 channel on the cell surface were exam-
ined using biotinylation of receptor membrane. Incubation
with NGF induced a 242% increase of the TRPV1 expression
within the cell membrane fraction as compared with control
(Figure 1). In order to examine whether this effect may be due

Figure 1
Expression of urothelial membrane TRPV1 channels. The expression
of TRPV1channels was quantified by cell surface biotinylation after
isolation of the membrane fraction of urothelial cells. (A) Western
blot analysis of TRPV1 channels in membrane extracts under different
conditions (left) and after pre-incubation of the TRPV1 antibody with
the blocking peptide (right). (B) Graph represents the quantification
of the expression of TRPV1 channels after normalization with
α-tubulin. The presence of NGF in the cell culture increased expres-
sion of TRPV1 channels (n = 10). The presence of GW441756 (GW;
TrkA antagonist) or inhibitors of PI3K (PP) or PKC (CC) (n = 4)
counteracted the NGF effect showing levels of TRPV1 channels
similar to the control. **P < 0.05, significantly different from control;
one-way ANOVA followed by Newman–Keuls multiple comparison test.
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to NGF receptor signalling, we used an antagonist of the TrkA
receptor (GW441756). Urothelial cells previously incubated
with the TrkA antagonist, in the presence of NGF, showed
levels of TRPV1 channels similar to those in non-treated cells
(25% change), indicating that the membrane expression of
TRPV1 channels is dependent on NGF binding to TrkA.
Therefore, we investigated the TrkA-mediated downstream
signalling pathways that may be regulating TRPV1 channel
expression. Inhibition of the PI3K and PKC pathway (using
PP121 and CC, respectively) was also tested in these cells in
the presence of NGF. Inhibition of either PI3K or PKC
induced a 79 and 93% increase of TRPV1 channel expression
that was not significantly different from that observed in
non-treated cells. Hence, either inhibitor prevented the
effects of NGF on the translocation of TRPV1 channels to the
urothelial cell membrane (Figure 1).

NGF increases the capsaicin-induced release
of ATP from urothelial cells
The incubation of urothelial cells with capsaicin, the pungent
compound that activates TRPV1 channels, induced the
release of ATP (8.7 ± 1.3 AUC). This capsaicin-induced ATP
release was increased to 16.6 ± 2.9 AUC when urothelial cells
were previously incubated with NGF (Figure 2). As in the
previous experiments, to demonstrate whether NGF acts via
TrkA receptor-activated pathways, cells were pre-incubated
with GW441756 or with PP121. These agents prevented the
NGF-induced increases in ATP release by capsaicin, with 73
and 81% reductions (4.9 ± 0.9 and 3.5 ± 0.7 AUC, respec-
tively) when compared with responses to capsaicin in cells

treated with NGF alone. As a control, the ATP release was also
measured in the presence of capsazepine, a non-specific
TRPV1 channel antagonist with a higher specificity for this
receptor. Under these conditions, there was no ATP release,
indicating that it occurs via TRPV1 channels.

Systemic administration of the TrkA
antagonist improves pain behaviour induced
by bladder inflammation
Bladder inflammation was induced by administration of CYP.
These animals showed a freezing behaviour characterized by
rounded back, immobile posture and closed eyes that have
been already described by other groups (Boucher et al., 2000;
Auge et al., 2013). This altered behaviour was observed as
early as 4 h after CYP administration and was significantly
higher 24 and 48 h later when compared with saline-injected
animals (Figure 3). In addition, inflamed bladders analysed at
the end of the experiment showed clear signs of inflamma-
tion such as oedema and petechial haemorrhage on the
bladder surface (Boucher et al., 2000).

The systemic administration of GW441756 by itself did
not induce any different behaviour on control animals.
However, in CYP-inflamed animals that were treated with
GW441756, the CYP-induced pain behaviour was prevented.
These animals did not actually show any signs of pain, behav-
ing similarly to the other controls even if previously injected
with CYP at both 24 and 48 h after injection (Figure 3).

Inflammation induced by CYP is also associated with an
increased cutaneous sensitivity as well as referred visceral
pain that can be assessed in the hindpaws and in the lower
abdominal area (Frias et al., 2013). In the present work, the
von Frey monofilaments were used to evaluate cutaneous
sensitivity in all experimental groups. Animals injected with
saline or GW441756 showed normal values of cutaneous
sensitivity in both the hindpaws and abdomen. Animals with
CYP inflammation had increased sensitivity 24–48 h after
CYP administration. However, animals with CYP inflamma-
tion that were also treated with GW441756, did not develop
cutaneous hypersensitivity in the hindpaws and abdomen
(Figure 3). This may indicate that the TrkA receptor antago-
nist prevents NGF binding and consequent activation of
pain-signalling pathways.

Bladder inflammation elicits an increase of
NGF in the bladder mucosa
Urinary bladders were collected from all experimental groups
and mucosa was stripped from the underlying tissue. An ELISA

for NGF was performed and protein levels were quantified by
established methods. Bladders from control animals or from
animals injected with GW441756 alone showed similar levels
of NGF in the mucosa. In contrast, inflammation increased
the mucosal NGF content above control at 24 h (201%
increase) and 48 h (497% increase) after CYP administration.
The treatment of CYP animals with GW441756 showed
decreased NGF mucosal content particularly when compared
with CYP-inflamed animals for 48 h (Figure 4). Although this
decrease of 52% (48 h CYP vs. GW441756 + 48 h CYP) was
not statistically significant, it still suggested that the antago-
nistic actions of GW441756 may have a preventive role in the
development of bladder inflammation.

Figure 2
ATP release induced by capsaicin. Urothelial cells release ATP in the
presence of capsaicin (CAP; 0.5 mM, n = 11). Treatment with NGF
elicited a larger release of ATP with capsaicin (n = 9). The incubation
of urothelial cells with the TrkA antagonist (GW; n = 9) or a PI3K
inhibitor (PP, n = 9) in the presence of NGF blocked its effect and the
ATP remained at control or baseline levels. The TRPV1 channel
antagonist capsazepine (CPZ) completely blocked the release of ATP
from these cells. ***P < 0.0001, significantly different from capsaicin
alone; one-way ANOVA followed by Newman–Keuls multiple compari-
son test.
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Bladder inflammation elicits increased
expression of TRPV1 channels in the
membrane of urothelial cells
Primary cell cultures of urothelial cells collected from animals
with bladder inflammation were analysed for the membrane
expression of TRPV1 channels. The analysis revealed that the
expression of TRPV1 channels exhibited a 471% increase 48 h
after CYP administration when compared with saline-
injected controls (Figure 5). These results indicate that during
bladder inflammation, the expression of TRPV1 channels sig-
nificantly increases in the urothelial membrane.

Discussion and conclusions

Studies have lent support to the idea that the bladder urothe-
lium exhibits a variety of receptors and transmitters typically
found in neurons. The coexistence of TRPV1 channels and
TrkA receptors has already been described and shown to be
essential in bladder control and sensitivity (Charrua et al.,
2007; Frias et al., 2012). The present study demonstrated that
NGF regulates the expression and function of urothelial
TRPV1 channels. Further, as described in other studies
(Charrua et al., 2009; Kullmann et al., 2009), our findings
demonstrate the presence of TRPV1 channels within the
urothelial plasma membrane that can be regulated by trophic
factors. A relationship between NGF and TRPV1 channels has
been previously demonstrated in sensory neurons. Studies
using dorsal root ganglion (DRG) neurons showed that NGF

Figure 3
Behaviour of CYP-treated rats after treatment with a TrkA antagonist.
(A) Pain behaviour observed measured at 10 min intervals over a
period of 60 min. A nociceptive event was considered positive if
animals showed decreased breathing rate associated with immobile
posture. (B–C) von Frey test was used to evaluate the mechanical
sensitivity to the von Frey monofilaments in the abdomen (B) and in
the hindpaw (C). Animals with bladder inflammation have a signifi-
cant increase of the pain behaviour as well as cutaneous sensitivity on
the abdomen and hindpaws 24 and 48 h after CYP injection when
compared with saline-injected animals (A, B and C respectively).
Those with bladder inflammation that were previously treated with
the TrkA antagonist GW441756 showed pain behaviours similar to
non-inflamed animals (A). Accordingly, these inflamed animals also
experienced an improvement of the mechanical hypersensitivity
in the hindpaws (B) and abdomen (C) when previously treated with
GW441756. **P < 0.05; significantly different from control; one-way
ANOVA followed by Newman–Keuls multiple comparison test.
***P < 0.05, significantly different from control, one-way ANOVA.

Figure 4
Quantification of the NGF content in the bladder mucosa. Mucosa
was stripped from bladders of all experimental groups (control, CYP
24 and 48 h, GW441756 and CYP + GW441756, 24 and 48 h) and
the content of NGF was measured by ELISA. Animals treated with
saline or GW441756 alone showed similar levels of mucosal NGF.
CYP-treated rats showed an increase in mucosal neurotrophin
content that was significantly higher 48 h after CYP (n = 6) injection,
and this was reduced by pretreatment with GW441756 (n = 3).
**P < 0.05, significantly different from control; one-way ANOVA fol-
lowed by Dunnett’s multiple comparison tests.
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can modulate the translocation of TRPV1 channels to the cell
membrane (Morenilla-Palao et al., 2004). Similar to DRG
neurons, NGF also facilitated expression of TRPV1 channels
in urothelial membranes, which was prevented by the NGF
receptor (TrkA) antagonist. Importantly, this was not likely to
be dependent on alteration in protein expression as the NGF
incubation was of short duration and changes in membrane
expression of TRPV1 channels were detected soon after NGF
treatment.

The downstream signalling pathways activated by NGF
that could lead to altered expression levels of TRPV1 channels
were also investigated. Previous studies showed that, in neu-
ronal cells, NGF binds to its high-affinity receptor TrkA,
leading to the activation of the PI3K pathway (Bonnington
and McNaughton, 2003; Zhuang et al., 2004), which is
known to facilitate trafficking of TRPV1 channels (Zhang
et al., 2005). Another study suggested that this mechanism
also includes the activation of PKC which promotes a rapid
vesicular transport of TRPV1 channels to the membrane by a
mechanism involving the soluble NSF (N-ethylmaleimide-
sensitive factor) attachment protein receptor (SNARE)
(Morenilla-Palao et al., 2004). Our experiments using inhibi-
tors of these pathways revealed that TRPV1 channel traffic in
urothelial cells operates as it does in sensory neurons.

The functional state of TRPV1 channels was evaluated by
quantification of ATP release by capsaicin stimulation, a well-
established method to assess the functional activity of this
ion channel (Beckel and Birder, 2012; Sadananda et al., 2012).
We observed that NGF treatment potentiated ATP release in
response to this vanilloid, suggesting an increased availability
and/or sensitivity of TRPV1 channels on the cell surface. This
process was dependent on TrKA activation via a PI3K and PKC
signalling pathway.

We also studied TRPV1 channel modulation using an
animal model of the BPS/IC syndrome. In this case, bladder
inflammation was induced by a single CYP administration
which has been used to mimic aspects of BPS/IC (Dinis et al.,
2004; Pinto et al., 2010; Frias et al., 2013; Dornelles et al.,
2014). This model is accompanied by an up-regulation of

endogenous NGF (Vizzard, 2000; Zhang and Qiao, 2012) as
well as by an increased sensitivity of the TRPV1 channel
(Dang et al., 2013). Studies performed in BPS/IC patients also
showed that both the protein and the mRNA encoding NGF
are overexpressed in the mucosa of human bladders (Liu and
Kuo, 2007; Liu et al., 2014). Another study revealed an
increase of NGF in the urine of those patients (Pinto et al.,
2010). Regarding TRPV1 channels, two recent studies showed
increased gene and protein expression of the TRPV1 channel
in bladder mucosal biopsies from BPS/IC patients that also
correlated with the intensification of the symptoms (Homma
et al., 2013; Liu et al., 2014). A recent study performed in rats
with CYP-induced cystitis also observed an up-regulation of
the mRNA encoding TRPV1 channels in the inflamed animals
compared with controls which correlated with an increased
immunoreactivity for this receptor in the urothelial layer
(Dornelles et al., 2014). In our study, we also observed an
increase of NGF expression in the mucosa of CYP-inflamed
animals. This increased expression of mucosal NGF correlated
with the increased expression of membrane TRPV1 channels
and increased response to a nociceptive stimulus.

The relation between TRPV1 channels and NGF-induced
pain is now well established in somatic and visceral pain as
well as bladder hyperactivity with the use of TRPV1-KO mice
(Chuang et al., 2001; Frias et al., 2012). Our study indicates
that NGF may play a role in inducing or modulating nocic-
eptive symptoms via neuronal and non-neuronal mecha-
nisms. Behavioural observations showed that rats exposed to
TrkA inhibition prior and during induction of bladder inflam-
mation with CYP neither exhibit nociceptive behaviour nor
exhibit increases in membrane expression of NGF or TRPV1
channels.

Modulation of NGF/TrkA binding by systemic administra-
tion of TrkA antagonists has been performed by other inves-
tigators. For example, in animal models of visceral
inflammatory pain, both the thermal and mechanical hyper-
algesias were prevented by use of NGF neutralizing antibodies
or TrkA-IgG fusion molecules (Mantyh et al., 2011). In animal
models of BPS/IC, urinary frequency and peripheral pain
have also been shown to be reduced by intrathecal adminis-
tration or intravesical instillation of a TrkA antagonist
(Guerios et al., 2008; Cruz, 2014). However, preclinical evi-
dence did not result in successful trials in BPS/IC patients.
BPS/IC patients who received a humanized monoclonal anti-
body against NGF, although they experienced improved pain
and urgency, also complained of adverse secondary effects
such as paraesthesia and arthralgia (Cruz, 2014). Ideally,
research into agents with increased specificity may lessen the
number of adverse events and could be beneficial for patient
treatment.

Overall, our findings suggest that NGF plays an important
role in pain behaviour and in the facilitation of TRPV1 chan-
nels trafficked to the urothelial cell membrane. This receptor
movement correlated with the increased sensitivity of the
urothelial cell to chemical stimuli and involves activation of
NGF receptor TrkA and associated intracellular pathways.

The significant reduction of the pain behaviour induced
by bladder inflammation by the systemic administration of a
TrkA antagonist further supports a role for NGF in visceral
pain/hypersensitivity. Studies exploring the involvement
of neurotrophins and modulation of receptor/ion channel

Figure 5
TRPV1 channel expression in urothelial cells. Use of Western immu-
noblotting revealed that urothelial membrane expression (expressed
as % above control) of TRPV1 channels was significantly increased by
CYP administration (n = 6 per group). *P < 0.05, significantly differ-
ent from control; one-way ANOVA followed by Newman–Keuls multi-
ple comparison test.
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activity in both neuronal and non-neuronal cells will
undoubtedly increase our understanding of mechanisms
underlying visceral pain states and open new possibilities for
much needed treatments.
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