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Abstract
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic voiding disorder that presents with pain in the urinary bladder
and surrounding pelvic region. A growing body of evidence suggests that an increase in the permeability of the urothelium,
the epithelial barrier that lines the interior of the bladder, contributes to the symptoms of IC/BPS. To examine the
consequence of increased urothelial permeability on pelvic pain and afferent excitability, we overexpressed in the urothelium
claudin 2 (Cldn2), a tight junction (TJ)-associated protein whose message is significantly upregulated in biopsies of IC/BPS
patients. Consistent with the presence of bladder-derived pain, rats overexpressing Cldn2 showed hypersensitivity to von
Frey filaments applied to the pelvic region. Overexpression of Cldn2 increased the expression of c-Fos and promoted the
activation of ERK1/2 in spinal cord segments receiving bladder input, which we conceive is the result of noxious stimulation
of afferent pathways. To determine whether the mechanical allodynia observed in rats with reduced urothelial barrier function
results from altered afferent activity, we examined the firing of acutely isolated bladder sensory neurons. In patch-clamp
recordings, about 30% of the bladder sensory neurons from rats transduced with Cldn2, but not controls transduced with
GFP, displayed spontaneous activity. Furthermore, bladder sensory neurons with tetrodotoxin-sensitive (TTX-S) action
potentials from rats transduced with Cldn2 showed hyperexcitability in response to suprathreshold electrical stimulation.
These findings suggest that as a result of a leaky urothelium, the diffusion of urinary solutes through the urothelial barrier
sensitizes bladders afferents, promoting voiding at low filling volumes and pain.
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Introduction
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a

chronic voiding disorder that presents with pain in the

bladder and surrounding pelvic region (Nickel, 2002;
Moutzouris and Falagas, 2009; Hanno et al., 2011; Neu-
haus and Schwalenberg, 2012; Birder, 2014). While the
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Significance Statement

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic voiding disorder with symptoms that include
urinary urgency, urinary frequency, and pain in the bladder and surrounding pelvic region, in the absence
of proven urinary infection or other noticeable pathology. Although the exact cause of this disorder is
unknown, numerous lines of evidence suggest that changes in the permeability of the epithelial cell layer
that cover the internal surface of the urinary bladder contribute to the perpetuation of the symptoms. The
present study examines the mechanisms that mediate lower urinary tract symptoms and pain in an animal
model with reduced urothelial barrier function.
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cause of IC/BPS is unknown, several lines of evidence
indicate that increased urothelial permeability to urine
constituents plays an important role in the pathophysiol-
ogy of this disease (Parsons et al., 1991; Chai and Keay,
2004; Graham and Chai, 2006; Parsons, 2007, 2011). The
internal surface of the urinary bladder is lined by the
urothelium, a stratified epithelium that restricts the pas-
sage of ions and metabolic products from the urine into
the bladder interstitium (Khandelwal et al., 2009). Because
bladder afferent terminals reside within the urothelium
and in a subepithelial plexus very close to the basal
surface of the epithelium (Gabella and Davis, 1998),
changes in the permeability of the urothelial barrier to
urinary constituents can alter sensory input and elicit
painful sensations. Consistent with the presence of in-
creased bladder afferent input, IC/BPS patients present
pain that augments with bladder filling and is relieved by
bladder emptying (Nickel, 2002; Moutzouris and Falagas,
2009; Hanno et al., 2011; Neuhaus and Schwalenberg,
2012).

The urinary bladder is innervated by the pelvic and
hypogastric nerves, which convey information about the
filling status and noxious stimuli to the CNS (de Groat and
Yoshimura, 2009). These nerves consist of small myelin-
ated A� fibers that respond to passive distension of the
bladder wall and active contraction, carrying information
about bladder filling, and unmyelinated C fibers with high
mechanical threshold that respond to noxious chemical
stimulation of the bladder mucosa (de Groat and Yo-
shimura, 2009). A population of fibers with a conduction
speed of C afferents that responds to bladder distension
in the physiologic range has also been described (Floyd
et al., 1976; Bahns et al., 1986; Sengupta and Gebhart,
1994; Wen and Morrison, 1995; Dmitrieva and McMahon,
1996). While strong evidence indicates that afferent sen-
sitization contributes to voiding dysfunction and pain in
IC/BPS (Daly et al., 2011; Gonzalez et al., 2014; Yo-
shimura et al., 2014; Ogawa et al., 2015), the type of
afferents affected and the molecular mechanism of sen-
sitization remain largely unknown.

Although the urothelium is multilayered, it is the outer-
most umbrella cell layer that forms a multifactorial barrier
that includes a mucin layer with anti-adherence proper-
ties, an apical membrane with inherently low permeability
to urea and water, and relatively impermeable tight junc-
tions (TJs; Khandelwal et al., 2009). There is a strong and
growing body of evidence showing changes in the ex-
pression of TJ-associated proteins in biopsies from pa-

tients with IC/BPS (Slobodov et al., 2004; Hauser et al.,
2008; Sanchez Freire et al., 2010; Lee and Lee, 2014;
Hauser et al., 2015). TJs consist of a network of cytosolic
and membrane proteins that associate to seal the para-
cellular space between adjacent epithelial cells just be-
neath their apical surface. Claudins (Cldns), a family of
tetra-membrane spanning proteins, form the structural and
functional core of the TJs and thus define the electrical
properties of epithelia. Recently, an extensive analysis of
gene expression reported a ninety-fold upregulation of
Cldn2 mRNA levels in biopsies of patients with IC/BPS,
when compared with controls (Sanchez Freire et al., 2010).
In support of the notion that Cldn2 upregulation contributes
to IC/BPS symptoms, we recently showed that the overex-
pression of Cldn2 in the umbrella cell layer increases the
permeability of the urothelium to small ions, triggers an
inflammatory process in the bladder mucosa and lamina
propria, and increases voiding frequency (Montalbetti et al.,
2015).

The present work examines the consequences of Cldn2
overexpression in the urothelium on somatic sensitivity in
the pelvic area and bladder afferent firing. The results of
our studies indicate that Cldn2 upregulation reduces pel-
vic mechanical threshold by sensitizing primarily bladders
afferents of A� origin.

Materials and Methods
Reagents and antibodies

All chemicals were purchased from Sigma-Aldrich, unless
otherwise specified. Mouse monoclonal antibody to Cldn2
was purchased from Invitrogen, mouse monoclonal anti-
body to �-actin was from Sigma and rabbit polyclonal to
c-Fos was from EnCor Biotechnology. Monoclonal mouse to
phospho-p44/42 MAPK (pERK1/2) (Thr202/Tyr204) anti-
body and rabbit p44/42 MAPK (ERK1/2) antibody were
purchased from Cell Signaling Technology. Cy3-coupled,
FITC-coupled, biotinylated donkey anti-rabbit IgG, and
horseradish peroxidase-coupled secondary antibodies
were purchased from Jackson ImmunoResearch. Phalloi-
din Rhodamine- and Phalloidin Alexa Fluor 647-
conjugated were purchased from Invitrogen.

Animals
All experimental procedures were approved by the Uni-

versity of Pittsburgh Institutional Animal Care and Use
Committee. Female Sprague Dawley rats (250–300 g;
Envigo) were used throughout. Rats were housed under a
12/12 h light/dark cycle with free access to food and
water. Animals were randomized to blinded treatment and
control groups. The stage of the estrous cycle was not
monitored. Animals were euthanized by CO2 inhalation,
followed by a thoracotomy.

Preparation of recombinant adenoviruses and in situ
transduction of umbrella cells

Replication-defective adenoviruses coding for GFP
(AdGFP) or Cldn2 (AdCldn2) were constructed by sub-
cloning the coding region of the respective proteins into
the plasmid pAdlox as previously described (Montalbetti
et al., 2015). Adenoviruses were generated at the Univer-
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sity of Pittsburgh Vector Core facility. In situ transduction
of umbrella cells was accomplished via intravesical instil-
lation of adenoviruses under isoflurane anesthesia (Khan-
delwal et al., 2008; Montalbetti et al., 2015). Briefly, a day
before physiologic studies were conducted a 22-gauge
Teflon catheter (Smiths Medical) was inserted in the ure-
thra to drain the urine and wash the urinary bladder. After
three consecutive washes with 450 �l of Dulbecco’s PBS
buffer (DPBS), the bladder was infused with 450 �l of
0.1% (w/v) n-Dodecyl-�-D-maltoside dissolved in DPBS.
The catheter was removed immediately after, and the
urethral orifice was clamped with a metal clip to prevent
leakage. The metal clip was applied to the skin and mus-
culature surrounding the urethra. After 5 min, the catheter
was reintroduced through the urethra and the bladder was
emptied. The urinary bladder was infused thereafter with
450 �l of DPBS containing 2 � 1010 infectious virus
particles of AdGFP or AdCldn2 and the external urethral
orifice was clamped again. After a 30 min incubation, the
catheter was reintroduced through the urethra and the
bladder was emptied and washed one time with DPBS.
Then, rats were allowed to recover from anesthesia. No
signs of pain due to urethral clamping (i.e., licking or
scratching of the pelvic area) were apparent in the trans-
duced animals. Experiments were performed 24 h after
adenoviral transduction, unless otherwise indicated.

Immunofluorescent labeling and image capture
Urinary bladders, urethras and dorsal root ganglia

(DRGs) harvested from rats transduced with AdGFP or
AdCldn2 were processed as previously described (Mont-
albetti et al., 2015). Briefly, urinary bladders and urethras
were carefully cut open and pinned mucosal side up onto
a rubber sheet submerged in Krebs solution containing
110 mM NaCl, 25 mM NaHCO3, 5.8 mM KCl, 1.2 mM
MgSO4, 1.2 mM KH2PO4, 2 mM CaCl2, and 11 mM glu-
cose buffered at pH 7.4 by gassing with a mixture of 95%
O2/5% CO2 (v/v) at 37°C. Bladders, urethras and DRGs
were fixed with 4% (v/v) paraformaldehyde in Krebs buffer
for 30 min at 37°C. Fixed tissues were incubated in 30%
(w/v) sucrose dissolved in PBS at 4°C until the tissue lost
its buoyancy and sank to the bottom of the tube. Bladders
and urethras were embedded in optimal cutting temper-
ature (O.C.T.) compound. Fixed DRGs were embedded in
a 50/50 mixture of O.C.T. and sucrose (30% w/v in PBS),
before storage at �80°C. Frozen tissue blocks were sec-
tioned with CM1950 cryostat (Leica). Bladder sections
were labeled with primary antibodies or fluorophore-
labeled probes as previously described (Montalbetti et al.,
2015). Confocal images from bladder and urethra sec-
tions were captured using a Leica TCS SP5 CW-STED
confocal microscope (in normal confocal mode) equipped
with a PL Apo 20� air (N.A. � 0.7) or a PL Apo 63�
glycerol objective (N.A. � 1.3) and low-noise hybrid de-
tectors. Images from fixed DRGs were captured with a
Leica DM6000B upright microscope (fitted with a 40�
HCX PL-APO, 1.25 N.A., objective) equipped with a QIm-
aging Retiga 4000R color digital camera interfaced with
an Apple iMac computer running Volocity Acquisition
software (version 6.3). The captured confocal images

were contrast corrected using Volocity (PerkinElmer) or
ImageJ (NIH) and then assembled in Adobe Illustrator.

Measurements of urinary bladder electrical
resistance

Urinary bladders harvested from transduced animals
were mounted on custom fabricated Teflon tissue sliders
with an exposed tissue area of 0.65 cm2 and eight sharp
pins set at 3 mm from the opening, as previously de-
scribed (Montalbetti et al., 2015). Silicone grease (Dow
Corning) was carefully applied to the region of tissue
impaled by the pins to prevent edge damage. Tissue
sliders were inserted into the chambers of an EM-CSYS
Ussing system (Physiologic Instruments) equipped with a
heating block for temperature control. The mucosal and
serosal hemichambers were filled with 3 and 5 ml of Krebs
solution, respectively. The hemichambers were continu-
ously bubbled with 95% O2/5% CO2 (v/v) and the tem-
perature inside was kept at 37°C. The mucosal and
serosal hemichambers were connected to Ag/AgCl elec-
trodes via 5 M NaCl agar bridges for voltage sensing and
current passing. These electrodes were connected to a
VCC MC6 Multichannel Voltage/Current Clamp (Physio-
logic Instruments). Signals were low-pass filtered at 1 kHz
(four-pole Bessel filter) and digitized with a Digidata
1440A interface at 5 kHz (Molecular Devices). Command
protocols and data acquisition were controlled by pClamp
10 (Molecular Devices). Liquid junction potentials were
compensated using an offset-removal circuit before tis-
sue mounting. Current/voltage (I/V) relationships were
generated by applying 1 �A current steps from �5 to � 5
�A with a duration of 400 ms. Tissue electrical resistance
(TER) was calculated from the slope of the curve.

Tissue edema quantification
To measure bladder edema, the percentage of tissue

water content of bladders transduced with AdGFP or
AdCldn2 was estimated (Carattino et al., 2000). Urinary
bladders were harvested through an abdominal incision,
carefully dried with a Kimwipe paper to eliminate the urine
and weighed to obtain the wet mass. To determine the dry
mass, samples were desiccated to constant weight at
55°C. The percentage of water tissue content was calcu-
lated as,

WM � DM
WM

� 100

Assessment of mechanical allodynia
Thresholds to mechanical stimuli applied to the pelvic

area and hind paw were estimated with von Frey filaments
(Touch Test Sensory Evaluators, North Coast Medical)
using the up-down method described by Chaplan and
colleagues (Chaplan et al., 1994). Rats were individually
placed in modular cages (Bioseb) on an elevated wire-
mesh platform to allow access to the pelvic area and
plantar surface of hind paws. The animals were acclima-
tized for at least 1h before the test. The stimulus was
applied on the plantar surface of a hind paw and on the
lower abdominal area close to the urinary bladder. von
Frey filaments were applied to the tested area for 1–3 s
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with intervals between stimuli of 15 s. Testing in the pelvic
area was initiated with a von Frey filament with a cali-
brated force of 1 g. Testing in the hind paw was initiated
with a von Frey filament with a calibrated force of 10 g.
When a negative response was observed, the next-
stronger filament was applied. When a positive response
was observed, the next-weaker stimulus was applied.
Abdominal withdrawal (either contraction of the abdomi-
nal musculature or postural retraction of the abdomen),
licking or scratching in the pelvic area in response to von
Frey filament application were considered a positive re-
sponse. When stimuli were applied to the plantar surface,
a response was considered positive when the animal
withdrew the paw sharply or licked the tested limb. After
the response threshold was first crossed, four additional
filaments were applied that varied sequentially up or down
based on the animal response. The resulting pattern of
positive and negative responses was tabulated and the
50% response threshold was calculated using the equa-
tion:

50% threshold �g� �
10[Xf�k�]

10, 000

where Xf represents the value of the final von Frey filament
used, k represents the tabular value for the pattern of
positive/negative responses (Dixon, 1980; Chaplan et al.,
1994), and � represents the mean difference (in log units)
between stimuli.

Measurement of fecal pellet output
One day after transduction, rats were placed individu-

ally in plastic cages (W, 375 mm � D, 480 mm � H, 210
mm) with free access to food and water. After a 4-h
period, rats were removed, the bedding was carefully
inspected, and the number of fecal pellets produced dur-
ing this period was counted.

Western blot analysis
Urinary bladders harvested from control and rats trans-

duced with AdCldn2 were pinned in a square grid holder
pad. Urothelial samples were obtained by gently scraping
the epithelium into RIPA buffer [40 mM Tris, 150 mM
NaCl, 2 mM EDTA, 10% (v/v) glycerol, 1% (v/v Triton
X�100, 0.5% (w/v) sodium deoxycholate, 0.2% (w/v)
SDS, and a Protease Inhibitor Cocktail Set III (EMD Bio-
science); pH 7.6]. Extracts were rotated at 2000 rpm for
20 min at 4°C and then centrifuged at 25,000 � g for 20
min at 4°C. The supernatant was collected and placed in a
�20°C freezer until further use. Spinal cord segments re-
ceiving bladder input [lumbosacral (LS; L6-S1) and thoraco-
lumbar (TL; T13-L2)] were harvested from rats transduced
with AdGFP or AdCldn2. Tissue was homogenized in RIPA
buffer supplemented with protease inhibitor cocktail set III
(EMD Bioscience) and phosphatase inhibitor cocktail (Cell
Signaling Technology) in a disperser device (Polytron PT
10�35 GT, Kinematica) at 4°C. The homogenate was cen-
trifuged at 25,000 � g for 20 min at 4°C. The supernatant
was collected in a new tube and kept on ice for Western blot
analysis. Protein concentration in the samples was deter-

mined with BCA Protein Assay (Thermo Fisher Scientific).
Urothelial samples were mixed in a 1:1 ratio with loading
buffer (Laemmli sample buffer supplemented with 0.277 M
SDS and 1.420 M �-mercaptoethanol) and then incubated
for 45 min at 37°C. Spinal cord samples were mixed in a 1:1
ratio with Laemmli sample loading buffer and heated at 95°C
minutes for 5 min. Protein samples were loaded onto Crite-
rion TGX 12% gels (Bio-Rad) and resolved by electrophore-
sis at 180 V for 50 min. Proteins were transferred to
nitrocellulose membranes using a Trans-Blot Turbo Transfer
system (Bio-Rad) according to the manufacturer’s instruc-
tions. Membranes were blocked with PBS supplemented
with 10% (w/v) nonfat milk for 1 h. After blocking, mem-
branes were incubated with a Cldn2 (1:5000), �-actin (1:
5000), ERK (1:1000), or a pERK (1:2000) primary antibody
overnight at 4°C. The next day, membranes were incubated
with the corresponding secondary antibodies conjugated
with peroxidase (1:5000; KPL). Bands were visualized using
Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer) and quantified with ImageJ.

c-Fos immunostaining in spinal cord segments
Rats were anesthetized with isoflurane (2–4% in O2)

and urethane (1.2 g/kg; Sigma). For acetic acid positive
controls, urinary bladders were catheterized through the
dome using a flared PE50 catheter connected to an infu-
sion pump. Acetic acid (1% in saline) was infused for 2 h
at a rate of 0.1 ml/min, after which the rats were perfused
through the heart with PBS and 4% (v/v) paraformalde-
hyde in PBS. Anesthetized rats transduced with AdGFP
and AdCldn2 were perfused through the heart with PBS
and then with by 4% (v/v) paraformaldehyde in PBS.
Spinal cord segments (L4, L6-S1, T13-L2, and C4) were
collected, post-fixed for �2 h in 4% (v/v) paraformalde-
hyde, and immersed in 20% sucrose in PBS for �24 h and
then in 30% sucrose in PBS for 24–48 h. Tissue was
embedded in a 50/50 mixture of O.C.T. and sucrose (30%
w/v in PBS) and stored at �80°C. Frozen tissue blocks
were sectioned using a CM1950 cryostat (Leica); 35-�m
sections were immediately placed in 0.1 M sodium phos-
phate buffer, pH 7.2 (free floating sections). To block
endogenous peroxidase activity, sections were treated
with 0.15% (w/v) H2O2 in sodium phosphate buffer. After
several rinses with sodium phosphate buffer, sections
were incubated overnight with a rabbit antibody to c-Fos
(1:5000; EnCor Biotechnology) in blocking buffer (sodium
phosphate buffer supplemented with 1% BSA, 1% nor-
mal donkey serum and 0.3% Triton X-100). Sections were
rinsed in sodium phosphate buffer and then incubated
with a biotinylated donkey antibody to rabbit IgG (1:500)
in blocking buffer for 1 h at room temperature. After
additional rinses, the tissue was incubated in Avidin-
Biotin Complex (VectaStain Elite Reagents, Vector Labs)
in blocking buffer for 1.5 h at room temperature. After
several rinses with sodium phosphate buffer, the tissue
was treated with 0.1 M sodium acetate buffer, pH 4, for 10
min. For staining, sections were immersed in filtered di-
aminobenzadine solution containing 2.5% (w/v) NiSO4

and 0.003 % (w/v) H2O2 in sodium acetate buffer as
previously described (Mantella et al., 2003; Rinaman,
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2003). To stop the peroxidase catalyzed reaction, tissue
was placed in 0.1 M sodium acetate buffer. After several
washes in sodium phosphate buffer, sections were
mounted onto charged glass microscopic slides (Super-
frost Plus; Thermo Fisher Scientific) and left at room
temperature overnight to dry. Tissue was dehydrated in a
graded ethanol series and defatted in xylene. Slides were
coverslipped using Cytoseal 60 (Thermo Fisher Scientific).
Tile scanning of spinal cord sections was performed with
a Leica TCS SP8 confocal microscope equipped with a
20� (Dry; N.A. � 0.75) objective, resonant scanner, and
638 laser line to generate transmitted light stacks with 10
�m step size. Automated merging was achieved with
LASX acquisition software using smooth overlap blend-
ing. The absolute number of c-Fos-positive cells in spinal
cord sections was quantified with ImageJ 1.51k (NIH)
using the multi-point tool. For each spinal cord segment,
the mean number of c-Fos-positive cells was estimated
from three randomly selected spinal cord sections.

Retrograde labeling of bladder sensory neurons
Bladder afferent neurons were labeled with the fluores-

cent dye DiI (1,1’-dioctadecyl-3,3,3’,3’-Tetramethylindo-
carbocyanine perchlorate, Invitrogen) as reported in the
literature (Yoshimura et al., 1996; Yoshimura and de Groat,
1999; Yoshimura et al., 2003; Dang et al., 2005; Dang et al.,
2008). Briefly, rats were anesthetized with isoflurane and the
bladder was exposed through an abdominal incision (�1 cm
in length). Dil (5% w/v in DMSO) was injected at four to six
sites (total volume, 20–30 �l) in the bladder wall with a
syringe. At each injection site, the needle was kept in place
for 20–30 s after inoculation. Any visible leakage of dye was
removed by application of a cotton swab and rinsed with
saline. The muscle layer and skin incision were individu-
ally closed with 5.0 and 3.0 silk sutures (AD Surgical),
respectively. Postoperative analgesia was provided by
subcutaneous administration of ketoprofen (5 mg/kg,
Zoetis). Ampicillin (10 mg/kg, Boehringer Ingelheim Vet-
medica) was administrated to prevent infections. Rats
were housed under the conditions described above be-
tween 8 and 12 d before any further procedure was
performed.

Isolation of bladder sensory neurons
Pelvic and hypogastric nerve bladder afferents have cell

bodies located in LS L6-S2 and TL T13-L2 DRG, respec-
tively. To isolate bladder sensory neurons, L6-S2 or
T13-L2 DRGs were harvested and transfered to a cell
culture dish containing neurobasal media (Neuro-A me-
dium supplemented with 5% of B27 supplements, 0.5
mM L-glutamine, and 10 U/ml of penicillin/streptomycin
mixture, Invitrogen). DRGs were minced and agitated in a
cell culture flask containing 5 ml of neurobasal media
supplemented with 10 mg of collagenase type 4 (Wor-
thington Biochemical) and 5 mg of trypsin (Worthington
Biochemical) for 30 min at 37°C. Tissue fragments were
gently triturated with a fire-polished glass pipette and the
cell suspension was centrifuged at 420 � g for 5 min. The
pellet, containing DRG somas, was resuspended in neu-
robasal media. The centrifugation and resuspension steps
were repeated three times. Finally, the pellet was resus-

pended in 1.5 ml of neurobasal media, and the suspen-
sion was plated on coverslips coated with ornithine and
laminin inside a six-well tissue culture plate. After an
incubation of 2 h at 37°C with 5% CO2, 3 ml of warm
neurobasal media was added to each well and the tissue
culture plate was returned to the incubator. Electrophys-
iological studies were performed within 2 and 10 h of
plating.

Patch-clamp studies
Whole-cell patch-clamp recordings from acutely disso-

ciated bladder sensory neurons were obtained with the
perforated patch technique using Amphotericin B.
Current-clamp recordings were performed at room tem-
perature with a PC-505B patch-clamp amplifier (Warner
Instruments). Glass coverslips with DRG neurons were
transferred to a chamber mounted on the stage of a Nikon
Ti inverted microscope equipped a Sedat Quad set
(Chroma Technology), a PhotoFluor II metal halide light
source (89 North), a Lambda 10-3 filter wheel system
(Sutter Instruments), and an ORCA-Flash 2.8 camera
(Hamamatsu). Micropipettes were pulled from borosilicate
glass capillary tubes (Warner Instruments) using a PP-81
puller (Narishige). Fire-polished micropipettes with a tip
resistance of 1.5-3 m� were used for current-clamp re-
cordings. The pipette filling solution contained: 145 mM
KCl, 1 mM MgCl2, 0.1 mM CaCl2, 1 mM EGTA, and 10 mM
HEPES; pH 7.2. Amphotericin B was added to the pipette
solution to a final concentration of 120 �g/ml. The extra-
cellular bath solution contained: 138 mM NaCl, 5 mM KCl,
0.5 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES; pH
7.4. After establishing whole-cell configuration in voltage-
clamp mode, the membrane potential was clamped at
�60 mV and the cell capacitance was obtained by read-
ing the value for input capacitance neutralization directly
from the amplifier. To study firing and action potential
properties, the amplifier was switched to current-clamp
mode. Signals were low-pass filtered at 1 kHz (four-pole
Bessel filter) and digitized with a Digidata 1440A (Molec-
ular Devices) at 5 kHz. Command protocols, data acqui-
sition and analysis were controlled by pClamp 10
software (Molecular Devices).

Data analysis
Based on the presence or absence of spontaneous

action potentials during a 5-min period immediately after
achieving whole-cell configuration, sensory neurons were
classified as silent or spontaneously active. The passive
and active electrical properties of DRG neurons were
determined in the current-clamp mode. To determine the
input resistance, I/V relationships were generated by in-
jecting 400-ms current steps from �75 to 50 pA in steps
of 25 pA. The input resistance was calculated from the
slope of I/V relationships. For silent neurons, only those
that had a resting membrane potential more negative than
�40 mV and generated action potentials with a distinct
overshoot higher than 0 mV in response to depolarizing
current injections were studied. The action potential prop-
erties of bladder sensory neurons were examined as pre-
viously described (Gold and Traub, 2004; Dang et al.,
2008). A series of 4-ms rectangular depolarizing current
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pulses of increasing intensity were injected until an action
potential was evoked (Fig. 5C). The following active elec-
trical properties were measured for silent bladder sensory
neurons: resting membrane potential (a), action potential
overshoot above 0 mV (b), action potential duration at 0
mV (c), magnitude of hyperpolarization below the resting
membrane potential (d), action potential threshold (e), and
rheobase (f; Fig. 5C). Action potential rheobase and
threshold are defined as the minimum depolarizing cur-
rent injection necessary to evoke an action potential and
the maximum membrane potential depolarization ob-
tained in the absence of an action potential, respectively.
To examine firing patterns in bladder sensory neurons, a
series of 500-ms depolarizing rectangular current pulses
equivalent to 1, 1.5, 2, 2.5, and 3 times the rheobase were
injected every 4 s, and the voltage responses were re-
corded. To generate stimulus response relationships, the
number of spikes evoked were counted and plotted
against the corresponding injected current (1, 1.5, 2, 2.5,
and 3 times rheobase).

Statistical analysis
Data are expressed as mean � SEM (n), where n equals

the number of independent experiments. Parametric or
nonparametric tests were employed as appropriate; p 	
0.05 was considered statistically significant. Fitting and
statistical comparisons were performed with Clampfit
(Molecular Device), Sigmaplot 12.5 (Systat Software), or
GraphPad 7 (GraphPad Software).

Results
Cldn2-induced cystitis

Cldn2 is highly expressed in leaky epithelia such as the
proximal tubule of the kidney and small intestine, but its
expression is negligible in tight epithelia such as the distal
nephron, colon, and urinary bladder (Zeissig et al., 2007;
Angelow et al., 2008; Yu et al., 2009; Lameris et al., 2013;
Montalbetti et al., 2015). Of significance, Cldn2 expres-
sion is upregulated in the distal colon of patient with
inflammatory bowel disease and in the urinary bladder of
patient with IC (Mankertz and Schulzke, 2007; Zeissig
et al., 2007; Weber et al., 2008; Schulzke et al., 2009;
Sanchez Freire et al., 2010). We previously showed that
the overexpression of Cldn2 in the umbrella cell layer
increases the permeability of the paracellular route toward
cations, triggers an inflammatory process in the bladder
mucosa and lamina propria with lymphocytic infiltration,
and increases voiding frequency (Montalbetti et al., 2015).
In the present study, to induce cystitis, rat urinary blad-
ders were transduced with AdCldn2 using our established
methods (Montalbetti et al., 2015). The urothelium endog-
enously expresses low amounts of Cldn2, which localizes
along the lateral surfaces and at the TJ region of the
umbrella cell layer (Montalbetti et al., 2015). As shown in
Figure 1A,C, in situ transduction of bladders with AdCldn2
results in the overexpression of Cldn2 in the urothelium
that lines the urinary bladder and urethra. The efficiency of
transduction using this protocol was 
95% (Fig. 1A).
Note that the endogenous expression of Cldn2 in the
urothelium is barely detectable under basal conditions

(Montalbetti et al., 2015). In the current study, rats trans-
duced with an AdGFP served as controls (Fig. 1B). Con-
sistent with our previous studies (Montalbetti et al., 2015),
the Tissue electrical resistance (TER) and tissue electrical
potential difference (PD) of bladders transduced with Ad-
Cldn2 were significantly lower than those from rats trans-
duced with AdGFP (Fig. 1D,E). In good agreement with
our published histologic findings (Montalbetti et al., 2015),
tissue water content, a measurement of edema, was sig-
nificantly greater in bladders transduced with AdCldn2
than controls (GFP: 76.4 � 2.0%, n � 6; Cldn2: 82.1 �
1.3%, n � 6; p 	 0.05; Fig. 1F).

Overexpression of Cldn2 in the urothelium induces
mechanical allodynia in the pelvic region

The presence of recurring discomfort and pain in the
bladder and the surrounding pelvic region is a hallmark of
IC/BPS. To determine whether the overexpression of
Cldn2 in the urothelium alters somatic sensitivity in the
pelvic area, we measured 50% mechanical withdrawal
threshold (g) to von Frey filaments in rats transduced with
AdCldn2 or AdGFP. Consistent with the presence of
bladder-derived pain and an IC/BPS phenotype, rats
transduced with AdCldn2 showed hypersensitivity (lower
withdrawal threshold) to von Frey filaments applied to the
pelvic region (Fig. 2A), but not to the hind paw (Fig. 2B).
The 50% withdrawal threshold to mechanical stimuli ap-
plied to the pelvic region was 0.24 � 0.13 g (n � 7) for rats
transduced with AdCldn2 and 2.89 � 1.07 g (n � 7, p 	
0.01) for controls transduced with AdGFP. IC/BPS pa-
tients have a higher prevalence of irritable bowel symp-
toms than the general population (Alagiri et al., 1997;
Howard, 2003; Buffington, 2004). To determine whether
the overexpression of Cldn2 in the urothelium alters bowel
function, we measured fecal pellet output as an index of
intestinal motility (Barone et al., 1990). Significantly, the
number of fecal pellets collected from rats transduced
with AdCldn2 was larger than the number collected from
rats transduced with AdGFP (Fig. 2C). Together, our re-
sults indicate that increased urothelial TJ permeability
reduces the threshold to mechanical stimuli in the lower
abdominal area and adversely alters bowel activity.

Overexpression of Cldn2 in the urothelium activates
nociceptive pathways in spinal cord segments
receiving bladder input

To determine whether increased urothelial TJ permea-
bility activates nociceptive pathways in the spinal cord,
we examined the expression of c-Fos and activation of
ERK1/2 (phosphorylation) in segments receiving bladder
input from rats transduced with AdGFP or AdCldn2. Un-
der physiologic conditions, c-Fos is not expressed in the
spinal cord and ERK1/2 activity is low (Cruz and Cruz,
2007; Gao and Ji, 2009). Previous studies showed that
noxious and mechanical stimulation of the lower urinary
tract markedly increases c-Fos expression in dorsal horn
neurons of the L6-S1 spinal cord (Birder and de Groat,
1992; Cruz et al., 1994; Vizzard, 2000a, 2000b,). To as-
sess the specificity of the antibody and optimize the
immunocytochemical reaction, we examined the expres-
sion of c-Fos in rats infused with 1% acetic acid in saline
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for 2 h. Consistent with previous studies, chemical irrita-
tion of the urinary bladder induced the expression of
c-Fos in the posterior horn of the L6-S1 spinal cord (Fig.
3A), but not L4 (data not shown). c-Fos-positive cells were
distributed as previously described throughout the medial

dorsal horn, dorsal commissure and sacral parasympa-
thetic nucleus (Birder and de Groat, 1992).

Following acute chemical irritation of the lower urinary
tract with acetic acid, c-Fos expression in LS (L6-S1)
spinal cord segments peaks 1–2 h after the initial expo-

Figure 1. Overexpression of Cldn2 in the bladder urothelium induces cystitis. A, Cross-sections of urinary bladder and urethra
harvested from rats transduced with AdCldn2, fixed with paraformaldehyde, and stained with an antibody against Cldn2 (green) and
Rhodamine Phalloidin (red). Note that the expression of Cldn2 is restricted to the umbrella cell layer in the urinary bladder and to the
epithelium in the urethra. B, C, Cross-sections of bladders transduced with AdGFP (A) or AdCldn2 (B), fixed with paraformaldehyde,
and stained with an antibody against Cldn2 (green) and Phalloidin Alexa Fluor 647 for actin (red). Arrows indicate TJs and L indicates
lumen. D, E, Tissue electrical resistance (TER) and tissue electrical potential difference (PD) for urinary bladders transduced with
AdGFP or AdCldn2. Urinary bladders from transduced rats were mounted in Ussing chambers and the electrical properties were
measured as indicated in Materials and Methods. Statistically significant differences between experimental conditions are
indicated as ���p 	 0.001 (n � 6 –9, Mann-Whitney nonparametric test). F, Tissue water content of urinary bladders transduced
with AdGFP or AdCldn2. A statistically significant difference between experimental conditions is indicated as �p 	 0.05 (n � 6,
Mann-Whitney nonparametric test).
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sure, begins to decline at 6 h and returns to basal levels
24 h after exposure (Birder and de Groat, 1992). If in-
creased urothelial permeability causes noxious stimula-
tion of bladder afferents, then c-Fos expression should
increase along with the expression of Cldn2. To determine
the time course of Cldn2 expression in the urothelium
following in situ transduction, we performed Western blot
analysis with urothelial samples collected 6, 12, and 18 h
after transduction. Nontransduced rats serve as controls
for this experiment (time 0). As shown in Figure 3B, the
expression of Cldn2 reaches to a peak 12 h after trans-
duction. Therefore, c-Fos expression in spinal cord seg-
ments receiving afferent input from the pelvic (L6-S1) and
hypogastric (T13-L2) nerves was examined 12 h after
transduction. Consistent with previous studies, c-Fos-
positive cells were distributed in the dorsal horn areas that
receive bladder afferent input: medial dorsal horn, dorsal
commissure, and sacral parasympathetic nucleus (Fig.
3D). The number of c-Fos-positive cells in spinal cord
segments receiving afferent input from the pelvic (L6-S1)
nerve from rats transduced with AdCldn2 was signifi-
cantly larger than in those transduced with AdGFP (Fig.
3E). No statistically significant differences in the number
of c-Fos-positive cells in C4 and T13-L2 spinal cord seg-
ments were observed between rats transduced with
AdGFP and AdCldn2. Unexpectedly, the number of
c-Fos-positive cells in L4 segments was significantly
larger in rats transduced with AdCldn2 than AdGFP (Fig.
3E). These results suggest that increased urothelial per-
meability activates nociceptive pathways in the spinal
cord.

ERK1/2 is rapidly activated (phosphorylated) in the spi-
nal cord dorsal horn following noxious peripheral stimu-
lation and its expression correlates well with pain behavior
assessments in experimental animals (Kato et al., 1995;
Sweatt, 2001; Dai et al., 2002; Ji et al., 2002; Obata et al.,
2004; Corrow and Vizzard, 2009; Gao and Ji, 2009; Liu
et al., 2011; Liu et al., 2012; Sadler et al., 2014; DeBerry
et al., 2015). To determine whether increased urothelial
permeability activates the ERK pathway in spinal cord
segments receiving bladder afferent input, we performed

Western blot analysis of total (ERK) and the phosphory-
lated forms of ERK1/2 (pERK) 24 h after transduction with
AdGFP or AdCldn2 (Fig. 4). Consistent with the notion that
increased urothelial TJ permeability activates nociceptive
pathways, we observed a significant increase in pERK/
ERK ratio in spinal cord segments receiving bladder input
from the hypogastric (TL) and pelvic (LS) nerves of ani-
mals transduced with AdCldn2, when compared with
controls (Fig. 4B). Taken as a whole, our studies show that
reduced urothelial TJ barrier function promotes noxious
stimulation of bladder afferent pathways.

Overexpression of Cldn2 in the urothelium promotes
spontaneous firing of bladder afferent neurons

To determine whether the mechanical allodynia ob-
served in rats overexpressing Cldn2 in the urothelium
results from altered afferent activity, we conducted patch-
clamp studies with acutely isolated bladder sensory neu-
rons harvested from rats transduced with AdGFP or
AdCldn2. To label bladder afferents, DiI was injected into
the bladder wall. The dye is transported in a retrograde
fashion and reaches somas in LS (L6-S2) and TL (T13-L2)
DRG one to two weeks after injection. Figure 5A shows
DIC and epifluorescence micrographs from a lumbar 1
(L1) DRG harvested from a rat injected with DiI into the
bladder wall. Bright-field and epifluorescence micro-
graphs of acutely isolated LS (L6-S2) DRG neurons from a
rat injected with DiI are shown in Figure 5B. The activity
and electrical properties of acutely isolated bladder sen-
sory neurons were examined with the perforated patch-
clamp technique in the current-clamp mode (Fig. 5C). The
amphotericin B-perforated patch-clamp technique has
the advantage of maintaining the cytosolic composition
without altering endogenous levels of Ca2� and signaling
molecules. Previous patch-clamp studies performed with
retrogradely labeled bladder neurons described two gen-
eral populations, one with tetrodotoxin-resistant (TTX-R)
action potentials and another with TTX-sensitive (TTX-S)
action potentials (Yoshimura et al., 1996). The population
of neurons with TTX-R action potentials is sensitive to
capsaicin and is likely to be of C-fiber origin (Yoshimura

Figure 2. Overexpression of Cldn2 in the urothelium induces pelvic mechanical allodynia and organ cross-sensitization. A, B,
Urothelial overexpression of Cldn2 reduces the threshold to mechanical stimuli applied to the pelvic area. Mechanical allodynia on the
lower abdominal area close to the urinary bladder (A) and on the plantar surface of the hind paw (B) was evaluated with von Frey
filaments in rats transduced with AdGFP or AdCldn2. 50% mechanical withdrawal threshold (g) was estimated with von Frey filaments
applied in an up-down testing paradigm as previously described (Chaplan et al., 1994). Statistically significant difference between
experimental conditions is indicated as ��p 	 0.01 (n � 7, Mann-Whitney nonparametric test). C, Urothelial overexpression of Cldn2
sensitizes colon afferents. Number of fecal pellets in a 4 h period in rats transduced with AdGFP or AdCldn2. Statistically significant
difference between experimental conditions is indicated as ��p 	 0.01 (n � 7, Mann-Whitney nonparametric test).
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and de Groat, 1999). Most A� fiber afferent neurons ex-
hibit TTX-S action potentials and are insensitive to cap-
saicin (de Groat and Yoshimura, 2009). In the present
study, we classified the action potentials of bladder sen-
sory neurons as TTX-S or TTX-R. Representative record-
ings of bladder sensory neurons with TTX-S and TTX-R
action potentials are shown in Figure 5D,E. In controls

(AdGFP-transduced) rats, a similar proportion of LS (61%,
36/59) and TL (55%, 29/53) bladder sensory neurons
exhibited TTX-R action potentials (Fig. 6A). The whole-cell
membrane capacitance of the neurons harvested from
rats transduced with AdGFP with TTX-R action potentials
was similar to the neurons with TTX-S action potentials
(Tables 1, 2). Whereas bladder afferent neurons harvested

Figure 3. Overexpression of Cldn2 in the urothelium increases the number of c-Fos-immunoreactive cells in spinal cord segments
receiving bladder input. A, Micrography of an L6-S1 spinal cord section from a rat infused with 1% acetic acid for 2 h showing the
distribution of c-Fos-positive neurons in the dorsal horn (DH). Immunoreactive neurons were distributed throughout the medial DH,
dorsal commissure, and sacral parasympathetic nucleus. Arrows indicate areas with c-Fos-positive cells. B, Time course of
expression of Cldn2 following in situ transduction with AdCldn2. Urothelial samples were collected 6, 12, and 18 h after in situ
transduction. Nontransduced rats served as controls for this experiment (time 0 h). Whole-cell lysates were subjected to immunoblot
with an anti-Cldn2 antibody or an anti-actin antibody. C, Micrography of an L6-S1 spinal cord section from a rat transduced with
AdGFP. D, Micrography of an L6-S1 spinal cord section from a rat transduced with AdCldn2. Arrows indicate areas with
c-Fos-positive cells. c-Fos-positive cells were distributed throughout the medial DH, dorsal commissure, and sacral parasympathetic
nucleus. E, Number of c-Fos-positive neurons per section in spinal cord segments from rats transduced with AdGFP and AdCldn2.
Statistically significant differences between experimental conditions are indicated as �p 	 0.05 and ��p 	 0.01 (n � 7, Mann-Whitney
nonparametric test).
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from rats transduced with AdGFP were electrically silent
(LS, 0/59; TL, 0/53), �30% (LS, 20/67; TL, 15/54) of the
bladder afferents from rats transduced with AdCldn2 ex-
hibited spontaneous action potentials (Fig. 6A). Of the LS
bladder sensory neurons with spontaneous activity, 50%
(10/20) exhibited TTX-S action potentials (Fig. 6A). Among
the TL bladder sensory neurons with spontaneous activ-
ity, the majority exhibited TTX-S action potentials (11 of
15). The whole-cell membrane capacitance of bladder
sensory neurons harvested from rats transduced with
AdCldn2 with spontaneous activity (32.8 � 2.1 pF, n � 33)
did not differ from that of silent neurons (30.0 � 1.1 pF,
n � 85, p � 0.24, unpaired t test with Welch’s correction).
For the most part, whole-cell membrane capacitance and
input resistance of silent bladder sensory neurons har-
vested from rats transduced with GFP were of similar

magnitude to those from neurons harvested from rats
transduced with Cldn2 (Tables 1, 2). In contrast to the
overall increase in cell size reported in sensory neurons
from rats treated with cyclosphosphamide (Yoshimura
and de Groat, 1999; Dang et al., 2013), our results indicate
that increased urothelial TJ barrier permeability does not
alter the cell size distribution of the bladder sensory neu-
rons. Spontaneously active neurons exhibited lower rest-
ing membrane potentials than silent neurons and irregular
membrane potential oscillations (Fig. 6C,D). The mem-
brane potential mean and oscillation amplitude for the LS
bladder sensory neurons with spontaneous activity were
�43.2 � 1.9 mV (Fig. 6C) and 9.4 � 0.7 mV (data not
shown), and for the TL bladder sensory neurons with
spontaneous activity were �46.7 � 2.0 mV (Fig. 6D) and
9.8 � 1.0 mV (data not shown), respectively.

Figure 4. Overexpression of Cldn2 in the urothelium activates ERK in spinal cord segments receiving bladder input. A, Representative
Western blotting of total (ERK) and phosphorylated (pERK) forms of ERK1/2 in spinal cord segments receiving pelvic (LS) and
hypogastric (TL) nerve afferents from rats transduced with AdGFP or AdCldn2. B, Analysis of pERK/ERK ratio in LS and TL segments
of rats transduced with AdGFP or AdCldn2. Statistically significant differences between experimental conditions are indicated as
�p 	 0.05 and ��p 	 0.01 (n � 10–11, Mann-Whitney nonparametric test).
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Overexpression of Cldn2 in the urothelium sensitizes
TTX-S bladder sensory neurons

To assess whether the overexpression of Cldn2 in the
urothelium alters the excitability of bladder afferents, we
examined the passive and active electrical properties of
silent bladder sensory neurons harvested from rats trans-
duced with AdGFP or AdCldn2. Consistent with previous
studies (Yoshimura et al., 1996), bladder afferent neurons
with TTX-R action potentials harvested from rats trans-
duced with AdGFP (control) exhibited action potentials
with higher threshold than the counterparts with TTX-S
action potentials (Tables 1, 2). The overexpression of
Cldn2 in the urothelium did not change the active or
passive membrane properties of LS or TL bladder sensory
neurons with TTX-R action potentials (Tables 1, 2). How-
ever, LS neurons with TTX-S action potentials from rats
transduced with AdCldn2 have lower resting membrane
potential, action potential threshold and rheobase than
counterparts from rats transduced with AdGFP (Table 1).
Similarly, we observed lower action potential threshold
and action potential overshoot in TL sensory neurons with
TTX-S action potentials harvested from rats transduced
with AdCldn2 than control counterparts (Table 2). Taken
together, our results indicate that increased urothelial TJ
barrier permeability alters the passive and active electrical
properties of the bladder sensory neurons with TTX-S
action potentials. Because hypogastric and pelvic affer-
ents mediate divergent functions (Dang et al., 2008), it is
not surprising that increased urothelial TJ barrier perme-

ability affects different passive and active electrical prop-
erties in LS and TL bladder sensory neurons.

Finally, to examine the excitability of LS bladder sen-
sory neurons in response to electrical stimulation, we
injected suprathreshold current pulses equivalent to 1,
1.5, 2, 2.5, and 3 times the rheobase for 500 ms with 4-s
intervals. Consistent with previous studies (Yoshimura
and de Groat, 1999; Yoshimura et al., 2003; Dang et al.,
2008), sensory neurons harvested from rats transduced
with AdGFP exhibited a phasic pattern of action potential
firing in response to suprathreshold stimuli (Fig. 7A,B). No
significant differences in the firing were observed among
TTX-R neurons harvested from rats transduced with Ad-
Cldn2 or AdGFP (Fig. 7C, LS, D, TL). However, suprath-
reshold stimuli evoked a significantly greater number of
spikes in bladder sensory neurons with TTX-S action
potentials from rats transduced with AdCldn2 than in
control counterparts (Fig. 7). Taken together, our studies
indicate that increased TJ permeability sensitizes bladder
sensory neurons with TTX-S action potentials, and that
this process contributes to the bladder hyperreflexia and
pelvic pain observed in rats transduced with AdCldn2.

Discussion
Urothelial barrier function depends on the presence of

high resistance TJs (Khandelwal et al., 2009), which not only
regulate paracellular permeability, but may also play a role in
the sensory function of the urothelium (Carattino et al.,
2013). despite the prevalence of IC/BPS (
4,000,000 af-
fected individuals in the United States), its etiology remains

Figure 5. Analysis of electrical properties of bladder sensory neurons. DRGs were harvested from rats injected with DiI into the
bladder wall. A, DIC and epifluorescence micrographies captured from a cryosection of a paraformaldehyde fixed DRG (L1). B, Bright
field and epifluorescence micrographies of acutely isolated LS (L6-S2) DRG neurons captured during a patch-clamp experiment.
C, Analysis of passive and active action potential properties. Representative voltage trace registered in the current-clamp mode with
the perforated patch-clamp technique from a Dil-labeled bladder sensory neuron. Action potentials were evoked by 4-ms depolarizing
current pulses through the recording electrode. The current injection protocol is shown beneath voltage trace. Letters refer to
properties of the action potential examined. a, resting membrane potential; b, action potential overshoot (above 0 mV); c, action
potential duration at 0 mV; d, magnitude of after hyperpolarization (AHP) below resting membrane potential (in mV); e, action potential
threshold, which is defined as the greatest membrane potential (mV) achieved in response to a current pulse that does not trigger an
action potential; f, rheobase, which is defined as the smallest amount of depolarizing current (pA) required to trigger an action
potential. D, E, Classification of DiI-labeled bladder neurons on the basis of the sensitivity of the action potential to TTX.
Representative tracing of DiI-labeled bladder neurons with TTX-R (D) and TTX-S (E) action potentials.
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unknown. Animal models have provided limited insight into
the pathophysiology of this disease, particularly with regard
to the mechanisms that drive pelvic pain in IC/BPS patients.
Most of the models of IC/BPS test the impact of extrinsic
factors and insults but do not explore intrinsic defects that
are known to be associated with IC/BPS (e.g., increased
expression of Cldn2 message). Although irritants and im-
mune stimulants increase urinary frequency, they fail to re-
produce the localized abdominal pain present in IC/BPS
patients (Lai et al., 2014). For instance, mice treated with the
alkylating agent cyclophosphamide present generalized in-

creased sensitivity to mechanical stimuli (Studeny et al.,
2008; May and Vizzard, 2010). Likewise, models of experi-
mental autoimmune cystitis exhibit increased pain response
to noxious stimulation in the pelvic area as well as the hind
paw (Bicer et al., 2015). Consistent with the presence of
bladder-derived pain, rats overexpressing Cldn2 in the
urothelium showed hypersensitivity to von Frey filaments
applied to the pelvic region, but not to the hind paw. The
reduction of the withdrawal threshold to von Frey filaments
observed in rats transduced with AdCldn2 is more likely the
result of noxious stimulation of the afferent pathways. In

Figure 6. Overexpression of Cldn2 in the urothelium induces spontaneous activity in both LS and TL bladder sensory neurons. LS
(L6-S2) and TL (T13-L2) DRGs were harvested from rats 9–13 d after injection of DiI in the bladder wall. The day before DRG collection,
rats were transduced with AdGFP or AdCldn2. DRG neurons were isolated and cultured as indicated in Materials and Methods. Action
potential activity in acutely isolated bladder sensory neurons was examined with the perforated patch-clamp technique. Sensory
neurons were classified on the basis of their origin (LS or TL) and sensitivity of the action potential to 1 �M TTX (TTX-S or TTX-R).
A, Proportion of silent and spontaneously active (SA) LS and TL neurons from rats transduced with AdGFP or AdCldn2. Neither LS
nor TL bladder DRG neurons were spontaneously active in rats transduced with GFP (0/112). Approximately 30% (LS, 20/67 and TL,
15/54) of the neurons harvested from rats transduced with AdCldn2 showed spontaneous activity. Of the bladder neurons with
spontaneous activity harvested from rats transduced with AdCldn2, 15% (10/67) of the LS sensory neurons exhibited TTX-S action
potentials, while 20% (11/54) of the TL sensory neurons exhibited TTX-S action potentials. Data were collected from 12 rats
transduced with AdGFP and 12 rats transduced with AdCldn2. B, Representative voltage tracings from bladder sensory neurons
harvested from rats transduced with AdCldn2 with spontaneous TTX-S (upper panel) or TTX-R (lower panel) action potentials.
C, Resting membrane potential of LS bladder sensory neurons. Statistically significant differences between neurons with spontaneous
action potentials and their TTX-S or TTX-R silent counterparts are indicated as �p 	 0.05 and �p 	 0.001 (n � 10–36, Kruskal-Wallis
test followed Dunn’s multiple comparisons test). D, Resting membrane potential of TL bladder sensory neurons. Statistically
significant differences between neurons with spontaneous action potentials and their TTX-S or TTX-R silent counterparts are indicated
as ��p 	 0.01 and �p 	 0.001 (n � 4–29, Kruskal-Wallis test followed Dunn’s multiple comparisons test).
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support of this notion, we noticed an increase in the expres-
sion of c-Fos and activation of ERK1/2 in spinal cord seg-
ments receiving bladder input. Unexpectedly, c-Fos
expression was increased in L4 segments of rats transduced
with AdCldn2 when compared with controls. Since bladder
afferents from the urinary bladder project to discrete regions
of the L6-S1 and T13-L2 spinal cord (Yoshimura and Chan-
cellor, 2003; de Groat and Yoshimura, 2009; de Groat and
Wickens, 2013), we posit that the observed increase in the
expression of c-Fos in L4 segments of rats transduced with
AdCldn2 results from the activation of ascending pathways,
or from biting/scratching behavior as a response to visceral
pain and irritation. Together, our studies indicate that the
model of cystitis induced by the overexpression of Cldn2 in
the urothelium resembles the symptoms and histologic fea-
tures of human IC/BPS, particularly the bladder-derived pel-
vic pain.

Sustained increase in spontaneous afferent activity has
a well-established role in ongoing pain (Djouhri et al.,
2006; Yang et al., 2014) and has been shown to be one of
the immediate events after peripheral nerve damage
(Burchiel et al., 1985; Study and Kral, 1996; Xie et al.,
2005), spinal cord injury (Bedi et al., 2010; Yang et al.,
2014; Bavencoffe et al., 2016), and tissue inflammation
(Koltzenburg et al., 1999; Djouhri et al., 2006; Xiao and
Bennett, 2007). Spontaneous activity of primary sensory
neurons can induce and maintain central sensitization (Ji
and Woolf, 2001; Xie et al., 2005), while pharmacological
blockade of spontaneous afferent activity immediately

after peripheral nerve injury has been shown to perma-
nently reduce or eliminate spontaneous pain, thermal and
mechanical hyperalgesia (Xiao and Bennett, 1995; Lyu
et al., 2000; Chaplan et al., 2003; Xie et al., 2005). Dang
and colleagues reported that 35% of the LS and 45% of
the TL bladder sensory neurons from rats treated chron-
ically with cyclophosphamide, but not controls, exhibit
spontaneous activity (Dang et al., 2008). Our studies
shown that �30% of LS and TL bladder sensory neurons
harvested from rats transduced with AdCldn2, but not
with AdGFP, exhibit spontaneous activity. We found that
bladder sensory neurons with TTX-S action potentials
harvested from animals transduced with AdCldn2 exhib-
ited increased response to suprathreshold stimulation as
well as marked differences with respect to the passive
and active electrical properties, when compared with neu-
rons harvested from rats transduced with AdGFP. To-
gether, these results support the notion that in the face of
a leaky urothelium, spontaneous activity and sensitization
of afferents causes bladder hyperreflexia and drives pel-
vic pain.

The urine contains large amounts of small solutes, such
as K� (120–475 mM) and NH4

� (10.4–56.2 mM; Shevock
et al., 1993), that can potentially permeate through the TJs
and alter neuronal excitability and activity. Because over-
expression of Cldn2 increases the permeability of the
urothelium to small ions, without altering the barrier to
large organic molecules (Montalbetti et al., 2015), we posit
that afferent sensitization is prompted by urinary solutes

Table 1. Passive and active electrical properties of LS bladder sensory neurons from rats transduced with AdGFP or AdCldn2

GFP Cldn2
TTX-S TTX-R TTX-S TTX-R

Number of cells
RMP (mV)

n � 23
�64.8 � 1.1

n � 36
�63.6 � 0.9

n � 18
�57.9 � 1.6��

n � 29
�62.1 � 1.1

Cm (pF) 30.8 � 2.6 29.7 � 1.8 30.1 � 2.5 29.1 � 1.3
RIn (G�) 0.88 � 0.08 1.15 � 0.09 0.83 � 0.10 1.04 � 0.08
AP threshold (mV) �29.1 � 0.7 �22.2 � 0.5 �34.2 � 0.7��� �23.8 � 0.8
AP duration (ms) 3.5 � 0.2 6.3 � 0.4 4.1 � 0.5 5.9 � 0.7
AP overshoot (mV) 32.0 � 2.8 38.0 � 2.7 30.5 � 3.7 40.0 � 2.5
Rheobase (pA) 300 � 45 393 � 34 159 � 38� 361 � 45
AHP mag (mV) �10.8 � 1.2 �10.1 � 0.8 �12.1 � 1.6 �10.3 � 0.6

Values are means � SEM. Statistically significant differences compared with control (GFP) are indicated as �p 	 0.05, ��p 	 0.01, and ���p 	 0.001 (un-
paired t test with Welch’s correction). RMP, resting membrane potential; Cm, membrane capacitance; RIn, input resistance; AP, action potential; AHP mag,
magnitude of hyperpolarization below the resting membrane potential.

Table 2. Passive and active electrical properties of TL bladder sensory neurons from rats transduced with AdGFP or AdCldn2

GFP Cldn2
TTX-S TTX-R TTX-S TTX-R

Number of cells
RMP (mV)

n � 24
�60.6 � 1.6

n � 29
�59.6 � 1.2

n � 13
�59.5 � 2.9

n � 26
�62.5 � 1.2

Cm (pF) 35.3 � 2.7 32.5 � 1.9 37.2 � 3.8 26.7 � 2.1�

RIn (G�) 0.65 � 0.10 0.81 � 0.10 0.67 � 0.08 1.00 � 0.09
AP threshold (mV) �26.6 � 0.8 �20.4 � 0.9 �31.3 � 0.7��� �21.1 � 0.5
AP duration (ms) 3.3 � 0.3 4.3 � 0.3 3.6 � 0.4 3.6 � 0.3
AP overshoot (mV) 34.5 � 2.8 33.1 � 2.3 24.2 � 2.5�� 35.0 � 1.9
Rheobase (pA) 500 � 90 393 � 55 384 � 82 511 � 52
AHP mag (mV) �14.3 � 1.6 �13.5 � 1.6 �11.6 � 1.4 �13.6 � 2.1

Values are means � SEM. Statistically significant differences compared with control (GFP) are indicated as �p 	 0.05, ��p 	 0.01, and ���p 	 0.001 (un-
paired t test with Welch’s correction). RMP, resting membrane potential; Cm, membrane capacitance; RIn, input resistance; AP, action potential; AHP mag,
magnitude of hyperpolarization below the resting membrane potential.

New Research 13 of 18

May/June 2017, 4(3) e0381-16.2017 eNeuro.org



that diffuse through TJs and accumulate in the bladder
interstitium. Since even small changes in extracellular [K�]
can exert profound effects on neuronal excitability,
smooth muscle function, and inflammatory cell activation
(Hodgkin and Horowicz, 1959; Czéh et al., 1981; Sykova,
1981; Renaud and Light, 1992; Overgaard et al., 1999;
Levite et al., 2000; Matkó, 2003; Allen et al., 2008;
Medford-Davis and Rafique, 2014), we speculate that
urinary K� contributes to the bladder hyperreflexia and
pain observed in rats transduced with Cldn2. Although the
overexpression of Cldn2 in umbrella cells does not affect
the structural integrity of the umbrella cell layer, it gener-

ates an inflammatory response in the urinary bladder
characterized by the presence of a lymphocytic infiltrate
and edema (Montalbetti et al., 2015). Consequently, we
cannot rule out that the inflammatory process triggered by
the overexpression of Cldn2 in the urothelium contributes
to some degree to the sensitization of bladder afferents.

The general consensus is that normal micturition de-
pends on mechanosensitive A� fiber afferents that re-
spond to bladder distention in the physiologic range
(Fowler et al., 2008; de Groat and Yoshimura, 2009). The
role of C fibers on bladder function is less clear. Initial
reports indicate that bladder C fibers have high thresholds

Figure 7. Overexpression of Cldn2 in the urothelium sensitizes LS and TL bladder sensory neurons with TTX-S action potentials.
LS (L6-S2) and TL (T13-L2) DRGs were harvested from rats transduced with AdGFP or AdCldn2. The response of sensory
neurons to suprathreshold stimulation was examined with the perforated patch-clamp technique. A, B, Representative tracings
of action potential firing pattern in response to suprathreshold stimulation for LS (A) and TL (B) bladder DRG neurons with TTX-S
action potentials. Action potentials were evoked by the injection of 500-ms depolarizing current pulses [1, 1.5, 2, 2.5, and 3 times
(X) the rheobase] through the patch pipette. Current pulse protocols are shown at the bottom of the panels. C, D, Stimulus
response relationships for LS (C) and TL (D) bladder sensory neurons. Action potentials were evoked by the injection of
depolarizing current pulses as indicated above. The number of spikes evoked in response to stimuli of increased intensity for
each neuron were computed. Sensory neurons were classified on the basis of their origin and the sensitivity of the action
potential to 1 �M TTX. Statistically significant differences between neurons with TTX-S action potentials from rats transduced
with AdCldn2 and control TTX-S counterparts are indicated as, �p 	 0.05, ��p 	 0.01, and ���p 	 0.001 (n � 15–36,
Mann-Whitney nonparametric test).
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and respond to bladder distention only at elevated pres-
sure (Jänig and Morrison, 1986; Bahns et al., 1987; Häbler
et al., 1993). However, this notion was challenged by
reports describing a subpopulation of bladder C fiber
afferents that respond to bladder distention in the physi-
ologic range of pressures (Floyd et al., 1976; Bahns et al.,
1986; Sengupta and Gebhart, 1994; Wen and Morrison,
1995; Dmitrieva and McMahon, 1996). As with other af-
ferents innervating hollow organ structures, a key feature
of bladder afferent neurons is that they become sensitized
after organ insult and in chronic pathologic conditions
such as tissue inflammation or irritation (Dang et al., 2008;
Dang et al., 2013; Yoshimura et al., 2014). Previous stud-
ies showed that chronic cyclophosphamide administra-
tion sensitizes mainly fibers of C origin (Maggi et al., 1992;
Yoshimura and de Groat, 1999; Yoshimura et al., 2002;
Hayashi et al., 2009). In contrast, our studies indicate that
the overexpression of Cldn2 in the urothelium increases
the excitability of bladder afferent with TTX-S action po-
tential, which are considered of A� origin (Yoshimura and
de Groat, 1999). We posit that this discrepancy reflects
differences in the underlying mechanisms that lead to
cystitis in rats treated with cyclophosphamide and those
overexpressing Cldn2. We cannot rule out that during the
course of experimental cystitis different afferent pathways
are sensitized at early and late time points.

Several lines of research support the notion that A�
bladder afferents contribute to lower urinary tract symp-
toms and pain in IC/BPS patients and cats with feline IC,
a naturally occurring form of IC that presents with reduced
urothelial barrier function. For instance, A� bladder affer-
ents from cats with feline IC show greater sensitivity to
pressure than those from normal cats (Roppolo et al.,
2005). Moreover, clinical studies showed that capsaicin
and resiniferatoxin, two substances that target C fibers,
are ineffective in the treatment of IC/BPS symptoms (Guo
et al., 2013; Foster and Lake, 2014). The present results
indicate that increased urothelial TJ permeability aug-
ments the electrical excitability of bladder sensory neu-
rons primarily of A� origin, which promotes voiding at low
filling volumes and lowers pelvic pain threshold to me-
chanical stimuli. In summary, our manuscript presents
critical new insights into the mechanisms by which
urothelial TJ barrier dysfunction causes bladder hyperre-
flexia and pain, providing a rational foundation to treat
IC/BPS.
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