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Abstract
Interstitial cystitis (IC) is a painful disorder which affects urinary bladder function in cats and humans.
We have used patch clamp techniques to examine the possibility that the properties of primary
afferent neurons are changed in feline interstitial cystitis (FIC). We measured transient receptor
potential vanilloid receptor 1 (TRPV1) responses to capsaicin (CAPS) in dorsal root ganglion (DRG)
neurons (L4-S3) from normal cats and cats with FIC. We show that FIC neurons are increased in
size and exhibit CAPS responses which are increased in amplitude and desensitize slowly. CAPS
responses desensitized seven times slower in FIC neurons. Phorbol 12,13-dibutyrate (PDBu), an
activator of PKC, slowed the desensitization of CAPS responses in normal cat bladder and non-
bladder neurons, but had no effect in FIC neurons. Bisindolylmaleimide, an inhibitor of PKC,
reversed the PDBu effects in normal cat neurons and normalized the desensitization of CAPS
responses in FIC neurons. Our data suggest that FIC afferent neurons exhibit abnormal CAPS
responses. The latter may be due to enhanced endogenous activities of PKC.
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Interstitial cystitis (IC) is a chronic pelvic pain syndrome of humans [2,8,14]. A comparable
disorder, feline interstitial cystitis (FIC), has been identified in domestic cats[3,4]. Previous
studies revealed an increased density of peptidergic afferent nerves in the bladders of FIC cats
suggesting that an abnormality of afferent pathways might contribute to the disorder [5,12].

Bladder pain and hyperactivity can be induced by activation of capsaicin (CAPS)-sensitive,
unmyelinated (C-type) afferent nerves [7,18,20]. Intravesical administration of CAPS induces
bladder pain; whereas desensitization of C-fiber bladder afferents with intravesical
administration of resiniferatoxin, an ultrapotent CAPS analog, has been reported to reduce
bladder overactivity [18]. The CAPS sensitivity of C-fiber afferent nerves is conferred by the
presence of a temperature-acid sensing receptor called the transient receptor potential vanilloid
receptor 1 (TRPV1)[6,10]. Protein kinase C phosphorylation of TRPV1 has been reported to
sensitize the response of this receptor to agonists [1,22]. Here, we investigated the properties
of primary afferent neurons in lumbo-sacral dorsal root ganglia (DRG) from normal cats and
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cats with FIC [19]. We show that the neurons from FIC cats are increased in size and exhibit
slowly desensitizing CAPS-induced currents related to increased PKC phosphorylation of
TRPV1. We conclude that abnormal TRPV1 responses of afferent neurons may contribute to
bladder pain in FIC.

To identify FIC in cats, we utilized criteria as previously described [4]. Cells were isolated
from L4-S3 DRG of cats using methods previously described for primary cultures of DRG
neurons of adult rat [15]. In some experiments, the population of DRG neurons that innervate
the urinary bladder was labeled by retrograde axonal transport of a fluorescent dye, fast blue
(FB, 4% w/v, Polyloy, Gross Umstadt, Germany [21]). In these experiments, dye-labeled
primary afferent neurons were identified using an inverted phase-contrast microscope (Nikon,
Tokyo, Japan) with fluorescent attachments (UV-1A filter; excitation wavelength, 365 nm).

Gigaohm-seal whole-cell recordings of CAPS-currents were recorded in DRG neurons of
normal adult and FIC cats after 2-5 days in culture using whole-cell patch clamp techniques.
Processes which appear after 5 days in culture may significantly contribute to a slowly decaying
membrane capacitance component (Cm). Neurons from cultures older than 5 days in which
slowly decaying component become significant were excluded in our analysis. Patch pipettes
were pulled from capillary glass tubes (Accufil 90, Clay-Adams) and fire polished.
Immediately before recording, the serum containing media was replaced with phosphate
buffered saline. Whole-cell currents were voltage clamped using an Axopatch 200 A (Axon
Instruments, Foster City, California) amplifier. Pulse generation, current recording and data
analysis used pClamp software (Axon Instruments). Currents were sampled at 500 μs, and
filtered at 2 kHz. Capacitive currents and up to 80% of the series resistance were compensated.
The decay of TRPV1 currents in response to CAPS and after addition of PDBu or BIM in the
presence of CAPS was fitted with single exponentials using pClamp software regression
analysis.

The extracellular solution was Dulbecco phosphate buffer (Sigma). The pipette (intracellular)
solution contained (mM): KCl, 120; K2HPO4, 10; NaCl, 10; MgCl2, 2; EGTA, 1; HEPES, 10;
pH adjusted to 7.4 with HCl. To this solution, Mg-ATP (3 mM), cAMP (0.3 mM) and tris-GTP
(0.5 mM) were added just prior to the experiments. Capsaicin (Calbiochem), a TRPV1
antagonist (Neurogen), the phorbol ester, phorbol 12,13-dibutyrate (Research Biochemicals),
and the PKC inhibitor bisindolylmaleimide I HCl (Calbiochem) were dissolved in DMSO (100
mM) and used at less than 0.01% of their stock concentration. At these dilutions, DMSO alone
had no effect on TRPV1 responses to CAPS. Stock solutions in 10-100 mM were stored at
-20°C and diluted in the external recording solution just before experiments. The TRPV1
antagonist (diaryl piperazine, NDT9515223, patent no. NO 02/08221) which was a gift from
Neurogen (Connecticut) was shown previously to be a potent and selective TRPV1 inhibitor
(Ki = 6 nM for H+ inhibition and 35 nM for CAPS response inhibition [16]). Extracellularly
applied drugs were pipetted from stock solutions at 10-100 times the final concentration and
rapidly mixed in the recording chamber as described previously [15]. Results are reported as
mean ± S.E.M. Statistical analysis used t-test, two-tail, and unequal variance. Data were
considered to be statistically different if P < 0.05.

Experiments were conducted in lumbosacral DRG neurons (L4-S3) from 11 normal (n = 81
cells) and 9 FIC cats (n = 86 cells). Only cells that were responsive to capsaicin (CAPS) were
analyzed here. Of these, 13 normal cells (3 cats) and 11 FIC cells (5 cats) were bladder neurons
retrogradely labeled with FB. Since our initial experiments suggested that TRPV1 responses
were similarly changed in labeled and unlabelled FIC neurons from the same cats we
subsequently conducted all our studies in unlabeled neurons. CAPS-sensitive neurons from
FIC cats, were on the average 28% larger that those from normal cats as determined by
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membrane capacitance measurements (P < 0.05, 57±5 pF, n = 24, in normal cat neurons; 73 ±
3 pF in FIC cat neurons).

CAPS has been reported to have a half maximal effect at concentrations between 0.5 and 0.75
μM [17]. Application of CAPS at a submaximal concentration (0.5 μM) induced an inward
current (50 pA to 3.7 nA in amplitude) in 25 of 41 normal DRG neurons (61%), and 24 of 43
FIC neurons (56%,Fig. 1). The average peak of the CAPS-currents normalized to membrane
capacitances were 2.2 larger in FIC neurons (16 ± 2 pA/pF in 22 FIC neurons versus 7.3 0.8
pA/pF in 16 normal cat neurons, P < 0.05). In normal neurons± during prolonged application
of CAPS (1-5 min), the currents declined with time due to desensitization (Fig. 1A and B,
dotted trace). CAPS responses in FIC cells activated more slowly and desensitized 7.9-fold
more slowly than those in normal neurons (Fig. 1B, slower trace, FIC).

Because protein kinase C (PKC) has been implicated in the modulation of TRPV1
desensitization [9,13,22], we evaluated the role of PKC in the changes in TRPV1 currents in
FIC neurons. We examined the interactions between CAPS and agents that activate or inhibit
PKC (phorbol 12,13-dibutyrate, PDBu; bisindolylmaleimide, BIM) or inhibit phosphatases (±-
naphthyl acid phosphate). In normal neurons (n = 6) and FIC neurons (n = 5) application of
PDBu alone had no measurable effects (not shown). However, PDBu (0.5 μM), applied prior
to (n = 6, not shown) or together with CAPS (n =8, Fig. 1A) slowed the onset and slowed the
desensitization of the CAPS-induced currents (Fig. 1A and C) in normal neurons and increased
the current amplitudes (9 ± 4 pA/pF in untreated neurons, versus 22 ± 11 pA/pF in PDBu treated
neurons). The PDBu modulated CAPS-currents were similar in time course to CAPS-activated
currents seen in FIC neurons in absence of PDBu (Fig. 1B and D). In normal neurons, PDBu
also enhanced the partially desensitized CAPS responses (n = 16, Fig. 1C). These PDBu
modulated, CAPS-activated currents in normal neurons were further increased in amplitude
(50-200%) by α-naphthyl acid phosphate (5 μM, a non-selective phosphatase inhibitor, Fig.
1C). In FIC neurons, PDBu (0.5 μM) slowed the desensitization of CAPS responses in FIC
neurons from 358 ± 22 s (n = 22) to 515 ± 83 s (n =8, P = 0.07) without changing current
amplitudes (Fig. 1D). This suggests that, in FIC neurons, TRPV1 currents were nearly
maximally phosphorylated by PKC. Consistent with this idea, BIM (0.5 μM) accelerated the
desensitization of CAPS-activated currents in normal neurons after PDBu (5 μM, Fig. 2A, n
= 5) and led to more rapidly desensitizing currents in FIC neurons after CAPS alone (Fig. 2B,
n = 7).

The desensitization measured as the time constant of single exponential decay of CAPS-
activated currents in FIC neurons after BIM (65 ± 18 s, n =8, Fig. 2D), were comparable to
those seen in normal neurons after CAPS alone (46 ± 7s, n = 16, P = 0.16, Fig. 2C). The time
constant of single expo-± nential fit to the decay of the CAPS-activated currents (τ) for FB-
labeled bladder neurons was 263±97 s (n = 6) in neurons from FIC cats and 34 ± 11 s (n =6,
±P < 0.001) in bladder neurons from normal cats. The time constants for the pooled data in
bladder and unlabeled neurons, some of which presumably innervate other visceral and somatic
structures, were similarly increased: 358 ± 55 s in FIC (n = 22,Fig. 2D), and 46 ± 7 s in normal
neurons (n = 16, Fig. 2C, P < 0.001), suggesting that the change in the CAPS response affected
both bladder neurons and non-bladder neurons in cats with FIC.

This study, demonstrated decreased desensitization of vanilloid receptor TRPV1 responses in
bladder and unidentified L4-S3 DRG neurons from cats with FIC. The results also indicate
that the changes in TRPV1 currents are related to an alteration in PKC-induced phosphorylation
of the TRPV1 channel. These findings raise the possibility that the bladder dysfunctions in FIC
cats are mediated in part by increased sensitivity of nociceptors in the bladder wall. Our data
indicate that the slow desensitization of TRPV1 in FIC neurons is a consequence of increased
PKC mediated phosphorylation of the channels. This could be due to an increase in the basally
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active PKC [22]. This conclusion is based on three observations; first, activation of PKC with
PDBu which slows the desensitization of TRPV1 responses to CAPS in normal neurons had
no significant effect in FIC neurons (Fig. 1). Secondly, inhibition of PKC with
bisindolylmaleimide returned the desensitization rates in FIC neurons to rates comparable to
the response to CAPS alone in normal neurons (Fig. 2). Thirdly, the densities of CAPS-
activated currents in FIC neurons were twice as large as in normal neurons, consistent with the
observation that phosphorylation of TRPV1 by PKC increases CAPS responses in normal
neurons (Fig. 1C). Although the mechanism responsible for enhanced basal activity of PKC
in FIC is uncertain, the PKC phosphorylation of TRPV1 is likely to have a number of
physiological effects, including sensitization of responses to CAPS [1,17,23], heat [17], and
protons [17]. Enhanced TRPV1 activity could lead to increased firing of afferent nerves and
also increased release of neuropeptides in the bladder wall. It is tempting to speculate that
enhanced release of substance P from afferent terminals may account for the plasma
extravasation seen in FIC bladders [5]. Substance P is also known to stimulate receptors on
afferent neurons to activate PKC which in turn enhances Ca2+ channel currents [15] and may,
therefore, also enhance TRPV1 [17]. Therefore, the increased TRPV1 activity in FIC neurons
may act to trigger a neurokinin mediated autofeedback mechanism to exacerbate and maintain
the electrophysiological abnormalities in FIC neurons.

The sensitization of TRPV1 responses by PKC phosphorylation has been reported to enhance
the firing in DRG neurons induced by CAPS [23] and enhance the membrane translocation of
TRPV1 receptors in nerve terminals [11]. It would be tempting to speculate that the activation
of TRPV1 by normal body temperature would lead to spontaneous firing in CAPS-sensitive
DRG afferent nerves. The latter, may contribute to enhanced release of other neurotransmitters
and inflammatory mediators from nociceptive neurons. Neuromediators (SP, bradykinin,
prostaglandins) may act synergistically at afferent terminals to maintain high levels of
nociceptive sensitization in FIC neurons. In addition, our observation that non-bladder FIC
neurons exhibit these changes, suggests that the abnormalities in afferent neuron excitability
may occur in DRG neurons innervating structures outside the pelvic cavity. This may explain
the observation that symptoms of interstitial cystitis extend beyond the bladder, affecting other
organs in the body [2,8].
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Fig. 1.
CAPS responses in DRG neurons from normal and FIC cats. (A) Time course of CAPS
response in a neuron from normal cat in response to CAPS alone (0.5 μM, control) and PDBu
(0.5 μM) applied immediately after the onset of CAPS response. (B) Time course of CAPS
response in a neuron from normal cat (normal, thin dotted lines, same trace as control in (A))
and a neuron from an FIC cat in response to CAPS alone (0.5 μM, FIC). (C) Modulation of
CAPS (0.5 μM) response in a normal cat neuron by PDBu (0.5 μM) and α-naphthyl acid
phosphate (αNACP, 5 μM) and after TRPV1 antagonist (5 μM). (D) Slow onset, slowly
desensitizing response to CAPS (0.5 μM) in a neuron from a cat with FIC. PDBu (0.5 μM)
applied after partial desensitization of CAPS response. TRPV1 antagonist inhibited the
partially desensitized current.
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Fig. 2.
CAPS-induced TRPV1 responses in normal cat and FIC neurons. (A) BIM (0.5 μM) reversed
the PDBu (0.5 μM) enhancement of CAPS-current in a normal cat neuron. TRPV1 antagonist
inhibited this current (5 μM). (B) BIM (0.5 μM) enhanced the desensitization rates of the
response to CAPS alone in a FIC neuron. (C) Time constants of desensitization after CAPS
and after CAPS and PDBu in normal cat neurons. (D) Time constants of desensitization after
CAPS, CAPS and PDBu and CAPS and bisindolylmaleimide in FIC neurons. Data in (C) and
(D) are the average current decay time constants fitted by single exponentials for each drug
treatment and S.E.M.;**P < 0.001 relative to CAPS-current in normal neurons.
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