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Purpose: To determine whether responses to serotonin are altered in bladder strips from cats diagnosed with a naturally oc-
curring form of bladder pain syndrome/interstitial cystitis termed feline interstitial cystitis (FIC). 
Methods: Full thickness bladder strips were isolated from aged matched healthy control cats and cats with clinically verified 
FIC. Bladder strips were mounted in an organ bath and connected to a tension transducer to record contractile activity. A se-
rotonin dose response (0.01–10µM) was determined for each strip with the mucosa intact or denuded. 
Results: Bladder strips from control and FIC cats contracted in response to serotonin in a dose-dependent manner. The nor-
malized force of serotonin-evoked contractions was significantly greater in bladder strips from cats with FIC (n=7) than from 
control cats (n=4). Removal of the mucosa significantly decreased serotonin-mediated responses in both control and FIC 
bladder preparations. Furthermore, the contractions in response to serotonin were abolished by 1µM atropine in both control 
and FIC bladder strips. 
Conclusions: The effect of serotonin on contractile force, but not sensitivity, was potentiated in bladder strips from cats with 
FIC, and was dependent upon the presence of the mucosa in control and FIC groups. As atropine inhibited these effects of se-
rotonin, we hypothesize that, serotonin enhances acetylcholine release from the mucosa of FIC cat bladder strips, which could 
account for the increased force generated. In summary, FIC augments the responsiveness of bladder to serotonin, which may 
contribute to the symptoms associated with this chronic condition.
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• HIGHLIGHTS
- �Feline interstitial cystitis increases detrusor contractile response to serotonin.
- �The enhanced serotonin response is dependent upon the presence of the mucosa.
- �Serotonin mediated contractions involves activation of muscarinic receptor pathways.
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INTRODUCTION

Serotonin exerts complex effects on the lower urinary tract 
[1,2]. Serotonin binds to 5-hydroxtrytamine (5-HT) receptors, 
and a variety of 5-HT receptors have been demonstrated in the 
urinary bladder [3-6]. Serotonin has been implicated in cen-
trally mediated control over urinary bladder function in cats, 
where serotonin-containing parasympathetic and sympathetic 
neurons from the lumbosacral cord and Onuf’s nucleus inner-
vate the lower urinary tract. In vivo cystometry studies in cats 
have indicated that within the spinal cord, 5-HT2 receptors 
stimulate urethral sphincter activity, whereas inhibitory effects 
on the bladder are mediated 5-HT1-receptors [1]. Serotonin 
also can affect bladder function peripherally, having been 
shown to induce or facilitate detrusor contractions in isolated 
bladders from various species including humans. The bladder 
mucosa also responds to serotonin [7] and could potentially 
modulate contractile function of the detrusor. However, the 
physiological significance of the peripheral 5-HT receptor ac-
tivity in the urinary bladder has yet to be fully elucidated.  
  Expression of bladder 5-HT receptors has been shown to 
change in pathological conditions such as partial bladder outlet 
obstruction [8] or benign prostatic hyperplasia [9]. Further-
more, 5-HT receptor expression also may be modulated by 
chronic stress. Lonne-Rahm et al. [10] reported an increase in 
epidermal fraction of 5-HT1A receptor and serotonin transport-
er protein immunoreactivity in the involved skin of patients 
with atopic dermatitis during chronic stress. An increase in 
mast cells in the involved skin also was observed, and these cells 
were often located close to the basement membrane. Interest-
ingly, local increases in mast cell numbers has been suggested 
to be a common link among a variety of stress responsive in-
flammatory conditions, such atopic dermatitis, interstitial cysti-
tis (IC) and irritable bowel syndrome, in which mast cells are 
activated without allergic degranulation [11], although the role 
of mast cells in nonulcerative (F)IC has yet to be resolved [12]. 
There also appears to be a correlation between increased 5-HT 
receptor expression and lower cortisol ratios [10], an indicator 
of chronic stress. Low cortisol concentrations also have been 
reported in both human [13] and cats [14] with (F)IC. There-
fore, there is evidence that chronic inflammatory conditions 
such as (F)IC might impact serotonergic signaling.
  Serotonin can directly induce detrusor smooth muscle con-
traction in cat bladders [15]. It has also been demonstrated to 
facilitate presynaptic acetylcholine (ACh) release from cholin-

ergic nerves [16] and potentially affect nonneuronal transmitter 
release [17] in bladders of other animal models. However, the 
effects of feline interstitial cystitis (FIC) on the physiological ef-
fects of serotonin have not been reported to our knowledge. 
The aim of this study was to determine if FIC induces altera-
tions in bladder responses to serotonin.  

MATERIALS AND METHODS

Animals
All cats with FIC were diagnosed at The Ohio State University 
(OSU) Veterinary Teaching Hospital and obtained as donations 
from clients using criteria previously described [18]. Control 
cats were obtained from commercial vendors and determined 
to be healthy and free of disease using to the same diagnostic 
criteria as those applied to cats with FIC. All subjects were 
housed in the OSU animal facility and acclimated for at least 
three months prior to transport to the University of Pittsburgh 
for use in experiments.

Bladder Excision
Urinary bladders were excised from deeply anesthetized (α-chl-
oralose 60–70 mg/kg; 98% O2: 2% isoflurane) cats as previously 
described [19,20]. Briefly, adequate anesthesia was determined 
by testing for absence of withdrawal reflex of the hind paw and 
absence of eye blink reflex to tactile stimulation of the medial 
canthus. After removal of the bladder, cats were euthanized via 
overdose of anesthetic.

Tissue Contractility
Strips approximately 5 mm in width were cut from the dome to 
the neck of bladders obtained from control and FIC cat blad-
ders. Strips were mounted in an organ bath with the outlet 
(neck) end of the strips pinned to the fixed platform. The re-
cording chamber was fabricated from thermally conductive, 
electrically insulating heat-conducting epoxy resin and the 
dome was attached to a tension transducer (WPI, Sarasota, FL, 
USA). Tissues were superfused with Tyrode’s solution with 95% 
O2/5% CO2 and allowed to equilibrate at for at least 30 minutes 
at 37˚C. Serotonin (0.01–10µM) was added to the perfusion 
bath and washed out for 15 to 30 minutes between each inter-
vention with superfusion of Tyrode’s solution. Tension data 
were recorded and analyzed in LabChart 5 (AD Instruments, 
Colorado Springs, CO, USA).  
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Solutions and Chemicals
Tyrode’s solution was composed of the following in mM: NaCl, 
118; NaHCO3, 25; KCl, 4.7; MgCl2.6H2O, 1.2; CaCl2, 1.8; glu-
cose, 14; Na pyruvate, 5.0, gassed with O2/CO2 (95%/5%); pH 
7.4. Serotonin and atropine were added to the Tyrode’s solution 
as aliquots from 10mM stocks (distilled water) made fresh for 
each experiment. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA).
 
Data and Statistical Analysis
Data from tension recordings were expressed as mean±standard 
error and ‘n’ indicates the number of experiments. Dose-re-
sponse plots were fitted to T=(Tmax ×[A]n)/(EC50

n+[A]n), where 
T is the contraction magnitude, Tmax is the maximum tension at 
the highest agonist concentration, [A] is the agonist concentra-
tion, n is a constant, and EC50 is the agonist dose at Tmax/2. The 
dose-response curves were fitted using Kaleidagraph4.1 (Syner-
gy Software, Reading, PA, USA). Wilcoxon ranked sum tests 
were performed to determine differences between FIC versus 

control preparations and mucosa intact versus denuded data 
sets. The null hypothesis was rejected at P<0.05.

RESULTS

Serotonin Induced Contractions Were Potentiated In 
Bladder Strips From Cats With FIC  
Both control and FIC cat bladder strips contracted in response 
to serotonin in a dose dependent manner (0.01–10µM) (Fig. 
1A, B). Bladder strips from cats with FIC developed significant-
ly greater amounts of force (normalized to cross-sectional area) 
than did strips from control cat bladders in response to sero-
tonin (maximal force Tmax) (Table 1). Dose response curves (Fig. 
1A, B) from control and FIC strips revealed that although FIC 
bladder strips generated more force at higher concentrations, 
they had lower sensitivity to serotonin than control cat bladder 
strips, however, this value did not reach statistical significance 
(Table 1). Furthermore, serotonin-evoked contractions were in-
hibited by pretreating bladder strips from control cats with the 

Fig. 1. Serotonin dose-response curves from mucosa intact and denuded control and feline interstitial cystitis (FIC) cat bladder strips. 
(A) Serotonin dose-response curve from control cat bladder strips with and without the mucosa. (B) Serotonin dose-response from 
FIC cat bladder strips with and without the mucosa. (C) Example tension traces from control cat bladder strip demonstrating con-
tractile response to 30nM serotonin and its inhibition by pretreatment with 1µM atropine. (D) Example tension trace from a mucosa 
intact control cat bladder strip contracted with 30µM serotonin.  (E) Representative response of contraction evoked by 30µM sero-
tonin in a mucosa denuded control cat bladder strip. Comparable responses were obtained in mucosa intact and denuded FIC prepa-
rations (not shown).
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muscarinic antagonist, 1µM atropine (Fig. 1C). The inhibitory 
effect of atropine was also observed in FIC bladder strips (not 
shown).  

Removal of the Mucosa Decreased Responsiveness to 
Serotonin  
Blunt dissection of the mucosa decreased the Tmax value in re-
sponse to serotonin (Fig. 1A, B, D, E) in both control and FIC 
strips (Table 1). This was accompanied by a significant decrease 
in potency (half-maximal effective concentration, EC50) in the 
FIC preparations. A dose response curve and EC50 value could 
not be obtained in control denuded bladder strips as a contrac-
tile response could not be obtained in all strips.

DISCUSSION

This study demonstrated an enhanced response of bladder 
strips from cats with FIC to serotonin, which was reduced in 
the absence of the mucosa. Serotonin-evoked contractions also 
were inhibited by the muscarinic antagonist, atropine suggest-
ing that they were mediated by release of ACh. This is consis-
tent with previously described effects of serotonin-induced 
contractions in bladder strips from guinea-pigs and human be-
ings [5,16]. 
  Activation of peripheral 5-HT receptors has been shown to 
induce contractions of mucosa-denuded rat and guinea pig 
bladder strips in a dose-dependent manner [3,5]. These muscle 
strip studies suggested that 5-HT receptor activation could 
cause direct release of neurotransmitters from motor nerves. In 
contrast, our studies suggest that there is a significant contribu-
tion of the mucosa to the serotonin-mediated contraction, a 
finding that also has been observed in porcine bladder strips 

[7]. Denuded FIC preparation demonstrated a dose dependent 
contractile response which was virtually absent in control blad-
der strips. This implies that serotonin induced contractions in 
normal cat bladders are mediated almost exclusively by struc-
tures in the mucosa and that in FIC preparations, the detrusor 
muscle or innervating efferent nerves have enhanced responses 
to serotonin. Results from this study showed serotonin EC50 
value for control cat bladders was lower than FIC preparations, 
suggesting a higher sensitivity in normal cat mucosa.  However, 
the difference between control and FIC EC50 values did not 
reach statistical significance due to the limited sample numbers 
available for the study. 
  There is a heterogeneous population of 5-HT receptors ex-
pressed throughout the bladder [5]. The function of 5-HT re-
ceptors in the urothelium/suburothelium of the cat bladder has 
not yet been fully characterized. However, if there is a stimula-
tory relationship of neuronal and potentially nonneuronal ACh 
release and 5-HT receptors, this could make the mucosa a ma-
jor source of ACh release. Previous studies have demonstrated 
urothelial cells from FIC cats [19] and IC patients [21] more 
readily released adenosine triphosphate (ATP) in response to 
mechanical distention compared to controls. Urothelial ATP 
release could be further stimulated by activation of 1,4,5-tri-
phosphate pathways, and this effect was more pronounced in 
FIC preparations [19]. Furthermore, mucosal muscarinic re-
ceptor activity is enhanced in bladder mucosa from cats with 
FIC [20], suggesting that these receptors may contribute to en-
hancement of urothelial ATP release. In contrast, there are re-
ports that endogenous serotonin produced by the urothelium 
has an inhibitory effect on stretch-evoked urothelial ATP re-
lease [17,22] in other species, suggesting that serotonin could 
dampen ATP mediated activation of suburothelial sensory 
nerves. Whether this mechanism is present in cat urothelial 
cells was not determined in this study. 
  Serotonin is believed to play a key role in sensory modula-
tion of the urethra that can also affect bladder function. Sero-
tonin containing paraneurons have been described in rodent 
and human urethral epithelium which make close contact with 
innervating sensory and cholinergic fibers [23,24]. Interure-
thral serotonin or urethral distension were shown to potentiate 
nociceptive responses [24] and bladder reflex contractions [23]. 
Changes in systemic serotonin levels could also influence ure-
thral paraneurons to induce urinary frequency and/or enhance 
nociceptive responses. Therefore, additional investigation of 
urethral 5-HT signaling could yield important information on 

Table 1. Calculated values of serotonin dose-response of control 
and FIC bladder strips	

Treatment Group Sample (n) Tmax (mN/mm2) EC50 (µM)

Intact FIC
Control

6
4

27.2±2.5*
12.9±4.0

0.23±0.15
0.15±0.09

Denuded FIC
Control

6
3

17.9±7.6*
2.5±1.3

1.5±1.0†

NAa)

Values are represented as mean±standard error.	
FIC, feline interstitial cystitis; Tmax, maximal force generated; EC50, ef-
fective concentration at half-maximal force; mN, milli Newtons. 
*P <0.05, FIC versus control. †P =0.04, intact versus denuded; Un-
paired Wilcoxon ranked sums test. a)EC50 value could not be obtained 
because a contractile response could not be obtained in all strips.	
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the lower urinary tract pathophysiology of FIC. 
  The effects of serotonin in the central nervous system have 
also been investigated in relation to BPS/IC pathophysiology. 
The efficacy of duloxetine, a serotonin/norepinephrine reup-
take inhibitor, treatment was examined in IC patients, based on 
its approved use for treatment of chronic pain conditions. How-
ever, the study did not demonstrate significant benefits to IC 
symptoms at the dose used [25,26]. In the context of the find-
ings from this study, serotonin could potentially exacerbate de-
trusor contractile responses in FIC. As such, increasing endog-
enous serotonin concentrations may not be beneficial for allevi-
ating bladder symptoms in IC. 
  Taken together these data suggest enhanced responsiveness 
of bladder strips from cats with FIC. Whereas the force devel-
oped in mucosa-intact strips from control cats seemed to pla-
teau at approximately 0.1µM serotonin, the force developed in 
mucosa-intact strips from cats with FIC continued to rise be-
yond 10µM, approximately a 100-fold difference. Previous 
studies have demonstrated that serotonin can enhance neuro-
nal ACh release as well as directly contract the bladder [3,7,15,16]. 
Although the cellular source of ACh released by serotonin was 
not elucidated in this study, it appears to be localized mainly to 
the mucosa. Furthermore, the urothelium is capable of synthe-
sizing and releasing ACh in response to stretch [27,28] and that 
FIC bladder strips have enhanced contractile responses to mus-
carinic agonists, where the mucosa was the main site of action 
[20]. Thus, it can be hypothesized that there may be higher 
concentrations of endogenous or circulating serotonin in FIC 
combined with increased sensitivity of the bladder. Serotonin 
may trigger the nonneuronal release of ACh activating urothe-
lial muscarinic receptors to potentiate stretch-evoked ATP re-
lease [29,30] and in turn activating innervating sensory nerves 
(Fig. 2). This dysregulated activation of bladder sensory nerves 
could account for bladder pain syndrome/IC (BPS/IC) symp-
toms such as discomfort or pain during filling. Further investi-

gation of serotonergic signaling within the lower urinary tract 
will be important to determine the role in functional pain syn-
dromes such as BPS/IC. 
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