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Abstract 

Currently, we have assessed the neuronal control of the urinary bladder in radiation cystitis and 

whether interstitial cells contribute to the condition. Fourteen days following bladder irradiation 

(20 Gy) rats were sedated and the urinary bladder was cut in two sagittal halves where electrical 

field stimulation (EFS; 5-20 Hz) was applied on the pelvic nerve afferents or stretch (80 mN) 

on one half of the bladder, while contractions were registered on the contralateral half of the 

bladder in the absence and presence of increasing doses of imatinib (1-10 mg/kg; inhibitor of 

c-kit+ interstitial cells), atropine (1 mg/kg; to block muscarinic M3 receptors) or PPADS (2 

mg/kg; P2X1 purinoceptor antagonist). Urinary bladders were also excised for organ bath 

experiments, for western blot, qPCR and immunohistochemistry. In vivo, EFS contractions 

were enhanced after irradiation and imatinib (1-10 mg/mg) inhibited contractions by EFS and 

stretch dose-dependently in controls but not in irradiated bladders. In the irradiated bladder in 

vitro, atropine resistance was increased and imatinib (100 µM) inhibited contractions by EFS 

and agonists (ATP, methacholine) in irradiated bladders and controls. The urinary bladder 

expressions of P2X1 purinoceptors, muscarinic M3 receptor, choline acetyltransferase, c-kit and 

the agonist of c-kit, stem cell factor, were not changed by irradiation. In conclusion, bladder 

irradiation affects several levels of neuronal control of the urinary bladder. Interstitial cells may 

contribute to some of the symptoms associated with radiation cystitis.    
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Introduction 

Radiation cystitis is a common and troublesome side-effect of radiation towards tumours in the 

pelvic region. The condition is characterized by bladder urgency and frequency, bladder pain 

and bleeding (Zwaans et al., 2016). In most cases radiation cystitis is transient but patients may 

also develop chronic cystitis with severe impact on quality of life (Zwaans et al., 2016). The 

underlying mechanisms of how chronic radiation cystitis is developed are not understood. In 

animal models of radiation cystitis, changes in cholinergic and purinergic contractile effects of 

the detrusor have been demonstrated (Michailov et al., 1991; Vale et al., 1994). Besides changes 

in neuronal signalling, structural changes may also contribute to bladder disturbances, e.g., the 

amount of collagen is increased in the bladder wall after irradiation (Soler et al., 2011). In a rat 

model for radiation cystitis we showed that bladder irradiation induces long-lasting changes in 

oxidative stress and cytokine levels in the urinary bladder (Giglio et al., 2016; Oscarsson et al., 

2016).  

 The regulation of the urinary bladder control is complex involving the autonomic and 

somatic nervous system. Studies have shown the existence of interstitial cells in the bladder, 

which may regulate afferent neuronal control in the urinary bladder in similarity with the 

interstitial cells of Cajal (pacemaker cells) in the gastro-intestinal tract (Kubota et al., 2006).  

The cells are located in the lamina propria and between smooth muscles bundles and seem to 

interact with smooth muscle contraction and with sensory neurons and urothelium (Brading and 

McCloskey, 2005). The interstitial cells are characterized by their expression of c-kit 

(McCloskey and Gurney, 2002; van der et al., 2004). However, interstitial cells seem to belong 

to different subpopulations of cells where some cells express c-kit, while others do not (Gevaert 

et al., 2014).  The c-kit inhibitor imatinib may antagonize urinary bladder contractions induced 

by electrical field stimulation (EFS) of the pelvic nerve in vivo but not those induced by 

acetylcholine in vitro (Min et al., 2011). Changes in interstitial cells have been suggested to 
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contribute to the pathogenesis of the diabetic bladder dysfunction, overactive bladder and 

bladder dysfunction after spinal cord injury (Kim et al., 2011; Deng et al., 2013; Canda et al., 

2014).  

 In our animal model for radiation cystitis we observed an enhanced micturition frequency 

and smaller voiding volumes in animals exposed to bladder radiation (Giglio et al., 2016). In 

the present study we assessed the neurological control of the urinary bladder in the state of 

radiation cystitis in a unique in vivo model and in vitro. Our results show that bladder irradiation 

leads to significant changes in the functional control of the urinary bladder.  

Material and Methods 

Bladder irradiation 

The study was approved by the Animal Ethics Committee of the University of Gothenburg. 

Adult female rats (250–300 g; CD® IGS rat, Charles River, Germany) were housed in a 

temperature-controlled facility with a day and night cycle and had food and water ad libitum. 

The rats were anaesthetized with pentobarbitone (50 mg/kg) im and medetomidine (10 µG/kg) 

ip and then placed in the supine position and the urinary bladder was then exposed to one 

fraction of 20 Gy using a linear accelerator with 6 MV photon energy (Varian Medical Systems 

Inc., Palo Alto, CA, USA). To avoid exposure of the spinal cord, the radiation was administered 

using two side-fields. Control rats were only sedated. No significant change in rat body weight 

was observed two weeks after bladder irradiation compared with controls (315±11 g 333±15 g, 

respectively; n=11-14). 

In vivo studies of the anaesthetized rat 

On the day of the experiment, the rat was sedated with isoflurane and a small sagittal incision 

was cut on the lower abdomen of the rat over the urinary bladder. The experiment was 
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conducted as previously described with an in situ half bladder preparation (Aronsson et al., 

2014; Aronsson et al., 2015). In brief, the urinary bladder was cut in two sagittal parts (A and 

B). A small ligature was tied to the apical part of sagittal part A and the ligature was connected 

to an adjustable isometric force transducer (Linton Instrumentation, Norfolk, UK). A ligature 

was tied to the contralateral apical part of sagittal part B and during the experiment for force 

application weights were tied to the loose end of the ligature. Both parts were fixated at the 

urethral end to the abdominal wall. The pelvic nerve innervating sagittal part B was exposed at 

surgery and an electrode was placed onto the nerve. A basal tension of 8-15 mN was applied 

on sagittal part A. The anaesthesia was successfully reduced until afferent responses occurred 

to 20 Hz afferent stimulation but still keeping the animal anaesthetized. Intravenous drug 

administrations were administered via a cannula placed in the femoral vein. At the start of the 

experiment, methacholine (5 µg/kg) was administered intravenously. This was followed by 

connecting an 80 mN weight to sagittal part B for 2 min and contractions of the sagittal part A 

were then registered. The afferent pelvic nerve to sagittal part B was then stimulated with EFS 

at 5, 10 and 20 Hz (2 min per frequency) at supramaximal voltage and contractions of sagittal 

part A were registered. The protocol was then repeated in the presence of increasing 

administered doses of the c-kit inhibitor imatinib (1, 3 and 10 mg/kg). In an additional set-up 

of experiments, force (20 Hz) and EFS (20 Hz) were applied as above in the absence and 

presence of administered doses of imatinib (10 mg/kg), the non-selective muscarinic receptor 

antagonist atropine (1 mg/kg) and the P2 purinoceptor antagonist pyridoxalphosphate-6-

azophenyl-2',4'-disulphonic acid (PPADS; 2 mg/kg). All antagonists were equilibrated for 3 

min before tension and EFS were given. Control experiments of the in vivo model showed no 

change over time in EFS- or methacholine-induced bladder responses.  

In vitro organ bath studies 
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Rats were anaesthetized with pentobarbitone followed by the removal of the urinary bladders. 

The rats were subsequently euthanized by an overdose of pentobarbitone. Full thickness urinary 

bladder strips (6x2 mm) were excised from the trigonal area of the urinary bladder. The bladder 

strip was then mounted between two steel rods in 25 ml organ baths, where one rod was 

adjustable and connected to an isometric force transducer (Linton Instrumentation). The organ 

baths contained Krebs solution with the following composition (mM): NaCl 118, KCl 4.6, 

CaCl2 1.25, KH2PO4 1.15, MgSO4 1.15, NaHCO3 25 and glucose 5.5, which was gassed with 

5% CO2 in O2 at pH 7.4 and heated by a thermo-regulated water circuit (370C). The bladder 

strip was then tensioned so that a stable tension of about 5 mN was achieved after 60 min of 

equilibrium. During the equilibrium the organ baths were washed every 15 min. A high K+ 

solution (containing 124 mM K+ obtained by exchanging Na+ for equimolar amounts of K+) 

was administered in the beginning of each experiment for a reference contraction value and to 

assess the viability of each individual bladder strip. All drugs were dissolved in dH2O and given 

at a volume of 125 µL to the organ baths. EFS was applied at varying frequencies (between 0.2-

40 Hz) at supramaximal voltage (50 V) delivered as square wave pulses with a duration of 0.5 

ms continuously until the peak response was obtained (stimulator: STM100C, Linton). To 

desensitize P2X1 purinoceptors, α,β-meATP (10 µM) was administered repeatedly every ten 

minutes until no contractile response was attained with the agonist, which occurred after three 

administrations. Control organ bath experiments showed no change over time in EFS- or 

methacholine-induced bladder responses. Data was recorded using an MP100WSW data 

acquisition system and Acquire software (BIOPAC Systems, Inc, Goleta, CA).  

Immunohistochemistry 

Bladder sections of 6 μm were deparaffined in xylene and hydrated in decreasing concentrations 

of ethanol (99%-95%) followed by washing the sections in tap water. Antigen retrieval was 

performed by boiling the sections in citrate buffer (pH 7.5). Sections were then incubated with 
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CuSO4-solution (Sigma-Aldrich (SA), St. Louis, MO, USA) for 2 hours to block 

autofluorescence followed by blocking un-specific binding with 5% goat (or donkey when the 

antibody was raised in goat) serum for one hour. Sections were incubated overnight at 40C with 

the primary antibody diluted in 1% goat (or donkey) serum in PBS. On the next day, sections 

were incubated with the secondary antibody (1:250 diluted in 1% goat serum (or donkey) in 

PBS) for one hour. Sections were then dehydrated in ethanol (95-99%) and cover glasses were 

mounted on the sections with Prolong gold antifade reagent with DAPI (Life technologies Ltd, 

Paisley, UK). HRP/DAB immunohistochemistry was performed according to the instructions 

of the manufacturer (Abcam; Mouse and Rabbit Specific HRP/DAB (ABC) Detection IHC Kit; 

ab64264). Sections were, deparaffined, hydrated and blocked with hydrogen peroxide. Antigen 

retrieval was then performed as above. Protein block was applied on the sections, which was 

followed by incubating the sections overnight with the primary antibody. The next day, sections 

were incubated with biotinylated goat anti-polyvalent followed by streptavidin peroxidase. 

DAB chromogen mixed with DAB substrate was then applied on the sections for 5 min. 

Sections were counterstained with Mayer’s hematoxylin (Histolab Products AB, Göteborg, 

Sweden), washed in tap water and dehydrated in increasing concentrations of ethanol and 

xylene. Sections were then covered with Pertex® mounting medium (Histolab Products AB) 

and cover slips. 

Western blot 

Bladder specimens were homogenized in homogenization buffer, centrifuged and the 

supernatants were collected. Protein concentrations of the samples were quantified with the 

Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). After adding NuPAGE 

LDS Sample Buffer (25% of total volume; Life Technologies, Carlsbad, CA, USA), NuPAGE 

Reducing Agent (10% of total volume; Life Technologies) and dH2O (to equalize protein 

concentrations between samples) the samples were heated to 700C for 10 min. Samples were 
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loaded on a NuPAGE 4-12% Bis-Tris gel (Life Technologies) followed by electrophoresis at 

200 V for 60 min under reducing conditions in MOPS buffer (Life Technologies). Proteins were 

transferred onto a nitrocellulose membrane (Life Technologies) for 60 min at 30 V. The 

membranes were thereafter washed in tris-buffered saline containing 0.3% Tween 20 (TBS-T; 

SA) and blocked for 60 min with TBS-T containing 5% non-fat milk. The membranes were 

incubated overnight with the primary antibody (diluted in 3% goat serum in TBS-T; see list 

below). The following morning after washes in TBS-T, the membranes were incubated with the 

secondary antibody (diluted in 5% non-fat milk in TBS-T; see list below) for one hour. The 

membranes were washed in TBS-T and the binding of the antibody was then detected with 

Amersham ECL Plus™ Western Blotting System (GE Healthcare, Little Chalfont, UK), 

visualized by using the Fujifilm Image Reader LAS-1000 Pro v.2.6 (Stockholm, Sweden). 

Membranes were stripped in Restore Western Blot Stripping Buffer (Thermo Scientific, 

Rockford, IL, USA) and incubated with other primary antibodies followed by the protocol as 

above. 

List of antibodies (concentration IHC=immunohistochemistry/WB=western blot) 

Alexa Fluor® 488 donkey anti-goat IgG (H+L) *2 mg⁄ml (IHC 1:250, Life technologies™, 

A11005), Alexa Fluor® 488 goat anti-rabbit IgG (H+L) *2 mg⁄ml (IHC 1:250, Life 

technologies™, A11008), goat anti-CD34 (IHC 1:100, Santa Cruz Biotechnologies (SCBT), 

Santa Cruz, CA, USA, sc-7045), goat anti-CD39L1 (IHC 1:100, SCBT, sc-160222), goat anti-

mouse IgG (H+L) - HRP (WB 1:4000, Life technologies™, 62-6520), goat anti-rabbit IgG-

HRP (WB 1:4000, Life technologies™, 65-6120), mouse anti-c-kit (IHC 1:1000/WB 1:2000-

1:50, SCBT, sc365504), rabbit anti-choactase (IHC 1:100; SCBT; sc20672), rabbit anti-

choactase (WB 1:200; Abcam, ab178850), rabbit anti-c-kit (IHC 1:2000-1:200/WB 1:500, 

Thermo Fisher Scientific, Wilmington, DE, US, PA5-16770), rabbit anti-c-kit (IHC 1:500-

1:200, SA, sab4501648), rabbit anti-muscarinic M3 receptor (IHC 1:1000/WB 1:1000, EMD 
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Millipore, Billerica, MA, USA, AB9018), rabbit anti-P2X1 (IHC 1:1000/WB 1:1000, SA, 

P7857), rabbit anti-stem cell factor (SCF, IHC 1:5000/WB 1:5000, Abcam, ab64677), rabbit 

anti-TRPV1 (Abcam, ab74855) and Texas Red® goat anti-mouse IgG (H+L) (IHC 1:250, Life 

technologies™, T862).    

qPCR 

RNA extraction and bladder tissues homogenization were performed according to the protocol 

of Qiagen RNeasy (Qiagen Ltd, Manchester, UK). Quality of the RNA was assessed by running 

the samples on the Tapestation 2200 (Agilent Technologies, Santa Clara, CA, USA). The 

DeNovix DS-11 spectrophotometer was used to assess concentration and purity of RNA. cDNA 

was synthetized with the SuperScript VILO cDNA Synthesis Kit (Life TechnologiesTM, 

Carlsbad, CA, USA) and cDNA samples were analysed using the TaqMan gene expression 

assays. The qPCR was performed using TATAA TaqMan® Gene Expression Master Mix (Life 

Technologies). NTC for the qPCR was included. The qPCR was performed on the QuantStudio 

12K Flex (Life TechnologiesTM, Waltham, MA, USA). The reaction mix consisted of 

TaqMan® Gene Expression Master Mix (5 µl; 2X), NFW (2.5 µl), TaqMan® assay (0.5 µl; 20X) 

and template (2 µl). The Uracil N-Glycosylase protocol was performed for 2 min (95°C), 

activation for 10 min (95°C), denaturation for 15 s (95°C) and annealing and elongation for 1 

min 40-45 s (60°C; 40-45 cycles). C-kit (Rn00573942_m1; ThermoFisher Scientific) and Stem 

cell factor (SCF; Rn01467260_m1; ThermoFisher Scientific) primers were used. 

Statistics 

Statistical significance for paired or unpaired data was determined with the Student´s t-test. 

When comparisons were made with three or more groups, one-way analysis of variance 

(ANOVA) or the one-way repeated measures ANOVA was performed followed by the Sidak´s 

multiple comparisons test. When three doses of imatinib were administered, ID50 values were 
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calculated. P-values of 0.05 or less were considered as statistically significant. Data is presented 

in the form of means±S.E.M. Graphs were generated and parameters computed using the 

GraphPad Prism program (GraphPad Software, Inc., San Diego, US).  

Results    

In vitro contraction studies 

Contractions to methacholine (0.1 nM-0.5 mM) and α,β-meATP (10 µM) were smaller in 

irradiated bladders compared with controls, while contractions to KCl (124 mM) were similar 

in magnitude in irradiated bladder strips and controls (Fig. 1a-c). EFS-evoked contractions were 

significantly reduced in irradiated bladder strips compared with controls (Fig. 1d). EFS-evoked 

contractions were inhibited by atropine (10 µM) and further reduced after α,β-meATP (10 µM) 

desensitization in controls (Fig. 1e). Irradiated bladder strips were notably atropine-resistant, 

i.e., atropine (10 µM) only reduced contractions at 40 Hz (p<0.01; n=9; Fig. 1f). Imatinib (100 

µM) inhibited methacholine-evoked bladder contractions in controls and tended to inhibit 

methacholine-evoked bladder contractions in irradiated bladders (Fig. 2a; 2d). Imatinib (100 

µM) potently inhibited ATP-evoked bladder contractions (0.3-1 mM) in irradiated bladders 

(p<0.01; n=6; Fig. 2e) and tended to do so in controls (n=8; Fig. 2b). Imatinib (1-100 µM) 

significantly inhibited EFS-evoked contractions particularly at low frequencies (<10 Hz) in 

both irradiated bladders and controls n=9; Fig. 2c; 2f). The combination of imatinib (1-100 µM) 

and atropine (10 µM), blocked the predominant part of the EFS-evoked contractions in both 

irradiated bladders and controls (n=9; Fig. 2c; 2f).  

In vivo studies 

Methacholine (5 µg/kg) induced urinary bladder contractions in irradiated animals and controls 

of similar magnitudes (n=10-14; Fig. 3c). Stimulation with EFS (5-20 Hz) of the pelvic afferent 

nerve induced contralateral bladder contractions that were significantly stronger in irradiated 
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animals than controls (Fig. 3a-b). EFS at 10 Hz induced contractions of 14.9±6.0mN/kg and 

38.8±7.6 mN/kg in controls and irradiated rats, respectively (p<0.05; n=6-10; Fig. 3d). In 

controls, high-frequency (20 Hz) afferent EFS-induced contractions were antagonized by 

imatinib (1-10 mg/kg) dose-dependently (ID50=1.92) but not at lower frequencies (5-10 Hz; 

n=6; Fig. 3a). In irradiated animals, imatinib (1-10 mg/kg) did not affect afferent EFS-evoked 

(5-20 Hz) bladder contractions (n=5; Fig. 3b). The remaining part of EFS-evoked bladder 

contractions at 20 Hz in the presence of imatinib (10 mg/kg) was attenuated by atropine (1 

mg/kg) and PPADS (2 mg/kg) and similarly in controls and irradiated animals, however, 

significance was not attained (Fig. 3e-f). The magnitudes of stretch-evoked bladder contractions 

at 20 mN were similar in irradiated animals and controls (Fig. 3g-h). Imatinib (1-10 mg/kg) 

antagonized dose-dependently the stretch-evoked contractions in controls (ID50=0.75) but not 

in irradiated animals (n=6; Fig. 3g-h).    

Western blot, q-PCR and immunohistochemistry analyses 

Since bladder irradiation induced changes in the regulation of the urinary bladder contraction 

we wanted to explore whether these changes depended on changes in the expression of 

muscarinic M3 receptors and P2X1 purinoceptors that mediate the predominant part of the 

bladder contraction. No expressional differences were, however, observed between irradiated 

bladders and controls (Fig. 4). Since atropine resistance was increased in irradiated bladders we 

also assessed whether the expression of choline acetyltransferase (ChAT) was affected. No 

expressional difference of ChAT was, however, observed between irradiated bladders and 

controls (Fig. 4). C-kit immunostaining of bladder preparations was assessed with three 

different antibodies (see Methods). Specificity of interstitial cells could, however, not be 

attained with any of the assessed antibodies. C-kit staining with sab4501648 (1:500) showed c-

kit being expressed not only by interstitial cells, but also by smooth muscle bundles and 

urothelium (Fig. 5). Western blot (with two different antibodies) could neither detect the 
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expression of c-kit in the urinary bladder (data not shown). No expressional difference of c-kit 

or SCF mRNAs could be observed between irradiated bladders and controls (Fig. 5b-c). On the 

protein level, SCF was also expressed similarly in irradiated bladders and controls (Fig. 5d). To 

further characterize the distribution and composition of interstitial cells in irradiated bladders 

and controls we immunostained for platelet-derived growth factor receptor β (PDGFrβ), 

CD39L1 and CD34 which are expressed by interstitial cells of the murine urinary bladder (Yu 

et al., 2012). PDGFrβ was strongly expressed in the urothelium and weakly in interstitial cells 

of the submucosa. CD34 was strongly expressed in interstitial cells in the submucosa. CD39L1 

was instead only weakly expressed in interstitial cells. No expressional or distributional 

differences between these antigens were observed in irradiated bladders and controls (Fig. 6).      

Discussion 

The present study shows that bladder irradiation induces significant changes in the neuronal 

control of the urinary bladder. Bladder irradiation gave rise to a decrease in the bladder 

contraction to EFS, cholinergic and purinergic agonists in vitro.  EFS-evoked contractions of 

irradiated bladders were also, compared with controls, less sensitive to atropine. While 

cholinergic urinary bladder contractions in vitro were reduced in irradiated bladders, 

cholinergic agonists administered in vivo gave rise to similar bladder contractions in irradiated 

rats and controls. To note, in contrast to in vitro methacholine administration, methacholine 

was given at a sub-maximal dose in vivo, which could be one reason for more or less identical 

cholinergic contractions in irradiated bladders and controls. In another model for bladder 

pathology (cyclophosphamide-induced cystitis; CYP cystitis) we showed that bladder 

contractions to methacholine in vivo was reduced at 10 µg/kg but not at 5 µg/kg compared with 

controls (Aronsson et al., 2015). 
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 Changes in the composition and function of muscarinic receptors and P2X1 purinoceptors 

have been demonstrated in different models of bladder pathology such as the obstructed 

bladder, the diabetic bladder, the neurogenic bladder and CYP cystitis (Bayliss et al., 1999; 

Giglio et al., 2005; Kendig et al., 2016). Our data show that the expressions of muscarinic M3 

receptors and P2X1 purinoceptors were similar in irradiated bladders and controls. Therefore, 

we do not have evidence for a changed composition of muscarinic M3 receptors or P2X1 

purinoceptors contributing to the observed atropine resistance in vitro of the irradiated bladder. 

The observed atropine resistance in the irradiated bladder could not either be explained by 

changes in ChAT expression. However, acetylcholine release was not studied per se in our 

study. A diminished neuronal release of acetylcholine may therefore have contributed to the 

observed atropine resistance since the EFS-evoked contraction was significantly reduced in 

response to bladder irradiation and the remaining part of the EFS-evoked contraction was only 

marginally affected by atropine but almost totally antagonized by purinergic blockade. In view 

of KCl-evoked bladder contractions, which induces smooth muscle depolarization (Levin et al., 

1991), being less affected by bladder irradiation than bladder contractions induced by 

exogenously administered cholinergic and purinergic agonists we suggest that bladder 

irradiation predominantly affects neurons than inducing a general detriment of the smooth 

muscle function.        

 While the efferent part of the neuronal control of the bladder function seemed to be 

depressed by bladder irradiation, the afferent part of the neuronal control seemed instead to be 

sensitized. Afferent EFS of the pelvic nerve gave rise to stronger contralateral bladder 

contractions in irradiated bladders than controls, which leads us to suggest that bladder 

irradiation sensitizes the micturition reflex. The present findings are in line with our previous 

study where we showed that bladder irradiation leads to increased bladder frequency in awake 

rats (Giglio et al., 2016). Interstitial cells may regulate the urinary bladder function and may be 
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affected in bladder pathology (Kim et al., 2011; Deng et al., 2013; Canda et al., 2014). We 

therefore wanted to assess whether interstitial cells are involved in the changed function of the 

irradiated bladder. Our results show that no expressional differences could be observed in c-kit 

or the agonist of c-kit, SCF, neither on the protein level nor on the mRNA level in homogenates 

of irradiated bladders and controls. Conflicting data exist, however, on the presence of c-kit 

positive interstitial cells in the urinary bladder. Presence of c-kit positive interstitial cells in the 

rat bladder has been shown in some studies (Kim et al., 2011; Deng et al., 2012; Wu et al., 

2014). Other studies have instead not been able to identify c-kit positive interstitial cells in the 

rat urinary bladder (Sancho et al., 2017). Pezzone et. al. (2003) reported that while interstitial 

cells of the murine ureteral pelvis expressed c-kit, interstitial cells of the murine urinary bladder 

and urethra did not (Pezzone et al., 2003). In addition to this, studies suggest that c-kit positive 

interstitial cells may constitute mast cells and not pacemaker cells (Koh et al., 2017).  

 Of three tested antibodies we were not able to selectively stain interstitial cells. With one 

of the antibodies (sab450648) we were able to stain some interstitial cells. However, bladder 

smooth muscle and urothelium were also positive for c-kit. Since imatinib blocked both ATP- 

and methacholine-evoked contractions in vitro, c-kit may not only be of importance for 

interstitial cell function but also for other functions in the urinary bladder. The interpretation of 

the data is also complicated by the fact that imatinib, besides c-kit, blocks PDGF receptors 

(Druker et al., 1996). Our study demonstrates the expression of PDGFRβ in interstitial cells in 

the urinary bladder as has been demonstrated in the murine bladder (Yu et al., 2012). Since 

bladder irradiation did not affect the expression of c-kit and SCF on the mRNA or protein levels 

and neither the distribution and intensity of PDGFRβ, CD34 and CD39L1, our data suggest that 

interstitial cells in number and distribution are not affected two weeks following bladder 

irradiation.    

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2018 as DOI: 10.1124/jpet.117.246371

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #246371 
 

16 
 

 While we do not have evidence for interstitial cells being changed in numbers in the 

urinary bladder in response to bladder irradiation, our data suggests instead that interstitial cells 

may modulate the neuronal control of the urinary bladder and may change in response to bladder 

irradiation. We presently induced stretch and afferent EFS on one part of the urinary bladder 

and assessed contractions on the contralateral part of the urinary bladder. Our findings show 

that the magnitude of contraction was linearly correlated to the frequency of EFS. Imatinib 

antagonized both stretch- and EFS-evoked bladder contractions in controls but not in irradiated 

animals. Our findings may indicate that interstitial cells are of importance to coordinate the 

micturition reflex in the healthy state afferent neuronal signalling in the healthy bladder. After 

bladder irradiation, the regulation by interstitial cells on the micturition reflex may be changed 

leading to an enhanced sensitivity from inputs from afferent neurons.   

 Imatinib antagonized more potently EFS at low frequencies than at high frequencies in 

vitro where purinoceptors mediate the predominant part of the contraction (Aronsson et al., 

2010). Imatinib inhibited also more potently ATP-evoked contractions than methacholine-

evoked contractions in vitro. However, in vivo in control rats, imatinib antagonized dose-

dependently bladder contractions induced by pelvic nerve stimulation at 20 Hz but not at lower 

frequencies. In the presence of imatinib at the highest dose (10 mg/kg), the remaining part of 

the EFS-evoked contraction tended to be more affected by purinergic blockade than by 

cholinergic blockade. These findings may indicate that imatinib affects predominantly 

cholinergic-induced contractions in vivo. The present findings may indicate that the neuronal 

control of the urinary bladder may shift from a cholinergic regulation modulated by interstitial 

cells to a more purinergic regulation in the irradiated bladder. It is tempting to suggest that 

dysregulation of interstitial cells on the micturition reflex may generate some of the symptoms 

characterized by radiation cystitis.  
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 Finally, it is important to mention that c-kit on interstitial cells and other cells occur on 

different levels of the nervous system and the urinary bladder (Pop et al., 2013), which makes 

targeting solely the bladder interstitial cells difficult. The in vivo data represent the 

combinations of effects of c-kit blockade on different levels resulting in an attenuation of the 

afferent reflex. On the urinary bladder level, c-kit blockade had a depressing effect in both 

irradiated animals and controls.  

 In conclusion, the present findings show that bladder irradiation leads to changes on 

several levels in the neuronal control of the urinary bladder. Changes in the function of 

interstitial cells may generate some of the symptoms associated with radiation cystitis.  
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Figure Legends  

Figure 1. Urinary bladder contractions evoked by (a) KCl (124 mM; n=20-28), (b) methacholine 

(10 nM-500 µM; n=7) and (c) α,β-meATP (10 µM; n=7-8) in irradiated bladder preparations 

and controls. Urinary bladder contractions evoked by EFS (0.2-40 Hz) in irradiated bladders 

and controls (n=6; d), urinary bladder contractions evoked by EFS (0.2-40 Hz) in controls (e; 

n=6) and irradiated bladder preparations (f; n=6) in the absence and in the presence of atropine 

(10 µM) or the presence of atropine (10 µM) and α,β-meATP (10 µM). Representative graphs 

of urinary bladder contractions evoked by EFS 20 Hz in irradiated bladder preparations and 

controls are displayed in the second row. Fig. b-d:  * indicates p<0.05 and ** indicates p<0.01. 
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Fig. e-f: * indicates p<0.05, 2* indicates p<0.01 and 3* indicates p<0.001 between basal and 

atropine (10 μM). # indicates p<0.05 and 2# indicates p<0.01 between atropine (10 μM) and 

atropine (10 μM) + α,β-meATP (10 µM).  Statistical significance was determined with the 

Student´s t-test for unpaired data (fig. a-d) or with the one-way repeated measures ANOVA 

followed by the Sidak´s multiple comparisons test for paired data (fig. e & f).  

Figure 2. Urinary bladder contractions evoked by methacholine (10-100 µM; n=6-8) and ATP 

(0.1-1 mM; n=6-8) in the absence and presence of imatinib (100 µM) in controls (a & b, 

respectively) and irradiated bladders (d & e, respectively). Urinary bladder contractions evoked 

by EFS (2-40 Hz) in controls (c; n=6) and irradiated bladders (f; n=6) in the absence or the 

presence of imatinib (1-100 µM) or the combination of imatinib (100 µM) and atropine (10 

µM). Fig. a, b, d & e: * indicates p<0.05 and ** indicates p<0.01. Fig. c & f: * indicates p<0.05 

between basal and imatinib (1 µM), 2# indicates p<0.01 and 3# indicates p<0.001 between 

basal and imatinib (10 µM), and † indicates p<0.05 and 2† indicates p<0.01 between basal and 

imatinib (100 µM) and ‡ indicates p<0.05, 2‡ indicates p<0.01 and 3‡ indicates p<0.001 

between basal and the combination of imatinib (100 µM) and atropine (10 µM). Statistical 

significance for paired data was determined with the Student´s t-test (fig. a, b, d & e) or with 

the one-way repeated measures ANOVA followed by the Sidak´s multiple comparisons test 

(fig. c & f).  

Figure 3. Urinary bladder contractions in vivo evoked by EFS (5-20 Hz) in the presence of 

imatinib (1-10 mg/kg) in controls (n=6; a) and irradiated bladders (n=6; b; Representative graph 

of (a) and (b) of EFS (20 Hz) bladder contractions to the right). Urinary bladder contractions 

evoked by intravenously administered methacholine (5 µg/kg; n=10-14; c) and EFS (5-20 Hz; 

n=6-14; d) in irradiated bladders and controls. Urinary bladder contractions evoked by EFS (20 

Hz) in the presence of imatinib (10 mg/kg), the combination of imatinib (10 mg/kg) + atropine 

(1 mg/kg) or the combination of imatinib (10 mg/kg) + atropine (1 mg/kg) + PPADS (2 mg/kg) 
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in controls (n=6; e) and irradiated bladders (n=4; f). Urinary bladder contractions evoked by 

stretch (80 mN) in the absence and presence of imatinib (1-10 mg/kg), the combination of 

imatinib (10 mg/kg) + atropine (1 mg/kg) or the combination of imatinib (10 mg/kg) + atropine 

(1 mg/kg) + PPADS (2 mg/kg) in controls (n=6-11; g) and irradiated bladders (n=4-6; h). 

Reference indicates contractile response to methacholine 5 µg/kg. Statistical significance for 

unpaired and paired data was determined with the one-way ANOVA or the one-way repeated 

measures ANOVA followed by the Sidak´s multiple comparisons test (fig. a, b, e-h) and for 

unpaired data with the Student´s t-test (fig. c & d). 

Figure 4. a) Representative microphotographs of urinary bladders 14 days following bladder 

irradiation and controls immunostained for muscarinic M3 receptors (green), P2X1 

purinoceptors (green) and ChAT (green), respectively, and cell nuclei (blue, DAPI). U indicates 

urothelium, Subm indicates submucosa and SM indicates smooth muscle. Horizontal bars 

display 50 µm; b) western blots of the expression of muscarinic M3 receptors (n=6-7), P2X1 

purinoceptors (n=5-6) and ChAT (n=5-6), respectively, as a ratio to β-actin in irradiated 

bladders and controls. Vertical bars represent S.E.M. Statistical significance for unpaired data 

was determined with the Mann-Whitney test.  

Figure 5. a) Representative microphotographs of urinary bladders 14 days following bladder 

irradiation and controls immunostained with DAB for C-kit. Red arrows indicate interstitial 

cells positive for c-kit. U indicates urothelium, Subm indicates submucosa and SM indicates 

smooth muscle; b) q-PCR analyses for c-kit and c) SCF mRNA expression (n=6-7 per treatment 

group); d) western blot for SCF expression (n=6-7 per treatment group). Vertical bars represent 

S.E.M. Statistical significance for unpaired data was determined with the Mann-Whitney test.  

Figure 6. Representative microphotographs of urinary bladders 14 days following bladder 

irradiation and controls immunostained for CD34 (green), CD39L1 (green) and PDGFrβ 
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(green), respectively, and cell nuclei (blue, DAPI). U indicates urothelium, Subm indicates 

submucosa and SM indicates smooth muscle.  
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