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Lamina propria interstitial cells that express the tyrosine kinase receptor, platelet-derived
growth factor receptor alpha (PDGFRα) may play a role in urinary sensory signaling.
Imatinib mesylate, also referred to as imatinib, is a tyrosine kinase inhibitor that can
inhibit PDGFRα and has been widely used in urological research. We evaluated the
functional effects of imatinib administration (via oral gavage or intravesical infusion) with
two different experimental designs (prevention and treatment), in a cyclophosphamide
(CYP)-induced cystitis (acute, intermediate, and chronic), male and female rodent
model using conscious cystometry and somatic sensitivity testing. Imatinib significantly
(0.0001 ≤ p ≤ 0.05) decreased voiding frequency and increased bladder capacity in
acute CYP-induced cystitis, by the prevention (females) and treatment (females and
males) designs. Imatinib was not effective in preventing or treating intermediate or
chronic CYP-induced cystitis in either sex. Interestingly, in the prevention experiments,
imatinib administration increased (0.0001 ≤ p ≤ 0.01) voiding frequency and decreased
bladder capacity in control mice. However, in the treatment experiments, imatinib
administration decreased (0.01 ≤ p ≤ 0.05) voiding frequency and increased bladder
capacity in control mice. Bladder function improvements observed with imatinib
treatment in acute CYP-induced cystitis mice remained and additionally improved with
a second dose of imatinib 24 hours after CYP treatment. Imatinib administration did
not affect pelvic somatic sensitivity in female mice with acute CYP-induced cystitis. Our
studies suggest that (1) imatinib improves bladder function in mice with acute CYP-
induced cystitis with a prevention and treatment design and (2) interstitial cells may be
a useful target to improve bladder function in cystitis.

Keywords: interstitial cystitis, interstitial cells, platelet-derived growth factor receptor (PDGFR), imatinib
mesylate, conscious cystometry, somatic sensitivity

Abbreviations: IC/BPS, interstitial cystitis/bladder pain syndrome; OAB, overactive bladder; SCI, spinal cord injury; LUT,
lower urinary tract; WT, wild type; PDGFRα, platelet-derived growth factor receptor alpha; PDGF, platelet-derived growth
factors; c-KIT, tyrosine-protein kinase KIT; CML, chronic myeloid leukemia; CYP, cyclophosphamide; PS, protamine sulfate;
i.p., intraperitoneal; s.c., subcutaneous; LP, lamina propria; DRG, dorsal root ganglia; SMC, smooth muscle cell; ATP,
adenosine triphosphate; ACh, acetylcholine; CCL2, C-C motif chemokine ligand 2; MAPK/ERK, mitogen-activated protein
kinase/extracellular signal-related kinase; PI3K/AKT, phosphatidylinositol 3-kinase/protein kinase B; PLC-γ, phospholipase
C-GAMMA; IMI, intermicturition interval; IV, infused volume; BP, bladder pressure; NVC, non-voiding contraction; h,
hour(s); min, minutes; s or sec, seconds; ANOVA, analysis of variance; CMG, cystometrogram.
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INTRODUCTION

The storage and release functions of the urinary bladder are
highly organized and coordinated by peripheral and central
neural pathways involving the spinal cord, brain, afferent and
efferent nerves, dorsal root ganglia (DRG), autonomic ganglia
and the urinary bladder (Andersson, 2002; de Groat et al.,
2015). The urinary bladder is organized into layers: the mucosa,
muscularis propria, and the adventitia/serosa. The mucosal
layer consists of transitional epithelial (urothelial) cells that
line the lumen of the bladder and a lamina propria (LP)
(also referred to as the submucosa) beneath the basement
membrane of the epithelial cells (Andersson, 2002, 2004;
Merrill et al., 2016). The urothelium responds to stimuli
and releases various factors including ATP, ACh, and nitric
oxide (Birder and Andersson, 2013; Merrill et al., 2016). The
urothelium can be compromised with injury or inflammation,
allowing toxic substances to reach the suburothelial nerve
plexus and muscular layers, contributing to urinary urgency,
frequency, and pain during voiding (Birder, 2005; Birder and
Andersson, 2013). The LP is composed of loose connective
tissue, interstitial cells, vasculature, adipocytes, lymphatic vessels,
fibroblasts, nerve fibers and endings and may integrate
urothelial and smooth muscle input (Andersson, 2002, 2004;
Birder and Andersson, 2013).

Neuro-urological research continues to advance our
understanding of the mechanisms underlying bladder function
and dysfunction. However, many questions remain concerning
the identity of potential treatment targets as well as treatment
options for urinary bladder dysfunction. For example, current
theories suggest a sensory intermediary function for the LP
interstitial cells to mediate signals from the urothelium to
afferent nerves and/or the detrusor muscle, to regulate bladder
sensation and contractility (Gray et al., 2013; Heppner et al.,
2017; Koh et al., 2018). LP interstitial cells in the urinary
bladder are positioned near afferent nerve terminals in the
suburothelial plexus (Koh et al., 2012; Gabella, 2019) and exhibit
cholinergic (Mukerji et al., 2006; Grol et al., 2009), purinergic
(Sui et al., 2006; Fry et al., 2012; Lee et al., 2014; Heppner
et al., 2017) and nitrergic (Smet et al., 1996; Gillespie et al.,
2006; de Jongh et al., 2007) properties (Koh et al., 2018). Other
potential roles for LP interstitial cells include: transduction of
bladder mechanosensation (Isogai et al., 2016; Heppner et al.,
2017; Liu et al., 2018; Steiner et al., 2018; Dalghi et al., 2019),
propagation of calcium transients (Heppner et al., 2017) and
signal transmission via gap junctions (Ikeda et al., 2007). A subset
of LP interstitial cells expresses the tyrosine kinase receptor
platelet-derived growth factor receptor alpha (PDGFRα) (Koh
et al., 2012; Monaghan et al., 2012; Sancho et al., 2017) and this
subpopulation may be important for bladder voiding during
early postnatal development before coordinated urinary function
(Kanai et al., 2007; Heppner et al., 2017). PDGFRα+ interstitial
cells are found in the urinary bladder of human, mouse,
rat, guinea pig, and pig, with similar morphology, chemical
expression, and organization (Gevaert et al., 2014b, 2017; Steiner
et al., 2018). Studies suggest that PDGFRα+ LP interstitial cells
may also contribute to bladder dysfunction (e.g., interstitial

cystitis/bladder pain syndrome, IC/BPS) because preclinical
rodent models show increased expression of interstitial cell
markers (de Jongh et al., 2007; Kubota et al., 2008; Kim et al.,
2011; Abrams et al., 2012; Fry et al., 2012; Johnston et al.,
2012; Deng et al., 2015; Kjell et al., 2015; Liu et al., 2017, 2018;
Sancho et al., 2017). PDGFRα+ bladder interstitial cells also
exhibit morphological and chemical differences in patients with
OAB or IC/BPS (Neuhaus et al., 2005; Roosen et al., 2009a,b;
Gevaert et al., 2011, 2015; Meng et al., 2015). Additionally,
interstitial cells display abnormal electrophysiological properties
in IC/BPS and may contribute to the increased and spontaneous
contractions observed in the detrusor (Rosenberg et al., 2016;
Liu et al., 2017, 2018).

Imatinib mesylate, also referred to as imatinib, is a competitive
inhibitor of the ATP-binding site of certain receptor tyrosine
kinases including PDGFRα (Buchdunger et al., 1996, 2000;
Kilic et al., 2000) and has been commonly used in lower
urinary tract (LUT) studies to target PDGFRα+ interstitial
cells (Biers et al., 2006; Kubota et al., 2006; Min et al., 2011;
Abrams et al., 2012; Deng et al., 2013; Gevaert et al., 2014a;
Kjell et al., 2015; Sancho et al., 2017; Giglio et al., 2018).
Recent reports indicate that imatinib administration reduces
PDGFRα expression and voiding frequency in rodents with
IC/BPS (Sancho et al., 2017; Giglio et al., 2018). In this
study, we expand upon previous studies (Sancho et al., 2017;
Giglio et al., 2018) to determine the functional effects of
imatinib mesylate administration (e.g., gavage, intravesical) in a
cyclophosphamide (CYP)-induced cystitis (acute, intermediate,
chronic) mouse model (male and female) using conscious,
unrestrained, open-outlet cystometry. We also assess the
mechanical sensitivity of the pelvic region in a CYP-induced
cystitis mouse model with and without imatinib treatment (e.g.,
gavage, intravesical).

MATERIALS AND METHODS

Experimental Animals
Male and female wildtype (WT), C57BL/6 mice (3–5 months)
(Jackson Labs, Bar Harbor, ME, United States) were used in
these studies. Mice were bred locally at The Larner College of
Medicine, University of Vermont (UVM) animal facilities in
standard laboratory conditions, as previously described (Tooke
et al., 2019). The UVM Institutional Animal Care and Use
Committee (IACUC) approved all experimental procedures
involving animal use (IACUC #X9-020). The UVM Office
of Animal Care and Management managed animal care in
accordance with the American Association for Accreditation of
Laboratory Animal Care (AAALAC) and National Institutes of
Health (NIH) guidelines. All efforts were taken to minimize
animal pain and distress. Mice exhibiting signs of pain and
distress that could not be managed with post-operative analgesics
were immediately euthanized. Separate cohorts of littermate WT
mice were used in these studies. Female mice were primarily
used because of the increased IC/BPS prevalence in human
females (Hanno et al., 2015). The estrous cycle status of mice
was not determined.
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Cyclophosphamide Dosing and
Administration
Cyclophosphamide treatment groups received CYP injections
(i.p.) to induce acute (200 mg/kg, 4 h), intermediate (200 mg/kg,
48 h) or chronic (75 mg/kg, every 72 h for 8 days) urinary bladder
inflammation as previously described (Malley and Vizzard, 2002;
Bjorling et al., 2011; Guo et al., 2018). Control groups did
not receive CYP. After completion of CYP treatment, mice
were used for bladder function testing (i.e., cystometry) or
tissues (e.g., urinary bladder) were harvested from anesthetized
(5% isoflurane in oxygen) mice subsequently euthanized by
thoracotomy. Urinary bladders were collected and stored for
future experiments.

Imatinib Mesylate Dosing and
Administration
The dose and route of imatinib were determined in pilot
studies and by using previous reports (Abrams et al., 2012;
Kjell et al., 2015; Sancho et al., 2017) as guidance. Imatinib
or vehicle (i.e., water or saline) was delivered by two
different routes in separate cohorts of mice: (1) systemically
by oral gavage (250 mg/kg; 22 gauge/25 mm, stainless
steel); or (2) directly by intravesical infusion (50 µM)
via an externalized bladder catheter, or by transurethral
intravesical infusion (50 µM). Upon cessation of gavage and
infusion, mice were used for testing and/or euthanized for
tissue collection.

Oral Gavage (Prevention Schedule)
Mice were placed headfirst in a cone shaped, plastic bag
with the far corner cut. Alternative handling techniques (i.e.,
scruff) could not be used because of the intravesical implant
surgery with exteriorization at the base of the neck. Mice were
monitored constantly to ensure correct gavage needle placement
and animal well-being. The same individual performed all gavage
procedures at the same time of day (8 a.m.–12 p.m.) to reduce
potential variability.

Mice were pre-treated with imatinib (250 mg/kg) for 5 days
prior to CYP (i.p.) administration ranging from 5 to 12 days
total, depending on the CYP dosing schedule. All groups
were gavaged daily throughout the entire experimental period
with imatinib or vehicle control, including on surgery, CYP
administration and cystometry testing days. On these days,
mice were gavaged and left undisturbed in their home cages
for at least 30 min prior to surgery, CYP administration or
cystometry testing.

Catheter Implant for Intravesical Infusion (Prevention
Schedule)
Mice were pre-treated with imatinib (50 µM, 30 min, 0.5 mL,
1X/day) via an externalized bladder catheter for 5 days prior
to CYP (4 h, 200 mg/kg, i.p.) administration. Some cohorts
additionally received protamine sulfate (PS; 10 mg/kg, 0.5 mL,
30 min) infusions, prior to imatinib. Bladder parameters
were assessed using conscious, open outlet cystometry after
acute (4 h) CYP.

Catheter Implant for Intravesical Infusion (Treatment
Schedule)
Acute (4 h, 200 mg/kg, i.p.) or chronic (every 72 h for
8 days, 75 mg/kg, i.p.) cystitis was induced with CYP as
previously described (Guo et al., 2018; Tooke et al., 2019).
Bladder parameters were assessed using conscious, open outlet
cystometry before and after the imatinib infusion (50 µM,
30 min, 0.5 mL).

Transurethral Intravesical Infusion (Treatment
Schedule)
Mice were anesthetized with isoflurane in oxygen (3–4%),
placed in the supine position on a water mat heating pad and
catheterized by inserting lubricated polyethylene tubing (PE-10,
Clay Adams, Parsippany, NJ, United States) into the bladder
through the urethra. The mice were manually voided before the
urethral instillation procedure. Solution (i.e., imatinib or saline)
was instilled into the bladder until a full bladder could be palpated
(25–400 µL). The catheter was then removed from the urethra
while the mice remained anesthetized (30 min).

Intravesical Catheter Implantation
Intravesical catheter implantation was performed as previously
described (Schnegelsberg et al., 2010; Gonzalez et al., 2013). Mice
received analgesics (carprofen, 0.1 mg/kg, s.c.) before and after
(every 24 h for 48 h total) surgery.

Conscious, Open-Outlet Cystometry
With Continuous Infusion of Saline
Conscious, open-outlet cystometry with continuous saline
infusion was performed as previously described (Guo et al.,
2018; Tooke et al., 2019). Three days after surgery, mice were
placed, unrestrained, in a wire bottom cage with the dorsal neck
tubing exteriorized and connected to the cystometry system (Med
Associates, St. Albans, VT, United States). Room temperature
saline was infused into the bladder (25 µl/min) to elicit repetitive
bladder contractions. After an initial accommodation period (20–
30 min), a minimum of 6 consistent micturition cycles were
recorded. Urodynamic measures included: minimum pressure
(pressure at the beginning of bladder filling), threshold pressure
(bladder pressure immediately before micturition), maximum
pressure, intermicturition interval (time between micturition
events) and infused volume. Bladder capacity is defined as the
infused volume necessary to elicit a micturition event. Voided
volume was not analyzed as multiple groups (e.g., CYP groups)
were unable to be assessed, due to very small volume voids. Non-
voiding contractions (NVCs) were also not analyzed because
multiple groups did not reliably produce NVCs.

Imatinib (50 µM) was intravesically infused into the bladder
for some experiments where mice served as their own controls
and were evaluated before and after imatinib treatment.
Baseline bladder function testing was conducted with intravesical
saline, followed by intravesical imatinib treatment, then bladder
function testing was repeated. At least 6, reproducible micturition
cycles were obtained before and after imatinib treatment. After
cystometry, mice were euthanized by thoracotomy. Urinary
bladders were harvested for future experiments.
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Pelvic Mechanical Sensitivity Testing
Mechanical sensitivity was assessed in separate groups of mice
that did not undergo the intravesical catheter implantation
surgery nor cystometry. The imatinib prevention (gavage) and
treatment schedules (intravesical infusion) were evaluated. All
mice were acclimated to the testing environment for 2 h/day for
2 days prior to Schnegelsberg et al. (2010) and on the test day.

Prevention
Cohorts received daily doses of imatinib or vehicle (water) via
oral gavage, 1X/day for 5 days. On the test day (i.e., last day), the
cohorts received the final dose of imatinib, followed 30 min later
with acute CYP treatment. Mechanical sensitivity was evaluated
4 h after CYP treatment.

Treatment
Cohorts received acute CYP treatment followed 4 h later
by an intravesical infusion (transurethral catheter) of
imatinib or vehicle (saline) followed (30 min) by mechanical
sensitivity testing.

Control mice did not receive CYP treatment. Mice were
tested in individual plexiglass chambers with a stainless-steel wire
grid floor, using calibrated von Frey microfilaments (0.008–1 g,
Semmes Weinstein, Stoelting Co, Wood Dale, IL, United States).
Microfilaments were applied in a perpendicular manner, until
the hair buckled to the lower pelvic/abdominal region overlying
the bladder for 1–3 s with an interstimulus interval of at least
15 s. Positive behaviors included sharp retraction of the abdomen,
jumping or immediate licking or scratching of the affected area
(May and Vizzard, 2010; Schnegelsberg et al., 2010). Mechanical
sensitivity testing was performed in a blinded manner, with
mixed treatment and control groups. The groups were decoded
following analyses.

Mechanical Sensitivity Analysis
The mechanical force needed to elicit a withdrawal response in
50% of the mice was determined using the up-down method
(Deuis et al., 2017). At least four responses were obtained after
the first change in von Frey filament direction. The withdrawal
threshold was defined as a positive response, followed by a
negative response in either direction, repeated at least twice. Two
separate evaluators determined the withdrawal thresholds; one
evaluator was blinded to all conditions.

Pain Behavioral Assessments
Secondary behavioral assessments that may be indicative of pain
or distress were also conducted. Behavior was only assessed in
the control and treatment (intravesical) groups also undergoing
mechanical sensitivity testing. Mice were acclimated to individual
cages 30 min/day, for 2 days before behavioral assessments.
On the test day, after microfilament sensitivity testing, mice
were immediately placed in individual cages for acclimation
(10 min). Mice were then recorded using a video camera for
15 min. An evaluator, blinded to groups, examined the video and
determined total time moving and total licking behaviors of the
abdominal pelvic area (Boucher et al., 2000; Arras et al., 2007;
Yoshikawa et al., 2012).

Exclusionary Criteria
Mice were withdrawn from study because of adverse
postoperative events or pain, lethargy, or if distress could
not be alleviated by postoperative analgesics. Some cystometry
recordings were rendered unusable due excessive behavioral
movements (e.g., grooming, standing, walking, defecation, and
chewed tubing). Approximately 10% of mice (n = 32) were
removed from the study.

Statistical Analyses
All values represent mean ± SEM. When the F ratio exceeded
the critical value at α = 0.05, post hoc multiple comparisons tests
were performed. Data were analyzed using a two-way analysis
of variance (ANOVA) with Bonferroni’s multiple comparisons
test, a repeated measures two-way ANOVA with Šídák’s multiple
comparisons test, or Student’s paired t-test, as indicated
by experimental design. All analyses were performed using
GraphPad Prism software (GraphPad Prism version 8.0.0 for
Windows, GraphPad Software, San Diego, CA, United States).1

RESULTS

Imatinib Decreases Voiding Frequency
and Increases Bladder Capacity in the
Acute (4 h) Cyclophosphamide-Induced
Cystitis Model: Prevention or Treatment
Design
Administration of imatinib significantly (p ≤ 0.001) increased
the intermicturition interval (IMI) and the infused volume (IV)
in mice with acute (200 mg/kg, i.p., 4 h) CYP-induced cystitis
when evaluated in two different drug delivery methods and
experimental designs (Figures 1, 2).

Prevention Effects
Mice were pre-treated daily via oral gavage or direct intravesical
infusion with imatinib mesylate, followed by induction of CYP-
induced cystitis (Figure 1A). Female and male mice with acute
(4 h) CYP-induced cystitis exhibited significantly (p ≤ 0.01)
decreased IMI and IV compared to controls, as expected
(Figures 1B–E, 3A,B). In female mice with acute (4 h) CYP-
induced cystitis, imatinib (250 mg/kg, 5 days) administration
via oral gavage significantly (p ≤ 0.001) increased IMI and IV
compared to vehicle (water) treated mice (Figures 1B,D, 3C,D).
However, this imatinib delivery method and treatment schedule
did not affect IMI or IV in male mice with CYP-induced cystitis
(Figures 1C,E). Imatinib pre-treatment significantly (p ≤ 0.01)
increased bladder pressures (minimum, threshold, maximum) in
male and female mice with acute CYP-induced cystitis, compared
to controls (Table 1).

The systemic administration of imatinib by gavage may have
off-target effects not specifically due to PDGFRα inhibition at
the level of the urinary bladder. Thus, we conducted a series
of experiments to intravesically infuse imatinib to investigate

1www.graphpad.com
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FIGURE 1 | Imatinib mesylate pre-treatment via oral gavage significantly alters
intermicturition interval (IMI) and infused volume (IV) in an acute (4 h)
cyclophosphamide (CYP)-induced cystitis mouse model. (A) Acute
CYP-induced cystitis (200 mg/kg, 4 h, i.p.) experimental schedule for imatinib
mesylate pre-treatment via oral gavage (250 mg/kg, 5 days, 1X/day). (B,D)
Imatinib mesylate pre-treatment significantly increased IMI and IV (p ≤ 0.001)
in female mice with acute (4 h) CYP-induced cystitis. (C,E) Imatinib mesylate
pre-treatment did not significantly affect bladder measures in male mice with
acute CYP-induced cystitis. (B–E) Imatinib pre-treatment alone by gavage,
without CYP, significantly (0.01 ≤ p ≤ 0.0001) decreased IMI and IV in both
female and male mice, compared to vehicle treatment alone. n = 5–9. Values
are mean ± SEM. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ∗∗∗∗p ≤ 0.0001 by
two-way ANOVA with Bonferroni’s multiple comparisons test. CMG,
cystometrogram.

bladder-specific effects of PDGFRα inhibition. Mice were pre-
treated with imatinib (50 µM, 0.5 mL, 30 min) for 5 days and
acute cystitis was induced via CYP on day 5. This treatment and
dosing schedule resulted in mice exhibiting increased voiding
frequency as documented in mice with only CYP-induced cystitis
(4 h) (data not shown). We hypothesized that intravesical
imatinib was unable to penetrate the intact urothelial barrier
to access the LP. Thus, we performed a follow-up study in

FIGURE 2 | Imatinib mesylate treatment via intravesical infusion significantly
increases IMI and IV in an acute (4 h) CYP-induced cystitis mouse model.
(A) Acute CYP-induced cystitis (200 mg/kg, 4 h, i.p.) experimental schedule
for imatinib mesylate treatment via intravesical infusion (50 µM, 30 min,
0.5 mL). (B–E) Imatinib treatment via intravesical infusion significantly
increases the IMI and IV in female (p ≤ 0.0001) and male (p ≤ 0.05) with acute
(4 h) CYP-induced cystitis. Imatinib treatment via intravesical infusion
significantly increases the IMI and IV in female (p ≤ 0.01) and male (p ≤ 0.05)
control (no CYP) mice. Control (no CYP) and 4 h CYP treated mice were
separate groups of mice, each tested before and after imatinib infusion.
n = 6–10. Values are mean ± SEM. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗∗p ≤ 0.0001 by
two-way repeated measures ANOVA with Šídák’s multiple comparisons test.
CMG, cystometrogram.

a separate cohort of mice that received intravesical protamine
sulfate (PS) (10 mg/kg, 0.5 mL, 30 min) every other day, prior
to imatinib infusions, to disrupt the urothelial lining (Stein
et al., 1996). PS does not affect voiding frequency at this
concentration (Chuang et al., 2003; Fraser et al., 2003; Klinger
and Vizzard, 2008). Urinary bladder function resembled that
in CYP-treated mice (without imatinib) but imatinib treatment
did not significantly affect IMI or IV, despite PS treatment
(data not shown).
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FIGURE 3 | Representative bladder function cystometry recordings from female mice with acute CYP-induced cystitis, pre-treated with imatinib mesylate or vehicle
via oral gavage. (A,B) Mice with 4 h CYP-induced cystitis (200 mg/kg, 4 h, i.p.) pre-treated with vehicle exhibited significantly decreased IMI (p ≤ 0.001) and IV
(p ≤ 0.0001), compared to control mice. (C,D) Mice with 4 h CYP-induced cystitis pre-treated with imatinib (250 mg/kg, 5 days, 1X/day) exhibited significantly
(p ≤ 0.001) increased IMI and IV, compared to mice with 4 h CYP-induced cystitis pre-treated with vehicle. Recordings are from separate cohorts of mice. n = 5–9.
By two-way ANOVA with Bonferroni’s multiple comparisons test. CMG, cystometrogram; BP, bladder pressure.

Treatment Effects
We then evaluated potential treatment effects of direct
intravesical infusion of imatinib in mice with acute CYP-
induced cystitis. Mice were treated with imatinib via intrabladder
infusion (50 µM, 0.5 mL, 30 min) after induction of acute
(4 h) CYP cystitis (Figure 2A). Bladder function was recorded
before and after imatinib infusion. Acute CYP treatment
significantly (p ≤ 0.01) reduced IMI and IV in female mice
(Figures 2B,D). Imatinib treatment significantly increased IMI
and IV in female (1.7-fold) (p ≤ 0.0001; Figures 2B,D, 4A–D)
and male (1.6-fold) (p ≤ 0.05; Figures 2C,E) mice with acute
CYP-induced cystitis. Imatinib treatment significantly (p ≤ 0.05)
reduced minimum bladder pressure in female mice with acute
CYP-induced cystitis but did not affect bladder pressures in male
mice (Table 2). Bladder function changes in mice with imatinib
infusion were observed within 30–50 min. Most mice (n = 16/19,
84%) exhibited changes in bladder function following imatinib
infusion that persisted until the end of the recording session
(i.e., 30–60 min).

Imatinib Is Not Effective in Preventing or
Treating Intermediate (48 h) or Chronic
(8 Day) Cyclophosphamide-Induced
Cystitis
We investigated the effects of PDGFRα blockade with
imatinib in mice with intermediate (48 h) and chronic

(8 day) CYP-induced cystitis using prevention (i.e., imatinib
via oral gavage before CYP treatment) and treatment
(i.e., CYP treatment followed by intrabladder infusion of
imatinib) methods (Figures 5A, 6A and Supplementary
Figure 3).

Prevention
Before CYP treatment, mice were pre-treated daily with imatinib
for 5 days. CYP treatment began on the 5th day for intermediate
and chronic schedules. Intermediate CYP treatment consisted
of a single CYP injection (200 mg/kg, i.p.) followed by bladder
function testing at 48 h (intermediate) after injection. For
the chronic cystitis model, mice received 3 CYP injections
every 72 h (75 mg/kg, i.p.) followed by bladder function
testing on the last day. Daily imatinib administration continued
throughout the CYP treatment period for a total of 7 or
12 total days for the intermediate or chronic CYP schedules,
respectively. Mice with chronic (75 mg/kg, i.p. every 72 h,
8 days) CYP-induced cystitis exhibited significantly (p ≤ 0.05)
decreased IMI and IV compared to controls (Figures 5B,C).
Mice pre-treated with imatinib (250 mg/kg, 12 total days)
by gavage with chronic CYP treatment, did not exhibit
significant differences in IMI or IV compared to chronic CYP
groups pre-treated with vehicle (Figures 5B,C). Imatinib pre-
treatment significantly (p≤ 0.01) increased minimum pressure in
chronic CYP-induced cystitis female mice, compared to vehicle
controls (Table 1). We additionally assessed the effectiveness
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TABLE 1 | Mean bladder pressures during conscious, open-outlet cystometry in
control (no CYP), acute CYP (4 h, 200 mg/kg, i.p.), or chronic CYP (75 mg/kg
every 72 h for 8 days, i.p.) male and female mice pre-treated with imatinib
mesylate or vehicle via oral gavage.

Group Threshold
pressure

Minimum
pressure

Maximum
pressure

Female mice

Vehicle (No CYP) 12.09 ± 0.7 10.23 ± 0.7 27.04 ± 2.1

Vehicle + Acute (4 h) CYP 28.84 ± 2.9** 24.12 ± 2.9** 34.25 ± 3.0

Imatinib (No CYP) 27.35 ± 2.1** 18.9 ± 1.4 38.82 ± 4.0

Imatinib + Acute (4 h) CYP 39.34 ± 3.7+**** 32.41 ± 3.0++**** 50.83 ± 4.8**

Vehicle (No CYP) 21.71 ± 2.9 13.77 ± 1.1 34.06 ± 3.5

Vehicle + Chronic (8 d) CYP 33.5 ± 2.7+* 27.88 ± 2.8+** 44.87 ± 2.7

Imatinib (No CYP) 22.22 ± 1.5 16.45 ± 1.5 34.68 ± 2.0

Imatinib + Chronic (8 d) CYP 30.45 ± 2.7 26.04 ± 3.1** 42.77 ± 3.6

Male Mice

Vehicle (No CYP) 12.65 ± 0.5 11.82 ± 0.2 28.71 ± 1.3

Vehicle + Acute (4 h) CYP 17.26 ± 0.4++ 15.53 ± 0.8 34.22 ± 1.4

Imatinib (No CYP) 26.23 ± 2.1**** 20.58 ± 2.0** 38.86 ± 2.9*

Imatinib + Acute (4 h) CYP 24.22 ± 1.7#*** 21.13 ± 1.6** 35.37 ± 2.1

n = 5–9. Values are means ± SEM by two-way ANOVA with Bonferroni’s multiple
comparisons test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001 when compared to vehicle
control, +p ≤ 0.05; ++p ≤ 0.01; ++++p ≤ 0.0001 when compared to imatinib
control, or #p ≤ 0.05; ##p ≤ 0.01; ####p ≤ 0.0001 when compared to
vehicle + acute CYP.

of imatinib at an intermediate CYP-induced cystitis time point
(200 mg/kg, i.p., 48 h) with imatinib pre-treatment (gavage,
250 mg/kg, 7 total days) and found no significant differences
in IMI or IV compared to vehicle treated groups or controls
(Supplementary Figure 3).

Treatment
Mice were treated by intravesical infusion with imatinib (50
µM, 0.5 mL, 30 min) on the last day of the chronic CYP
protocol (Figure 6A; 75 mg/kg, i.p. every 72 h, 8 days).
Bladder function was recorded before and after the imatinib
intravesical infusion in the same mice. Mice with chronic
CYP-induced cystitis treated with imatinib via intrabladder
infusion did not exhibit significant differences in bladder
function compared to pretreatment function (Figures 6B,C and
Table 2).

Use of imatinib mesylate as a prevention or treatment for
bladder dysfunction with CYP-induced cystitis was ineffective in
intermediate (48 h) or chronic (8 day) CYP treatment protocols.
Due to the absence of effect(s) in female mice, studies were not
repeated with male cohorts.

Oral Gavage of Imatinib Increases
Voiding Frequency and Decreases
Bladder Capacity in Control (No
Cyclophosphamide) Mice
In prevention studies with imatinib pre-treatment, control (no
CYP) groups were necessary and allowed us to assess the
effect of PDGFRα inhibition on bladder function before CYP

treatment. Control mice were treated with imatinib or vehicle
throughout the experimental period (Figures 1A, 5A) and
did not receive CYP injections. Female and male control (no
CYP) mice treated with imatinib, via gavage, for the acute 5-
day schedule, exhibited increased voiding frequency (decreased
IMI and IV) (p ≤ 0.01), compared to vehicle treated control
(no CYP) mice (Figures 1B–E). In female mice, decreases in
IMI and IV were more dramatic in mice with acute CYP-
induced cystitis treated with vehicle compared to the imatinib
treated control (5 day) group (Figures 1B,D). However, in
male mice, the imatinib treated control group (5 day) and
4 h CYP treatment with vehicle groups were not significantly
different (Figures 1C,E). Imatinib significantly (p ≤ 0.01)
increased bladder pressure for both female (threshold) and male
(threshold and minimum) control mice (Table 1). Imatinib
treatment in control mice (no CYP) did not significantly affect
bladder function with the intermediate (8 day) (Supplementary
Figure 3) or chronic (12 day) schedules (Figures 5B,C and
Table 1).

Intrabladder Infusion of Imatinib
Decreases Voiding Frequency and
Increases Bladder Capacity in Male and
Female Control (No Cyclophosphamide)
Mice
Imatinib treatment, via intrabladder infusion, significantly
decreased voiding frequency (increased IMI and IV) in female
(p ≤ 0.01) (1.5-fold) and male (p ≤ 0.05) (1.4-fold) control (no
CYP) mice but did not affect bladder pressures in either sex
(Figures 2B–E and Table 2).

Multiple Treatments With Intrabladder
Infusion of Imatinib May Further Improve
Bladder Function With Acute (4 h)
Cyclophosphamide-Induced Cystitis in
Female Mice
We evaluated if an additional treatment with imatinib mesylate
would result in a greater improvement in bladder function in
the acute CYP-induced cystitis mouse model beyond what was
observed with a single intrabladder infusion. In this experiment,
mice received imatinib treatment (50 µM, 0.5 mL, 30 min) via
intrabladder infusion 4 and 24 h after inducing acute (4 h)
cystitis with CYP. Bladder function was recorded before and after
imatinib treatment, both 4 and 24 h after CYP administration
(Figure 7A). IMI and IV significantly increased (p ≤ 0.01)
after the first dose of imatinib treatment with acute (4 h)
CYP treatment (Figures 7B,C). Twenty-four hours later, before
the second dose of imatinib, significant (p ≤ 0.01) changes in
bladder function (e.g., increased IMI and IV) persisted. The
second dose of imatinib, 24 h after CYP treatment significantly
(p ≤ 0.05) increased IMI and IV compared to acute (4 h)
CYP-induced cystitis before (p ≤ 0.001) and after the effects of
a single dose of imatinib (p ≤ 0.01; Figures 7B,C). Imatinib
treatment did not affect bladder pressures at 4 or 24 h (Table 2).
These results suggest that multiple doses of imatinib may
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FIGURE 4 | Representative bladder function cystometry recordings from a female mouse with acute CYP-induced cystitis, before and after imatinib mesylate
treatment via intravesical infusion. (A,B) Before imatinib treatment via intravesical infusion, mice with acute CYP-induced cystitis (200 mg/kg, 4 h, i.p.) exhibited
decreased IMI and IV. (C,D) After imatinib treatment via intravesical infusion (50 µM, 30 min, 0.5 ml), mice with 4 h CYP-induced cystitis exhibited significantly
(p ≤ 0.0001) increased IMI and IV. Recordings displayed are from the same mouse, before and after imatinib treatment. Mice with 4 h CYP-induced cystitis in these
experiments acted as their own controls. n = 6–10. By two-way repeated measures ANOVA with Šídák’s multiple comparisons test. CMG, cystometrogram; BP,
bladder pressure.

improve bladder function outcomes with acute (4 h) CYP-
induced cystitis.

Oral Gavage or Transurethral Infusion of
Imatinib Does Not Affect Pelvic Somatic
Sensitivity in Female Mice With Acute
(4 h) Cyclophosphamide-Induced Cystitis
Acute CYP administration significantly (p ≤ 0.05) increased
pelvic somatic sensitivity compared to control (no CYP)
(Supplementary Figures 1, 2). In controls (no CYP), imatinib
delivery via gavage (prevention protocol) increased pelvic
sensitivity (p ≤ 0.05) but no effect was observed with
transurethral infusion of imatinib (treatment protocol)
(Supplementary Figures 1, 2). In mice with acute CYP-
induced cystitis, imatinib treatment (transurethral intrabladder
infusion, 50 µM, 0.5 mL, 30 min) or prevention (oral
gavage, 250 mg/kg, 5 days) did not affect pelvic somatic
sensitivity (Supplementary Figures 1, 2). We additionally
scored behaviors in female mice with acute CYP-induced
cystitis following transurethral infusion (50 µM, 0.5 mL,
30 min) of imatinib or vehicle. Total licking behaviors were
significantly (p ≤ 0.05) increased in mice with 4 h CYP-induced
cystitis. However, imatinib treatment did not significantly
affect either total time moving or total licking behaviors

in control mice or in mice with 4 h CYP-induced cystitis
(Supplementary Figure 2).

DISCUSSION

Our studies demonstrate different effects of imatinib treatment
depending on its use in control (no CYP), CYP-treated or mice
with varying durations of CYP-treatment. Our studies expand
upon previous reports investigating the effects of imatinib in the
micturition system in a variety of bladder dysfunction models,
including: CYP-induced cystitis (Sancho et al., 2017; Liu et al.,
2018), radiation-induced cystitis (Giglio et al., 2018); spinal cord
injury (SCI)-induced overactive bladder (Abrams et al., 2012;
Deng et al., 2013; Kjell et al., 2015), and bladder outlet obstruction
(Kim et al., 2011; Preis et al., 2015). Although various in vivo
and ex vivo approaches have been used to determine effects of
imatinib on rat and guinea pig bladder function (Kubota et al.,
2004, 2006; Biers et al., 2006; Kim et al., 2011; Abrams et al., 2012;
Deng et al., 2013; Gevaert et al., 2014a; Kjell et al., 2015; Sancho
et al., 2017; Giglio et al., 2018; Liu et al., 2018), we believe these
studies are the first to use conscious, unrestrained cystometry to
assess the effects of imatinib mesylate on urinary bladder function
in mice with CYP-induced cystitis. Our results suggest imatinib
prevention and treatment improve LUT storage outcomes in

Frontiers in Systems Neuroscience | www.frontiersin.org 8 May 2022 | Volume 16 | Article 867875

https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles


fnsys-16-867875 May 9, 2022 Time: 14:28 # 9

Perkins et al. Imatinib Reduces Voiding in Cystitis

TABLE 2 | Mean bladder pressures during conscious, open-outlet cystometry in
control (no CYP), acute CYP (4 h or 24 h, 200 mg/kg, i.p.), or chronic CYP
(75 mg/kg every 72 h for 8 days, i.p.) male and female mice treated with imatinib
mesylate or vehicle (saline) via intravesical bladder infusion.

Group Threshold
pressure

Minimum
pressure

Maximum
pressure

Female mice

Control (No CYP)Pre-Imatinib 26.3 ± 1.5 17.9 ± 1.9 33.8 ± 2.4

Post-Imatinib 26.5 ± 1.8 15.8 ± 1.4 32.8 ± 1.5

Acute CYP (4 h)Pre-Imatinib
28.9 ± 2.4 17.4 ± 1.7 39.4 ± 2.8

Post-Imatinib 27.0 ± 2.8 13.7 ± 0.8* 38.1 ± 2.8

Acute CYP (4 h)Pre-Imatinib Infusion #1
28.0 ± 3.1 18.1 ± 3.2 38.1 ± 2.8

Post-Imatinib Infusion #1 26.5 ± 3.4 16.5 ± 4.1 35.8 ± 3.4

24 h CYPPre-Imatinib Infusion #2
29.1 ± 3.4 15.3 ± 2.2 29.1 ± 3.4

Post-Imatinib Infusion #2 29.3 ± 2.7 16.9 ± 2.1 29.3 ± 2.7

Chronic CYP (8 day)Pre-Imatinib 26.6 ± 2.6 16.0 ± 1.4 37.7 ± 2.3

Post-Imatinib 24.6 ± 2.2 15.6 ± 1.7 38.6 ± 2.4

Male Mice

Control (No CYP)Pre-Imatinib 27.1 ± 1.4 18.7 ± 1.9 39.7 ± 2.4

Post-Imatinib 24.0 ± 1.6 16.4 ± 1.1 37.1 ± 1.7

Acute CYP (4 h)Pre-Imatinib
28.9 ± 4.2 24.2 ± 4.4 42.6 ± 4.3

Post-Imatinib 32.0 ± 6.6 25.6 ± 6.8 46.3 ± 6.8

n = 5–10. Values are means ± SEM by Student’s paired t-test (chronic CYP
with imatinib infusion experiment) or repeated measures, two-way ANOVA with
Bonferroni’s (4 h/24 h CYP with imatinib infusion experiment) or Šídák’s (female
and male acute CYP with imatinib infusion experiment) multiple comparisons test.
*p ≤ 0.05 when compared to 4 h CYP, pre-imatinib infusion.

female mice with acute (4 h) CYP-induced cystitis but not
chronic CYP-induced cystitis. Interestingly, our prevention
(gavage) studies in control mice (no CYP) also demonstrate that
imatinib treatment can increase voiding frequency suggesting
that imatinib and PDGFRα+ interstitial cells may contribute
to the development and maintenance of bladder dysfunction
(e.g., increased voiding frequency). Although cystometry results
demonstrate that intravesical or oral imatinib can improve
urinary bladder function in acute (4 h) CYP cystitis, imatinib does
not affect mechanical sensitivity of the pelvic region in these mice.
The absence of effect of imatinib on mechanical sensitivity may
suggest that imatinib will not effectively treat pain symptoms in
IC/BPS patients but could be useful for OAB patients. Ultimately,
our studies suggest imatinib mesylate given systemically (gavage)
or intravesically as a potential therapeutic for LUT storage
symptoms in IC/BPS and/or OAB. Imatinib prevention (i.e.,
gavage, 250 mg/kg, 1X/day, 5 days) increased IV and IMI in
female, but not male, mice with acute CYP-induced cystitis.
Although imatinib does inhibit the tyrosine kinase receptor
PDGFRα, like the majority of other PDGFRα inhibitors, it is not
specific (Roskoski, 2018). Imatinib additionally inhibits PDGFRβ,
c-KIT and BCR-ABL (Buchdunger et al., 2000; Capdeville et al.,
2002). With systemic administration of imatinib, we cannot
exclude the possibility that improvements in bladder outcomes
were due to blockade of PDGFRα and other receptors throughout
the body. Although we are unable to achieve specific PDGFRα

inhibition with imatinib given systemically or intravesically, we
used intravesical delivery to target the site of action of imatinib to
the urinary bladder.

For the intravesical imatinib administration experiments, we
initially conducted a preventative design with daily imatinib
bladder infusions prior to induction of acute (4 h) CYP-
induced cystitis on the last experimental day. However,
imatinib prevention via intravesical infusion did not affect
LUT outcomes in acute CYP-induced cystitis mice. We next
evaluated intravesical treatment studies to examine the effect
of imatinib on bladder function after inducing acute CYP
cystitis. Intravesical imatinib treatment significantly improved
LUT function in female and male mice with acute CYP-
induced cystitis. Imatinib prevention and treatment had similar
magnitude of effect in increasing IMI and IV in CYP-
treated mice. Despite improvements in LUT outcomes, imatinib
prevention was associated with increases in bladder pressures,
while intravesical infusion of imatinib reduced or had no effect
on bladder pressures. If these data can eventually be translated
to humans with IC/BPS, the magnitude of effect with route of
administration, the ease and convenience of administration, as
well as off-target effects will need to be addressed.

Surprisingly, imatinib prevention in control (no CYP)
mice increased voiding frequency compared to vehicle treated
controls. However, the increased voiding frequency in female
controls was less than that observed in female mice with acute
CYP-induced cystitis. Increased voiding frequency in control
mice treated with systemic (gavage) imatinib treatment may
be, in part, due to PDGFRα inhibition of detrusor interstitial
cells. Our studies did not directly assess the contribution of
detrusor interstitial cells to the increased voiding frequency
observed in control mice pre-treated with imatinib. However,
studies show that PDGFRα+ detrusor interstitial cells exhibit
inhibitory influence over smooth muscle cells (SMCs) to
regulate contractions during bladder filling, likely via SK3
channels (Parajuli et al., 2012; Anderson et al., 2013; Lee
et al., 2013, 2017; Koh et al., 2018). SK3 agonists enhance
outward currents in PDGFRα+ detrusor interstitial cells and
reduce detrusor contractions, whereas antagonists block outward
currents and increase contractions (Lee et al., 2013, 2014,
2017). Thus, the increased voiding frequency in control mice
pre-treated with imatinib may be due imatinib inhibition of
PDGFRα+ detrusor interstitial cells, resulting in the release
of interstitial cell inhibitory control over detrusor SMCs to
produce an increase in voiding frequency. Interestingly, similar
results were not observed when control mice were treated with
intravesical imatinib administration. Imatinib treatment (50 µM,
0.5 mL, 30 min) increased bladder capacity and reduced voiding
frequency in control (non-CYP) female and male mice. These
results may, in part, be due to imatinib blockade of PDGFRα

expressed by LP interstitial cells. Although we cannot discount an
effect of imatinib on detrusor interstitial cells with the treatment
design, intravesical infusion of imatinib would likely first act on
LP interstitial cells based upon their proximity to the bladder
lumen infusion site. As suggested, LP interstitial cells may act
as sensory intermediaries to the detrusor and/or afferent nerves
(Wiseman et al., 2003; Gray et al., 2013; Heppner et al., 2017;
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FIGURE 5 | Imatinib mesylate pre-treatment via gavage does not significantly affect bladder function in mice with chronic (8 day) CYP-induced cystitis. (A) Chronic
CYP-induced cystitis (75 mg/kg, every 72 h for 8 days) experimental schedule for imatinib mesylate pre-treatment via oral gavage (250 mg/kg, 1X/day). (B,C)
Imatinib pre-treatment via gavage did not significantly affect IMI or IV in female mice with chronic CYP-induced cystitis. n = 7–9. Values are mean ± SEM by two-way
ANOVA with Bonferroni’s multiple comparisons test. CMG, cystometrogram.

Sancho et al., 2017; Koh et al., 2018). It may be possible
that blockade of LP interstitial cells disrupts communication
with bladder afferent nerves, resulting in dysregulated sensory
signaling, and in turn, increased IMI and IV. However, these ideas
should be further researched as our studies do not directly assess
the contribution of specific interstitial cells to LUT function in the
control or inflamed bladder.

Imatinib was effective at improving bladder function in mice
with acute (4 h) CYP-induced cystitis for both the prevention
(systemic gavage) and treatment (intravesical) designs, yet
imatinib did not affect bladder function in mice with intermediate
(48 h; gavage) or chronic (8 day; gavage and intravesical) CYP-
induced cystitis. Many significant changes occur throughout
the micturition system (e.g., inflammatory mediator expression,
peripheral and central sensitization) which contribute to
symptom progression and exacerbation with acute, intermediate,
and chronic CYP-induced cystitis (Malley and Vizzard, 2002;

Arms et al., 2013; Gonzalez et al., 2014; Guo et al., 2018).
These nuances increase the complexity of treating urinary
bladder dysfunction and may suggest that some treatments
may only be effective at certain timepoints. In addition, a
combination of therapeutics and treatments may be beneficial
when treating the progression of acute to chronic urinary bladder
inflammation. Future studies in mice with acute, intermediate,
and chronic CYP-induced cystitis that evaluate bladder function
effects when imatinib is combined with other treatments (e.g.,
neuropeptide, cytokine, and chemokine receptor antagonists)
should be considered (Arms et al., 2010, 2013; Gonzalez et al.,
2013, 2014, 2016; Merrill and Vizzard, 2014; Girard et al., 2016,
2019, 2021; Guo et al., 2018; Tooke et al., 2019). In addition,
our results assessing imatinib treatment at 4 and 24 h after CYP
treatment, suggest repeated use of imatinib may offer additional
improvements in bladder function in acute CYP-induced cystitis
and extend symptom relief. Future studies should determine the
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FIGURE 6 | Imatinib mesylate treatment via intravesical infusion does not
significantly affect bladder function in mice with chronic (8 day) CYP-induced
cystitis. (A) Chronic CYP-induced cystitis (75 mg/kg, every 72 h for 8 days)
experimental schedule for imatinib mesylate treatment via intravesical bladder
infusion (50 µM, 30 min, 0.5 mL). (B,C) Imatinib treatment via intravesical
bladder infusion did not significantly affect IMI or IV in chronic CYP-induced
cystitis, female mice. n = 7–9. Values are mean ± SEM by Student’s paired
t-test. CMG, cystometrogram.

duration of symptom relief period and if bladder dysfunction can
be fully reversed with multiple imatinib treatments.

In addition to LUT symptoms, IC/BPS patients report
unpleasant pelvic sensations (e.g., pain, pressure, or discomfort)
(Hanno et al., 2015). Thus, we also examined mechanical
sensitivity of the abdominal/pelvic region in cystitis with imatinib
administration. Our results suggest that imatinib prevention and
treatment improves functional bladder outcomes (i.e., IV, IMI),
but may not affect pelvic sensation. If clinically translatable to
human patients, these results may suggest that imatinib will
not effectively treat the pelvic pain component of IC/BPS and
that imatinib may be a more suitable treatment for OAB. The
therapeutic potential of imatinib for OAB warrants further
research as our studies did not assess the effect of imatinib
on LUT function in an OAB model. The differential effects
on bladder function and pelvic sensitivity were surprising to
us because we have evaluated multiple pharmacological agents
(Arms et al., 2013; Girard et al., 2016, 2019, 2021; Guo
et al., 2018) in rodents with CYP-induced cystitis and have
never demonstrated improvements in bladder function without
reductions in mechanical sensitivity. However, these results may
provide information about the role of LP interstitial cells in the
urinary bladder and their potential communication with bladder
nerve fibers. Additional studies are planned to evaluate the effect

FIGURE 7 | Two intravesical infusions with imatinib mesylate significantly
increases IMI and IV in female mice with acute (4 h) CYP-induced cystitis.
(A) Acute CYP-induced cystitis (200 mg/kg, 4 h, i.p.) experimental schedule
for two-dose imatinib mesylate treatment via intravesical bladder infusion (50
µM, 30 min, 0.5 mL). Acute cystitis is induced on the third day. Bladder
function with cystometrogram (CMG) is recorded 4 h after the CYP injection,
before and after an intravesical bladder infusion of imatinib mesylate, and
again, 24 h after the CYP injection on day 4, before and after a second
imatinib mesylate intravesical bladder infusion. (B,C) Imatinib mesylate
treatment significantly (p ≤ 0.01) increased the IMI and IV in female mice with
acute CYP-induced cystitis at 4 and 24 h (p ≤ 0.001) following CYP. n = 4.
Values are mean ± SEM. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; by two-way
repeated measures ANOVA with Bonferroni’s multiple comparisons test.
CMG, cystometrogram.

of imatinib on pelvic sensitivity in CYP-induced cystitis using
visceromotor responses.

Overexpression and enhanced activity of PDGFs/Rs may
indicate pathological processes (e.g., cancerous, fibrotic,
inflammatory, and vascular conditions) (Heldin and
Westermark, 1999; Andrae et al., 2008). In urinary bladder
dysfunction, PDGFs/Rs may contribute to underlying
mechanisms that induce or sustain inflammation. Although
the PDGFRα LP interstitial cells likely serve important roles in
the normal functioning bladder (e.g., communicating bladder
fullness to afferent nerves and regulating detrusor muscle
contractions) (Heppner et al., 2017), they may also contribute
to pathological states by altering the inflammatory milieu of
the urinary bladder. In mice with incomplete SCI treated with
imatinib mesylate, serum levels of monocyte chemoattractant
protein-1, macrophage inflammatory protein (MIP)-3α, and
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keratinocyte chemoattractant/growth-regulated oncogene
(interleukin 8) were significantly increased (Kjell et al., 2015)
and yet mice exhibited improvements in bladder function and
hindlimb locomotion. Future studies that address mechanisms
underlying bladder functional recovery in the presence of,
or possibly supported by, an inflammatory activation by
imatinib are needed. We are currently examining inflammatory
activation in the LUT by imatinib in mice with and without
CYP-induced cystitis.

In conclusion, our results suggest imatinib administration
improves bladder function (e.g., IMI and IV) in mice with
acute CYP-induced cystitis by a prevention (gavage; females) and
treatment (intravesical infusion; females and males) experimental
design. Bladder function improvements in the acute CYP-
induced cystitis model with imatinib administration may be due,
at least in part, to inhibition of the PDGFRα+ LP interstitial
cells. Furthermore, these studies demonstrated changes in
voiding frequency with imatinib administration supporting the
suggestion that these cells function as a sensory intermediary
role in control as well as the inflamed urinary bladder. The
absence of effect of imatinib administration by the prevention
(gavage) and treatment (intravesical infusion) on mechanical
sensitivity in mice with acute CYP-induced cystitis may suggest
that imatinib mesylate may be more appropriate as a treatment
for OAB where patients present with urinary storage symptoms
(e.g., increased urgency, frequency, nocturia) without pelvic
pain, pressure or discomfort reported by IC/BPS patients
(Macdiarmid and Sand, 2007). These studies provide some
insight into a novel cell population in the urinary bladder
that may be an effective target in managing cystitis-induced
bladder dysfunction.
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