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Editorial on the Research Topic
Novel mechanisms involved in urinary bladder control: advances in
neural, humoral and local factors underlying function and disease,
volume III
s

This Research Topic brings several novelties about physiological and pathological
aspects focusing on the urinary bladder. In the third volume about this subject that follows
the earlier volumes (Sato et al., 2020; Sato et al., 2022), the different authors show with
multiple angles, from the molecular to the systemic level, a variety of features displayed by
the urinary bladder, allowing the reader to unravel the physiology of this fascinating organ.

Regulation of the urinary bladder is classically known for being dependent on
both central and peripheral mechanisms. Although it has been deemed that the neural
mechanisms involved in urinary bladder control are well stablished (De Groat et al., 2015),
in recent years, novel central areas and their neurotransmissions have revealed that much
more needs to be uncovered regarding these central mechanisms. Daiuto et al. have shown
that the medial preoptic area (mPOA) is involved in urinary bladder regulation through
a phasic mechanism in female Wistar rats. In this brain area, it is the angiotensinergic
transmission by activation of AT-1 receptors, but not the GABAergic neurotransmission,
that mediates the intravesical pressure control.

Peripherally, the urinary bladder is innervated by the autonomic nervous system.
Burnstock (2014) has shown that adenosine 5′-triphosphate (ATP) is released as a co-
transmitter with acetylcholine from parasympathetic nerves and also is likely a co-
transmitter with norepinephrine/noradrenaline from the sympathetic innervation of the
bladder. The release of ATP by efferent neurons can modulate smooth muscle tone
(Vial and Evans, 2000). In contrast, urothelial ATP can act on suburothelial interstitial
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cells/myofibroblasts (Wu et al., 2004; Cheng et al., 2011),
in autocrine and paracrine ways to stimulate urothelial cells
(Ferguson et al., 2015; Chess-Williams et al., 2019), and sensory
nerves (Cockayne et al., 2000; Kaan et al., 2010). The activation
of purinergic receptors on sensory nerves is thought to convey
the sensation of bladder fullness and onset of the micturition
reflex (Cockayne et al., 2000; Kaan et al., 2010). However, released
ATP is easily hydrolyzed by membrane-bound and soluble forms
of ectonucleotidases to ADP, AMP, and adenosine (ADO) (Yu,
2015; Aresta Branco et al., 2022; Gutierrez Cruz et al., 2022).
Particularly, ADP and ADO are biologically active metabolites
that can modulate detrusor function, in which ADP actions
result in detrusor muscle contraction (Yu et al., 2014), whereas
ADO causes smooth muscle relaxation (Hao et al., 2019). Branco
et al. have used RNAscope™, an RNA in situ hybridization
technology, to demonstrate the distribution and measure the levels
of ectonucleotidases gene expression in large high-resolution images
of murine bladder sections. They suggested that layer-specific
differences of ectonucleotidases gene expression found in their
study could be relevant for regulation of purine availability and
subsequent functions in the bladder wall.

Interestingly, animal studies have shown that the afferent tibial
nerve may be also responsible for bladder modulation (Kovacevic
and Yoo, 2015). Evidence suggests that unmyelinated C-fibers, but
not Aδ or Aβ-fibers, were recruited during tibial nerve stimulation
in a continuous-fill rat model (Paquette and Yoo, 2019). Zhou et al.
investigated if the stimulation of C-fibers in tibial nerves can induce
bladder inhibition by optogenetic transdermal illumination by
cystometric evaluation. They demonstrated that prolonged bladder
inhibition is mediated by the stimulation of C-fibers in the tibial
nerves, with no frequency-dependent characteristics, and suggested
that 473-nm blue light has limited penetration efficacy, but it
is enough to modulate bladder functions through transdermal
illumination on the superficial peripheral nervous system.

Pathological conditions affecting the urinary bladder and
the understanding of mechanisms underlying these disorders
have been also focused in this Research Topic. Sickle cell
disease (SCD), an autosomal recessive genetic disorder that
causes abnormal hemoglobin S (HbS) production due to a single
amino acid substitution in the β-globin chain, can be evoked
by genetic mutation. This triggers the polymerization of HbS
under hypoxic or dehydrated conditions, forming sickle-shaped
erythrocytes (Kato et al., 2018). Such altered cells exhibit increased
stiffness and a reduced lifespan, leading to intravascular and
extravascular hemolysis, which are critical features of SCD and
yielding several clinical manifestations (Kato et al., 2018). A
relevant molecular consequence of intravascular hemolysis is the
reduction of nitric oxide (NO) bioavailability due to direct NO-
hemoglobin interactions and increased reactive oxygen species
(ROS) production, which act as NO scavengers (Reiter et al.,
2002; Vona et al., 2021). This reduction in NO availability is
associated with severe SCD complications, including the overactive
bladder (OAB) (Kato et al., 2017). Rebecchi e Silveira et al. have
investigated the effects of intravascular hemolysis on themicturition
process and the contractile mechanisms of the detrusor smooth
muscle (DSM) in a mouse model with phenylhydrazine (PHZ)-
induced hemolysis. In addition, the role of intravascular hemolysis
in the dysfunction of nitric oxide (NO) signaling and oxidative stress

in the bladder was evaluated. They demonstrated that intravascular
hemolysis promotes voiding dysfunction that correlated with
alterations in the NO signaling pathway in the bladder. In addition,
increases in oxidative stress were evoked by intravascular hemolysis.
They suggested that intravascular hemolysis elicited an OAB
phenotype similar to those observed in patients andmice with SCD.

Another pathological aspect has been shown by Oliveira et al.
in this Research Topic. As hyperglycemia in diabetic individuals
causes accumulation of the highly reactive dicarbonyl compound
methylglyoxal (MGO), which modulates TRPA1 activity, and long-
term oral intake of MGO causes mouse bladder dysfunction,
they investigated the TRPA1 expression in the bladder and
the effects of 1 h-intravesical infusion of the selective TRPA1
blocker on cystometric alterations induced by MGO.Their findings
demonstrated that TRPA1 activation is implicated in mouse
overactive bladder induced by MGO, and suggested that TRPA1
blockers could be useful for the treatment of diabetic bladder
dysfunction in individuals with high MGO levels.

Tay and Grundy bring a review about the different animal
models of interstitial cystitis/bladder pain syndrome (IC/BPS), and
the mechanisms underlying these models.They highlight that many
of the animal models mimic the major symptoms of IC/BPS. The
refining of these models to induce chronic symptomatology can
resemble the IC/BPS phenotype, nevertheless, it is noteworthy that
no single model can fully replicate all aspects of the human disease.
Thus, likely different models still will be necessary for preclinical
drug development, depending on the unique etiology of IC/BPS
under investigation.

Ke et al. have demonstrated the role of Pituitary Adenylate
Cyclase-Activating Polypeptide (PACAP) and its receptor PAC1 in
IC/BPS and the potential involvement in inflammation and sensory
dysfunction. Using different approaches such as transcriptomic
analysis, immunohistochemistry, and bladder function assays, Ke
et al. assessed the possible correlations between PACAP/PAC1
activation, bladder inflammation, and sensory dysfunction. In
addition, the modulation of the PACAP/PAC1 pathway was
evaluated in rats to determine its effects on bladder inflammation
and function.Thefindings suggested that the PACAP/PAC1pathway
is involved in the inflammatory and sensory changes observed in
IC/BPS, opening perspectives for the development of new targeted
treatments.

Another study by Aronsson et al. used a method to produce
NO in an aqueous solution and validated its capacity to induce
functional responses in isolated rat bladders, as well as comparing
the NO responses to the commonly used NO donor sodium
nitroprusside (SNP). The authors also evaluated the impact of
ongoing inflammation on the involvement of soluble guanylate
cyclase (sGC) dependent signaling in NO relaxation. They found
that aqueous NO solution induces relaxation of the rat detrusor
muscle by activating sGC in both control and inflamed bladder
strips in an experimental cystitis induced by a single injection
of cyclophosphamide. However, inflammation possibly leads to
decreased sGC expression in the detrusor muscle. The authors
emphasize the usefulness of the aqueous NO solution as a valuable
pharmacological tool for studies of the lower urinary tract.

In conclusion, this Research Topic covers an array of studies
addressing physiological and pathological aspects of the urinary
bladder. We believe that the enriching lessons of the valuable
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approaches shown here will raise novel issues as well as open
new avenues for further studies that may ultimately lead to novel
therapies for patients with bladder dysfunctions.
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Purpose: To explore whether stimulation of C-fibers in tibial nerves can induce
bladder inhibition by optogenetic transdermal illumination.

Methods: Ten rats were injected with AAV2/6-hSyn-ChR2(H134R)-EYFP into the
tibial nerves. Transurethral cystometry was performed 4 weeks after the virus
injection. Illumination (473-nm blue light at 100mW)was performedwith the fiber
positioned above the right hind paw near the ankle. The light transmission
efficiency was examined with a laser power meter. The effects on cystometry
were compared before and after illumination with the bladder infused with normal
saline and acetic acid, respectively.

Result:Upon transdermal delivery of 473-nm light at a peak power of 100mW, the
irradiance value of 0.653 mW/mm2 at the target region was detected, which is
sufficient to activate opsins. The photothermal effect of 473-nm light is
unremarkable. Acute inhibitory responses were not observed during
stimulation regarding any of the bladder parameters; whereas, after laser
illumination for 30 min, a statistically significant increase in bladder capacity
with the bladder infused with normal saline (from 0.53 ± 0.04 mL to 0.72 ±
0.05 mL, p < 0.001) and acetic acid (from 0.25 ± 0.02 mL to 0.37 ± 0.04 mL, p <
0.001) was detected. A similar inhibitory response was observed with pulsed
illumination at both 10Hz and 50Hz. However, illumination did not significantly
influence base pressure, threshold pressure, or peak pressure.

Conclusion: In this preliminary study, it can be inferred that the prolonged bladder
inhibition is mediated by the stimulation of C-fibers in the tibial nerves, with no
frequency-dependent characteristics. Although the 473-nm blue light has limited
penetration efficacy, it is sufficient to modulate bladder functions through
transdermal illumination on the superficial peripheral nervous system.

KEYWORDS

optogenetics, tibial nerve, transdermal stimulation, bladder, rats

1 Introduction

Tibial nerve stimulation (TNS), approved by the Food and Drug Administration (FDA)
in 2005, is a well-established third-line therapy for overactive bladder (OAB) (Gupta et al.,
2015). The precise mechanism is still unclear; however, accumulating evidence suggests that
bladder inhibitory reflexes play an important role (Yecies et al., 2018; Paquette and Yoo,
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2019). Evidence from animal studies indicates that the small
myelinated Aδ in the afferent tibial nerve may be responsible for
bladder modulation; recruiting C-fibers does not enhance the
bladder-inhibitory effects further (Sato et al., 1980; Kovacevic and
Yoo, 2015). This conclusion is supported by the fact that a low
stimulation amplitude (4–10Tmot) was sufficient for inhibiting OAB,
the range of which was consistent with the Aβ-fiber activation
threshold. However, recently a study revealed that unmyelinated
C-fibers, not Aδ or Aβ, were recruited during TNS in a continuous-
fill rat model. The authors argued that repeated bladder filling and
emptying reinforces excitatory neural circuitry and propensity to
void; the activation of C-fibers under the continuous-fill bladder
condition (at 100Tmot) is required for eliciting inhibitory responses
(Paquette and Yoo, 2019). There are also studies suggesting that
stimulating C fibers may lead to bladder excitation (McPherson,
1966; Kovacevic and Yoo, 2015). These inconsistent results indicate
that the role of C fibers in the tibial nerve remains unclear.

Optogenetics is an emerging technology that enables the activation
or inhibition of specific cells with light (Zhou and Liao, 2021). The
expression of the light-sensitive protein, opsin, is genetically encoded,
providing a way to target the neurons of interest. Channelrhodopsin 2
(ChR2) is the most commonly employed unselective depolarizing opsin.
Exposure to blue light with a wavelength of 473 nm can induce a
structural conformational inversion of 11-cis-retinal to all-trans-retinal,
resulting in the opening of channels, the influx of positive ions,
depolarization of the membrane, and activation of neurons.
Optogenetics has revolutionized our ability to influence neural
activity with high precision. Previous studies reported that AAV2/
6 was largely specific to unmyelinated nociceptive neurons (Iyer
et al., 2014). In this study, we selectively expressed ChR2 in C-fibers,
and investigated whether stimulation of C-fibers in tibial nerves can
induce bladder inhibition, bladder activation, or neither. Moreover,
instead of traditional optogenetics that requires an invasive light-
delivery device to be surgically implanted in the body (Zhou and
Liao, 2021), we utilized transdermal illumination as a non-invasive
approach to target superficial nerves, and subsequently discussed the
potential of this method as an alternative or supplementary approach to
traditional neural electrical stimulation.

2 Materials and methods

2.1 Experimental animals

Ten female Sprague-Dawley rats (180–220 g [g]) were used in
this experiment. Animals were housed under standard conditions
with food and water ad libitum. All procedures were performed in
accordance with protocols approved by the Capital Medical
University Laboratory Animal Welfare and Ethical Review Board
(permit number, AEEI-2022-102).

2.2 Virus injection

The AAV2/6-hSyn-ChR2(H134R)-EYFP and AAV2/6-hSyn-EYFP
were purchased from OBIO Technology Co. (China), which is reported
to target nociceptive neurons (Iyer et al., 2014). During surgery, rats
underwent anesthesia with 2% pentobarbital (30 mg/kg) by

intraperitoneal injection. Breathing was monitored, and body
temperature was maintained with a heating plate throughout the
experiment. The tibial nerve was accessed through the medial side of
the right hind leg near the ankle. The nerve was removed from the
underlying fascia under a microscope. A 30-gauge Hamilton syringe
(10 μL) was inserted under the epineurium of the nerve, and a total of
5×1010 vector genomes were injected. Fast Green (1%; 1 μL) was added to
visualize the injected solution. After the injection, the incision was closed
with sutures, and the rats were treated with ampicillin sodium for 3 days.

2.3 Cystometry

Transurethral cystometry under urethane anesthesia (1.2 g/kg,
intraperitoneal) was performed 4 weeks after virus injection, as
described previously (Kashyap et al., 2018). A polyethylene
catheter (PE-50) was inserted transurethrally into the bladder,
and the catheter was connected by a three-way stopcock to a
micro-infusion pump (Stoelting, IL) and pressure transducer
(MP150; Biopac, CA). The bladder was filled with normal saline
(NS) at a rate of 0.08 mL/min. The bladder capacity (BC) was
defined as the volume of infusion that triggered the first
micturition waves and corresponding urine leakage. Bladders
were emptied by gently pressing on the abdomen. The average of
at least 3 BCs was measured after the stabilization of the cystometry.
An OAB model was induced by infusion of 0.25% acetic acid (AA).
A significant decrease in BC indicated successful disease induction.

2.4 Blue light illumination

A blue light was generated from a 473-nm laser with a 100-μm
optical fiber (1–100mW, RWD Life Science Co., Shenzhen, China).
Illumination (100mW, constant/10Hz/50Hz) was performed with the
fiber positioned 1 cm above the right hind paw near the ankle, with the
fur shaved. Acute bladder responses (during the illumination) and
prolonged bladder responses (after illumination for 30 min) were both
explored. An LP10 laser power meter (Sanwa Electric Instrument Co.,
Tokyo, Japan) was used to assess light transmission efficiency. An
SDR473 radiometer (Shenzhen Speedre Technology Co., Guangzhou,
China) was used to assess the light intensity. A thermocouple sensor
(K-type) connected to a digital thermometer (DM6801A) was used to
detect temperature changes under illumination. The tip of the
thermocouple sensor was inserted into the target tibial nerve region
or placed at the skin surface for local temperature detection.

2.5 Immunofluorescence assessment

The rats were sacrificed after cystometry, and the tibial nerves
and L6-S1 dorsal root ganglions (DRGs) were obtained immediately.
Tissues were fixed with 4% PFA and then embedded with OCT
compound. Tissues were washed in OBS and incubated with
blocking solution. Primary antibodies (1:100 Anti-Peripherin,
ab246502) were diluted in blocking solution and incubated in
sections. Slides were washed 3 times and incubated with
secondary antibodies (1:200 Goat anti-rabbit IgG Alexa Fluor
488). Samples were imaged using a DMI8 microscope (Leica).
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2.6 Statistics

Statistical analysis was performed using R (version 4.2.0; The R
Foundation, Vienna, Austria). Results are expressed as means ±
SEM. A paired t-test was used to compare the cystometry parameters
before and after transdermal illumination. A value of p < 0.05 was
considered statistically significant for all comparisons.

3 Results

3.1 Penetrating ratio and photothermal
effect of a 473-nm light

Previous studies have revealed the relatively limited penetration
depth of visible light in biological tissues (Ash et al., 2017). Our results
revealed a penetrating ratio of 26.7% ± 0.2% at a depth of 1.5 mm and
13.7% ± 0.2% at a depth of 3.0 mm, showing little dependence on the
incident intensity (Figure 1A). Upon transdermal delivery of 473-nm
light at a peak power of 100 mW, the irradiance value of 0.653 mW/mm2

at the target region was detected. Although the tissue penetration of the
473-nm light was limited, for the superficial tibial nerve at the hind leg
near the ankle, the light is sufficient to activate ChR2 for cation influx
(Chen et al., 2018). The photothermal effect of a 473-nm light was
unremarkable. After illumination of 30 min, only a slight temperature
increase at the skin surface (0.47°C ± 0.09°C) and the target region
(0.16°C ± 0.04°C) were detected (Figure 1B). Based on these results, we
confirmed it is possible to manipulate the tibial nerve through
transdermal illumination.

3.2 Acute bladder responses under
illumination

Expression of ChR2-EYFP in C-fibers was confirmed by the
immunohistology of the tibial nerves and DRGs 4 weeks after
transfection (Figure 2). We tested whether transdermal tibial
nerve optogenetic stimulation targeting C-fibers influences
bladder activity. Acute inhibitory responses were not observed

during infusion with NS regarding any of the bladder parameters
(Figure 3A). The irritation of AA successfully induced the OAB
model, with the BC from 0.61 ± 0.05 mL to 0.35 ± 0.05 mL (p =
0.042). Similarly, in the OAB rats, no acute bladder responses were
detected during illumination (Figure 3B).

3.3 Prolonged bladder responses after
illumination for 30min

After illumination for 30 min in the physiological bladder, a
statistically significant increase of BC (0.72 ± 0.05 mL) compared
with baseline (0.53 ± 0.04 mL, p < 0.001; Figure 3C) was detected.
The results showed in pathologic bladder a statistically significant
increase of BC after illumination of the tibial nerve for 30 min
(0.37 ± 0.04 mL) compared with baseline (0.25 ± 0.02 mL, p < 0.001,
Figure 3D). Illumination did not significantly influence base
pressure, threshold pressure, or peak pressure in both physiologic
and pathologic conditions. We furtherly explored whether the
inhibitory response was associated with illumination frequency.
Continuous stimulation, pulsed 10Hz stimulation, and 50Hz
stimulation all elicited an inhibitory response in BC, with no
significant differences among different stimulation protocols
(Figure 3E).

4 Discussion

4.1 The functional role of C-fibers in tibial
nerves

The functional role of different fiber types is still not clear.
Previous studies revealed that the Aδ-fibers were activated under the
required stimulation intensity for TNS(4–10 Tmot), while C-fibers
were activated in a much higher range (100–200 Tmot) (Sato et al.,
1980; Kovacevic and Yoo, 2015). Based on these results, it is inferred
that the inhibitory responses were mediated by Aδ fibers rather than
C-fiber afferents. However, a recent study revealed that TNS leads to
bladder-inhibitory effects only at stimulation amplitudes that

FIGURE 1
Penetration ratio (A) and photothermal effect (B) of transdermal illumination. (A) Penetration ratio of 473-nm constant illumination through skin and
subcutaneous tissue, showing a ratio of 26.7% ± 0.2% and 13.7% ± 0.2% at a depth of 1.5 mm and 3.0mm, with little dependence on the incident intensity.
(B) Temporal change of temperature for skin surface and target tibial nerve region, showing the unremarkable photothermal effect of a 473-nm constant
illumination. Data are presented as mean ± SEM (n = 3 for all experiments).
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electrically recruited unmyelinated C-fibers (Paquette and Yoo,
2019). Similarly, Wallace et al. found that stimulation of C-fibers
can relieve bladder pain. What’s more intriguing is that Mapherson
et al. reported bladder excitation evoked by applying ice to the hind
paws in cats, which was attributed to C-fibers activated by low-
temperature input (McPherson, 1966; Kovacevic and Yoo, 2015).
Based on these results, it is still unknown whether stimulating C
fibers are inactive, inhibitory, or excitatory in nature. In previous
studies, the activation of different fiber types was achieved by
choosing the electrical stimulation intensity. However, electrical
stimulation lacks selectivity in nature. Optogenetics provides a
powerful tool to target C-fibers in a high spatial precision
manner. Previous studies have revealed that AAV2/6 has a
preference for transducing unmyelinated fibers (Yu et al., 2013;
Kudo et al., 2021). Our immunofluorescence result also suggests that
most ChR2 expression is detected on peripherin-positive fibers and
neurons, and the “off-target effect” of AAV2/6 transfection is
relatively low. In this preliminary study, we found that
illumination of C-fibers can both induce prolonged bladder
inhibitory responses when the bladder was infused with NS and
AA, respectively.

4.2 Absence of acute inhibitory responses

Previous experimental studies have shown that TNS can
elicit acute inhibitory effects in rats (Su et al., 2012a; Su
et al., 2015)and cats (Tai et al., 2011a; Tai et al., 2011b), with
the mechanism still largely unknown. In contrast, our results did
not show any significant acute responses in all bladder
parameters. The acute inhibitory effect observed during
electrical stimulation appears to differ from prolonged
bladder inhibition in our study (Paquette and Yoo, 2019).
The former acts like an “on-and-off” switch and can take
only a few seconds or minutes to observe the influence on the
bladder, whereas the latter indicates a different mechanism of
neuromodulation. The illumination directly leads to the
depolarization of the membrane and activation of C-fibers,

while the exact mechanisms of the responses remain unclear.
Previous studies revealed that intense stimulation of C-fibers
may exert efferent effects, secreting neuropeptide, including
substance P, calcitonin gene-related peptide, neurokinin,
et al., and recruiting other fibers in the periphery (Lao and
Marvizon, 2005; Adelson et al., 2009; Edvinsson et al., 2019).
Further investigation is needed to explore whether the
prolonged stimulation of C-fibers in the tibial nerve also
affects bladder function through this mechanism. Prolonged
inhibition may resemble the long-term depression of the
central micturition reflex, which requires more time to
develop (Jiang and Lindstrom, 1998; Su et al., 2012b). The
signals may be transmitted to the spinal cord and then to
higher regions in the central nervous system. Research has
shown that electrical stimulation of peripheral nerves can
lead to an increase in endogenous opioid peptide levels
within the central nervous system (Yaksh and Elde, 1981;
Wang et al., 2005). Of specific note, the level of stimulation
required to produce this opioid peptide release is one that
activates small nociceptive fibers. It can be inferred that the
prolonged bladder inhibition may be mediated by the
stimulation of C-fibers in the tibial nerves, but the
recruitment and activation of other nerve fibers as well as the
upstream targets remain unclear. More research is required to
elucidate this potential peripheral and central mechanism in the
future.

4.3 Consideration of stimulation frequency

The bladder reflex elicited by electrical stimulation of tibial
nerves exhibits frequency-dependent characteristics, where an
inhibitory response can be obtained at low frequencies
(5 Hz–30 Hz in rats and cats) and an excitatory response can be
evoked at high frequencies (50 Hz) (Kovacevic and Yoo, 2015). We
found that both 10 Hz and 50 Hz illumination resulted in an
inhibitory effect similar to constant illumination. The excitatory
response was not observed at high frequencies. It appears that

FIGURE 2
Expression of EYFP for ChR2 transfection in tibial nerve (A) and dorsal root ganglion (B). ChR2-EYFP: green; Peripherin: red, marker for C-fibers; Co-
expressed: yellow. Bar: 100 μm.
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evoking excitatory response by TNS depends on multiple factors,
and the underlying mechanism remains unknown. In this
optogenetic experiment, we directly manipulate C-fibers, which
excluded the possible impact of frequency and intensity on the
selective activation of nerve fibers. The bladder responses elicited by
the excitation of C-fibers did not exhibit frequency-dependent
characteristics, indicating that there may be other mechanisms
underlying bladder excitation at specific electrical frequencies.

4.4 Concerns of further clinical application

Optogenetics has become a powerful cell type-specific tool
that enables light-mediated activation or inhibition of neural
functions (Zhou and Liao, 2021). Optogenetic modulation is a
potential alternative to electrical modulation. There is still a
long way to go before it can be applied clinically. Traditionally,
optogenetic manipulation requires surgical device implantation

FIGURE 3
Acute and prolonged bladder responses to 473-nm illumination. (A) Acute bladder responses during illumination on the physiologic (normal saline-
infused) bladder. (B) Acute bladder responses during illumination on the pathologic (acetic acid-infused) bladder. (C) Prolonged bladder responses after
constant illumination for 30 min on the physiologic (normal saline-infused) bladder. (D) Prolonged bladder responses after constant illumination for
30 min on the pathologic (acetic acid-infused) bladder. (E) Prolonged bladder responses under different illumination protocols (Constant, pulsed
10Hz, pulsed 50Hz, 30 min). Data are presented as mean ± SEM. *: p < 0.05; ****: p < 0.0001.
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of tethered fiber optics or microscale light-emitting diodes,
which is invasive and limited the feasibility of clinical
applications. Transdermal illumination provides a
noninvasive way to achieve optogenetic control of superficial
peripheral afferents or muscles. It’s known that blue light with a
wavelength of 473 nm has limited penetration. Our research
confirmed the acceptable penetrating ratio of 473-nm blue light,
which is sufficient to activate ChR2 for tibial nerve stimulation
in rats. Although we confirmed the feasibility of transdermal
illumination using a 473-nm blue light, there are still concerns
about the limited penetration depth, especially when
considering application in human beings. Many attempts
have been made to improve the optogenetic activation of
deep tissues. Maimon et al. (2017) revealed that higher virus
concentrations can deliver more transgene copies to the neuron
genome; therefore, increased density of ChR2 channels can lead
to a lower required fluence rate for activation. The absorption
and scattering coefficients of red light are significantly lower
than those of blue light. Chrimson (Urmann et al., 2017) and
ReaChR (Lin et al., 2013) were two red-shifted
channelrhodopsin with a wavelength peak of 600–700 nm.
These two opsin variations enable the activation of deeper
tissues and can reduce the required illumination power.
Near-infrared light (NIR), with a wavelength of
650–1350 nm, achieves a maximal penetration depth. Chen
et al. (2018) developed transcranial NIR optogenetic
stimulation of deep-brain tissues via lanthanide-doped
upconversion nanoparticles (UCNPs), which can convert NIR
photons into visible photons. The emission of UCNPs can be
restricted to a specific wavelength using selective lanthanide-ion
doping. The Yb3+-Tm3+ couple emits blue light compatible with
activation of ChR2, while the Yb3+-Er3+ couple leads to green
light for activation of halorhodopsin (NpHR) or
archaerhodopsin (Arch). Hong (2020) developed an
ultrasound-mediated deep-tissue light source for
optogenetics. They made zinc sulfide nanoparticles doped
with silver and cobalt, which can trap electrons and store
energy until triggered by focused ultrasound and emitting
blue light. Compared with direct light illumination, focused
ultrasound enables a penetration depth of roughly 5 cm. These
approaches provide a possible solution for noninvasive
neuromodulation of the bladder, including the targets of the
sacral nerve, pudendal nerve, or direct bladder smooth muscle
cells (Park et al., 2017).

There are still challenges and limitations to be solved before
further application of transdermal illumination of the peripheral
nerves. First, the expression of ChR2 usually decreases after several
weeks or months. New stable viruses should be developed to achieve
persistent expression. Second, the thickness of skin and
subcutaneous fat as well as the angle of the incident beam affects
opsin activation. Improvement of the light-delivery device would
decrease exposure variation. Third, exploring a more noninvasive
and effective transducing route rather than intranerve injection is
essential for translation into clinical practice. Recently, attempts
have been made to introduce optogenetics as a therapeutic approach
in humans, including the PIONEER study (NCT03326336) (Sahel
et al., 2021). We believe such investigations can reveal the prospect
of future therapeutic strategies.

5 Conclusion

In this preliminary study, we optogenetically stimulated C-fibers in
the tibial nerves. It can be inferred that the prolonged bladder inhibition
is mediated by the stimulation of C-fibers in the tibial nerves, with no
frequency-dependent characteristics. Although a 473-nm blue light has
limited penetration efficacy, it is sufficient to modulate bladder
functions through transdermal illumination on the superficial
peripheral nervous system. More effects need to be paid to this
approach before we see the dawn of clinical translation for optogenetics.
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Soluble guanylate cyclase
mediates the relaxation of healthy
and inflamed bladder smooth
muscle by aqueous nitric oxide
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1Department of Pharmacology, Institute of Neuroscience and Physiology, The Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden, 2Department of Biomedicine, Faculty of Health,
University of Aarhus, Aarhus, Denmark

Introduction: Due to its chemical properties, functional responses to nitric oxide
(NO) are often difficult to examine. In the present study, we established a method
to produce NO in an aqueous solution and validated its capacity to evoke
functional responses in isolated rat bladders. Furthermore, we compared the
NO responses to the commonly used NO donor sodium nitroprusside (SNP). We
also investigated the impact of ongoing inflammation on the involvement of
soluble guanylate cyclase (sGC) dependent signaling in NO relaxation.

Methods: A setup to produce an aqueous NO solution was established, allowing
the production of an aqueous solution containing a calculated NO concentration
of 2 mM. Sixty male Sprague-Dawley rats received either no treatment (controls)
or cyclophosphamide (CYP; 100mg*kg−1 i.p., 60 h prior to the experiment) to
induce experimental cystitis. Bladder strip preparations were mounted in organ
baths and studied at basal tension or pre-contracted with methacholine (3 μM).
Aqueous NO solution (40–400 μL; 2 mM corresponding to 4–40 μM) or
SNP (1–1,000 μM) was added cumulatively in increasing concentrations.
Relaxation to aqueous NO was also studied in the presence of the sGC
inhibitor ODQ (0.25–25 μM). The expression of sGC was investigated by
immunohistochemical analysis.

Results: The NO solution caused functional relaxations in both controls and
inflamed bladder preparations. NO-induced relaxations were significantly
greater in inflamed bladder strips at basal tension, whereas no differences were
seen in methacholine pre-contracted strips. In the presence of the sGC inhibitor
ODQ in a high concentration, the NO-evoked relaxations were abolished in both
control and inflamed preparations. At a lower concentration of ODQ, only NO
relaxations in inflamed preparations were attenuated. Immunohistochemical
analysis showed that sGC was expressed in the detrusor and mucosa, with a
significantly lower expression in the inflamed detrusor.

Conclusion: In the present study, we found that aqueous NO solution induces
relaxation of the rat detrusor by activating soluble guanylate cyclase in both
control and inflamed bladder strips. Induction of inflammation conceivably leads
to decreased sGC expression in the detrusor, which may explain the different
susceptibility towards inhibition of sGC in inflamed versus control tissue. The use
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of an aqueous NO solution should be further considered as a valuable complement
to the pharmacological tools currently used.

KEYWORDS

nitric oxide, bladder, cystitis, relaxation, sGC (soluble guanylate cyclase), NO donor,
sodium nitroprusside (SNP), animal study

Introduction

Over the past quarter century, the functional role of nitric oxide
(NO) in the lower urinary tract has been outlined. Early on, NO was
established as one of the non-adrenergic, non-cholinergic (NANC)
signaling molecules released by the urothelium (Winder et al., 2014).
A number of studies imply that NO exerts a relaxatory functional
effect on the detrusor andmodulates afferent signaling (Ozawa et al.,
1999; Fujiwara et al., 2000; Andersson et al., 2008; Caremel et al.,
2010). However, some studies have indicated that in certain
conditions, NO can cause detrusor contractions (Liu and Lin-
Shiau, 1997; Moon, 2002; Gillespie and Drake, 2004; Yanai et al.,
2008). Apart from via activation of TRPV1 receptors, NO
production can also be evoked by stimulation of autonomic
receptors. Studies have shown that activation of β-adrenoceptors
leads to NO release, mainly from the urothelium (Birder et al., 1998;
Winder et al., 2017). During cystitis, urothelial NO production can
also be evoked by activation of muscarinic receptors (Andersson
et al., 2008; Andersson et al., 2012). The notion of altered nitrergic
signaling in inflammation can today be considered an established
feature that has been extensively demonstrated in a number of
studies (Ozawa et al., 1999; Kang et al., 2004; Andersson et al., 2011;
Sancho et al., 2014; Patel et al., 2020).

Despite the considerable number of studies that have been
conducted to outline the functional roles of NO in the lower

urinary tract, there are still missing pieces to the puzzle, for
instance, an accurate description of which intracellular pathways
that are involved in nitrergic signaling. Nevertheless, the
involvement of the NO-sGC-cGMP pathway (Figure 1) has
repeatedly been demonstrated in basic and clinical studies on
various lower urinary tract pathologies (Logadottir et al., 2004;
Kedia et al., 2008; Cho et al., 2017; Monica and Antunes, 2018;
Zabbarova et al., 2021; Aydogdu et al., 2022). The effects of NO on
detrusor contractility have been extensively examined using a wide
range of experimental designs. These include in vivo (often
cystometry), ex vivo (organ bath), and in vitro (cell cultures)
methods (Andersson et al., 2008; Kajioka et al., 2008; Bustamante
et al., 2010). Further, studies have utilized different approaches to
investigate functional effects of NO. Commonly, either NO donors,
such as sodium nitroprusside, nitric oxide synthase inhibitors like
L-NNA and L-NAME, or PDE5-inhibitors, such as sildenafil, have
been used (Gillespie and Drake, 2004; Andersson et al., 2012;
Chakrabarty et al., 2019). Previous studies have in common the
non-usage of NO per se as an agonist. The main reason for this is the
rapid turnover of NO, with an approximate half-life of a few seconds
in a normal oxygenated aqueous solution (Moncada et al., 1991).
However, in the late 1990s, a method to produce NO in an oxygen-
free aqueous solution was established by Simonsen and colleagues at
Aarhus University (Feelisch and Kelm, 1991; Simonsen et al., 1999).
In brief, pure argon followed by nitric oxide gas is led through

FIGURE 1
Outline of the NO-sGC-cGMP pathway. The formation of nitric oxide (NO) from L-arginine and molecular oxygen is catalyzed by nitric oxide
synthase (NOS). NO binds to soluble guanylate cyclase (sGC), forming cyclic GMP (cGMP) and, in turn, leading to smoothmuscle relaxation. Production of
cGMP can similarly be induced by NO donors and sGC stimulators. Oxidative stress, for instance during inflammation, leads to oxidation of sGC. A similar
effect is achieved by sGC inhibitors such as ODQ. Oxidized sGC cannot be activated by NO, but can instead be activated by sGC activators.
Pharmacologically active drugs are illustrated in bold blue, and enzymes in green italics.
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pyrogallol and/or sodium hydroxide, removing any traces of oxygen
and higher nitrogen oxides, before reaching vials filled with Milli-Q
water. Subsequently, NO is dissolved in an aqueous solution capped
by inert argon gas. This yields a deoxygenized solution of pure NO in
water, thus eliminating the risk of oxidation and breakdown of the
substance, which opens the possibility for studies using NO as a
classical agonist.

The current study had three interdependent aims. First, to
validate the production and use of NO in aqueous solution for
studies on bladder functional properties. Second, to study if the
relaxations to NO were altered in a state of inflammation. Third, to
test the hypothesis that NO in aqueous solution induces bladder
relaxation via activation of soluble guanylate cyclase. For these
purposes, rats were pre-treated with either saline, serving as
control, or cyclophosphamide (CYP; 100 mg*kg−1 i.p.), to induce
experimental cystitis. NO in aqueous solution was produced
according to a previously published protocol (Simonsen et al.,
1999). Bladder functional responses to NO in an aqueous
solution were examined in a tissue bath setup and compared to
those induced by the commonly used NO donor sodium
nitroprusside (SNP) in the presence and absence of the soluble
guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-
1-one (ODQ). Further, the expression of soluble guanylate cyclase
was examined by immunohistochemistry.

Methods and materials

The current study was approved by the local ethics committee at
the University of Gothenburg, Sweden (ethical permit 1794/18). A
total of 60 male Sprague-Dawley rats (235–440 g) purchased from
Charles River (Calco, Italy) were used. Male rats were chosen to
allow for comparison to previous studies and to avoid any influence
of oestrous cycle on the data. Careful notice was taken to follow all
rules and regulations stipulated by the ethical permit, and the
number of observations was chosen to obtain sufficient power
while minimizing the number of animals included in the study.
All experimental procedures had full adherence to the ARRIVE
2.0 guidelines.

Experimental design and tissue preparation

The rats were housed under standard conditions with access to
food and water ad libitum. Animals belonging to the control group
received no treatment, whereas experimental cystitis was induced
through a single injection of cyclophosphamide (CYP, 100 mg/kg
i.p.) 60 h prior to the experimental procedures, ensuring peak
inflammation at the time of sacrifice (Giglio et al., 2005), when
anaesthesia and euthanasia were induced by an overdose of
pentobarbitone (>60 mg/kg i.p.; APL, Stockholm, Sweden). The
pelvic cavity was opened, and the urinary bladder was excised
and placed in Krebs solution (composition: see section “Tissue
bath experiments”). To ensure euthanization, a subsequent
excision of the heart was performed.

Full-thickness bladder strips (2 mm × 6 mm) were cut from
above the trigone and proximal to the ureters according to a

standard procedure (Aronsson et al., 2010) and mounted in
organ baths (see below). 1-2 strips were taken from each rat bladder.

Production of aqueous nitric oxide

An aqueous NO solution with a calculated concentration of
2 mM, based on NO solubility, and a shelf-life of up to 1 week was
prepared (Simonsen et al., 1999). As schematically shown in
Figure 2, a system with five 20 mL glass vials with septum
closure was set up in a fume hood; the first containing pyrogallol
(10 mM), the next NaOH (10 mM), then an empty vial, and finally
two vials filled with Milli-Q water. To minimize oxidization, all
solutions were prepared directly in the glass vials, and the pyrogallol
vial was covered with aluminum foil due to its photosensitive nature.
The vials were connected in sequence with Teflon tubes with flowing
argon gas, pushing out oxygen from the solutions. After all vials had
been connected, the argon flowwas kept for 1 h and then switched to
pure NO gas, entering the NaOH vial, without interruption for an
additional 20 min. The final vial had a Teflon tube leading into the
open air, functioning as a “chimney” for the supplied gas. The same
procedure was conducted in a pilot experiment, except for the final
gassing with NO, serving as negative control (vehicle) for validation
purposes.

Tissue bath experiments

The full-thickness bladder strip preparations were mounted
between two steel rods, one adjustable and one fixed, connected
to an isometric force transducer (TSD125C, Biopac Systems Inc.,
Goleta, United States) and immersed into organ baths (20 mL) filled
with Krebs solution [NaCl, 118 mM; KCl, 4.6 mM; KH2PO4,
1.15 mM; MgSO4 (anhydrous), 1.15 mM; NaHCO3, 25 mM;
CaCl2, 1.25 mM; and glucose, 5.5 mM] gassed with 95% O2 and
5% CO2 at 37°C. The bladder strip preparations were stretched to
10 mN and let to equilibrate, resulting in a stable tension of about
5–7 mN after 45 min. The resulting tension was the starting point
for measurements of responses to subsequent drug administration at
basal tension.

The viability of the preparations was assessed by an
administration of methacholine (3 × 10−5 M), after which the
tissue was washed twice and left to equilibrate for 20 min. Pre-
contraction of the tissue was achieved, where applicable, by
administration of methacholine (3 × 10−6 M). In a few pilot
experiments, high potassium Krebs solution (50 mM; sodium
exchanged for potassium) was instead used to achieve pre-
contraction. However, the results were identical to those when
using methacholine (data not shown).

All administrations were given at a volume of 100 µL using a
micropipette, except for the NO solution (or corresponding vehicle
in a few control experiments), which was administered with a gas-
tight Hamilton syringe in close proximity to the tissue. The NO
solution was produced in a set concentration (2 mM) and
administered in volumes of 40, 100, 200, and 400 μL, resulting in
the desired final concentrations (4 × 10−6, 10-5, 2 × 10−5, and 4 ×
10−5 M).
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The soluble guanylyl cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ; 2.5 × 10−7–2.5 × 10−5 M) was, where
applicable, let to equilibrate for 20 min before the addition of any
agonist, i.e., NO solution or NO donor (SNP). Before adding NO or
NO donor, the tissues were pre-contracted with methacholine (3 ×
10−6 M). The concentrations of ODQwere chosen based on previous
studies in the literature and observations from pilot studies (Artim
et al., 2009).

All concentrations stated are the resulting concentrations in the
organ baths, and subsequent administrations were done
cumulatively. All substances were diluted in Milli-Q water.

The following substances were used: pentobarbitone (APL,
Stockholm, Sweden), argon gas (Linde Gas AB, Enköping,
Sweden), NO gas (Linde Gas AB, Enköping, Sweden),
pyrogallol, sodium hydroxide (NaOH), sodium chloride
(NaCl), potassium chloride (KCl), potassium dihydrogen
phosphate (KH2PO4), magnesium sulphate (MgSO4), sodium
bicarbonate (NaHCO3), calcium chloride (CaCl2), glucose
(C6H12O6), cyclophosphamide, sodium-nitroprusside (SNP),
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; Bio-
techne, Minneapolis, United States) and methacholine. All
substances were purchased from Sigma-Aldrich (St Louis,
United States) unless otherwise stated.

Immunofluorescence

Expression of soluble guanylate cyclase (sGC) was examined by
fluorescent immunohistochemistry. Immediately following an organ

bath experiment, the tissues were fixed in paraformaldehyde (4% in
0.1 M phosphate buffered saline). Thereafter, the tissues were
embedded in paraffin and sectioned into 10 µm thin tissue
sections (two sections per glass; Histolab, Gothenburg, Sweden).
The immunofluorescent staining procedure was then commenced
by deparaffinizing the paraffin-embedded tissues in xylene, followed
by rehydration in 99.5%, 95%, 70%, and 50% ethanol. To remove
autofluorescence, copper(II) sulfate (CuSO4, 1 mM; pH = 5) was
added to each section for 10 min. Thereafter, heat-induced epitope
retrieval was achieved by heating the sections to 70°C in sodium
citrate buffer (pH 5.0; Sigma-Aldrich) in a microwave oven for
30 min. Upon reaching room temperature, a blocking solution (5%
goat serum, Vector Laboratories, Burlingame, United States and
0.25% Triton X-100, Thermo Fisher Scientific, Rockford, IL,
United States, in PBS) was added for 1 h. Next, the primary
rabbit polyclonal anti-sGC beta 2 antibody was added to one
section on each glass (50 μL; ab53084, Abcam, Cambridge,
United Kingdom; 1:100 in 1% goat serum and 0.25% Triton X-
100, in PBS), while the other section was kept as a negative control
(50 μL; 1% goat serum and 0.25% Triton X-100, in PBS; no
antibody). The sections were thereafter incubated overnight at
4°C. The following day, a secondary antibody (ab6719, Abcam,
Cambridge, United Kingdom; 1:500 in 1% goat serum and 0.25%
Triton, in PBS) was added to the sections and let to incubate for 1 h
at room temperature. The sections were thereafter dehydrated in
50%, 70%, 90%, and 99.5% ethanol, respectively. Finally, the sections
were mounted under a cover glass with ProLong Gold antifade
reagent with DAPI (Thermo Fischer Scientific, Eugene,
United States).

FIGURE 2
Schematic illustration of the setup for producing the aqueous NO solution. Five 20 mL glass vials with septum closure were set up in a fume hood.
The first was filled with 18.5 mL of pyrogallol (10 mM) to remove any traces of oxygen from the argon gas led through it. The next contained 18.5 mL of
NaOH (10 mM) to remove higher nitrogen species from any gas flowing through it. Thereafter, an empty vial was placed to ensure no spillover into the
final vials containing pureMilli-Qwater. All vials were connected with Teflon tubing (blue arrows), entering each vial into the liquid and exiting above.
The final vial had a Teflon tube leading into the open air, functioning as a “chimney” for the supplied gas. To minimize oxidization, all solutions were
prepared directly in the glass vials, and the pyrogallol vial was covered with aluminum foil due to its photosensitive nature. Argon gas, pushing out oxygen
from the solutions and vials, was first led through the system for 60 min. Then the gas was switched, without interruption, to pure NO gas, entering
through the NaOH vial, for an additional 20 min. The end result was two vials of Milli-Q water saturated with pure NO.
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Data analysis and statistics

Statistical calculations were performed using GraphPad
Prism version 9.5.0 (GraphPad Software Inc., San Diego,
United States). Two-way ANOVA followed by Šidák`s
correction for multiple comparisons was used for statistical
comparisons of tissue bath data, i.e., of concentration-
response curves. Statistical significance was regarded for
p-values < 0.05. Data are presented as mean ± SEM.

Protein expression was analyzed semi-quantitatively by grading
the expression of sGC in each tissue on a scale from 0 to 3 where 0 =
no protein expression, 1 = weak protein expression, 2 = moderate
protein expression and 3 = strong protein expression. The grading
was performed by three blinded evaluators (MW, ED, JS) on images
taken with a DS-Fi camera mounted in a Nikon 90i fluorescence
microscope (Nikon Corporation, Tokyo, Japan). All images were
taken after digital subtraction of background staining measured in
corresponding negative controls (i.e., in which the primary antbody
was excluded), using the NIS Element Imaging Software v. 4.40
(Nikon Corporation). Each evaluator graded each tissue.
Subsequently, a consensus grade was determined for each tissue.
Thereafter, the tissues were decoded and a non-parametric
statistical calculation was carried out by running a Mann-
Whitney rank test.

Results

Relaxation of bladder basal tension

NO in aqueous solution (40–400 μL; 2 mM corresponding to
4 × 10−6, 1 × 10−5, 2 × 10−5, and 4 × 10−5 M) induced
concentration-dependent relaxation in both healthy and
inflamed detrusor strips (Figure 3A). The relaxations were
significantly greater in inflamed tissues when adding the
largest volume of NO (i.e., at 400 μL; −0.68 ± 0.06 mN
and −1.14 ± 0.14 mN in healthy and inflamed detrusor strips,
respectively; p = 0.039; Figure 3A). Similarly, SNP

(10−6–10−3 M) induced concentration-dependent relaxation of
basal tension in both healthy and inflamed detrusor strips
(Figure 3B). The relaxations were significantly greater in
inflamed tissues at all SNP concentrations (1–1,000 μM; p <
0.05; Figure 3B). The addition of vehicle (pilot experiments),
i.e., Milli-Q water prepared in the same way as the NO-solution
but in the absence of NO, did not produce any functional
responses in neither healthy nor inflamed tissues (data not
shown).

Relaxation of pre-contracted bladder tissue

In preparations contracted with methacholine (3 × 10−6 M),
NO in aqueous solution (40–400 μL; 2 mM) induced
concentration-dependent relaxations in detrusor strips from
both healthy and inflamed bladders (from −0.64 ±
0.25 to −1.41 ± 0.27 and from −0.57 ± 0.12 to −1.98 ±
0.42 mN in healthy and inflamed tissues, respectively;
Figure 4A). SNP (10−6–10−3 M) induced similar concentration-
dependent relaxations in pre-contracted detrusor strips from
both healthy and inflamed bladders (from −0.30 ±
0.13 to −1.14 ± 0.25 and from −0.30 ± 0.07 to −1.38 ±
0.22 mN in healthy and inflamed tissues, respectively;
Figure 4B). There were no significant differences in the
relaxations to neither NO nor SNP in healthy vs. inflamed
detrusor strips (Figures 4A, B).

Inhibition of bladder relaxation via soluble
guanylate cyclase

Relaxations to NO in aqueous solution were completely
abolished in both healthy and inflamed tissues in the presence
of a high concentration (2.5 × 10−5 M) of the soluble guanylate
cyclase inhibitor ODQ (p < 0.01 at all concentrations; Figures 5A,
B). In the presence of a low concentration (2.5 × 10−6 M)
of ODQ, the relaxations to NO remained intact in healthy

FIGURE 3
Nitrergic relaxation of basal tension in bladder preparations. Functional relaxatory responses at mechanically attained basal tension to increasing
volumes of (A) aqueous NO solution or concentrations of (B) the NO donor SNP in full-thickness urinary bladder strip preparations from healthy controls
(•) or rats with cyclophosphamide-induced cystitis (▪). * and ** denotes p < 0.05 and p < 0.01, respectively. n = 8 in each group. Vertical bars indicate
the SEM.
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tissues (p > 0.05 at all concentrations; Figure 5C). However, in
inflamed bladder strip preparations, a low concentration of ODQ
significantly attenuated the relaxations to lower but not higher
concentrations of NO (p = 0.0023 and 0.021 at 40 and 100 µL of a
2 mM aqueous solution, corresponding to NO concentrations of
4 × 10−6 and 1 × 10−5 M, respectively; Figure 5D). No blocking of
the relaxations to NO was observed in the presence of an
additionally lower concentration of ODQ (i.e., 2.5 × 10−7 M;
data not shown).

Expression of soluble guanylate cyclase

The immunohistochemical analysis showed soluble guanylate
cyclase (sGC) expression in both the detrusor and mucosa in all
tissues (Figure 6). The semi-quantitative analysis revealed a
significantly lower expression of sGC in the inflamed detrusor
than in healthy tissues (p = 0.023; Figure 6A). No significant
differences in sGC expression were observed in the mucosa
(Figure 6B).

FIGURE 4
Nitrergic relaxation of pre-contracted bladder preparations. Functional relaxatory responses to increasing volumes of (A) aqueous NO solution or
concentrations of (B) the NO donor SNP inmethacholine pre-contracted full-thickness urinary bladder strip preparations from healthy controls (•) or rats
with cyclophosphamide-induced cystitis (▪). n = 8 in each group. Vertical bars indicate the SEM.

FIGURE 5
Effects of the sGC inhibitor ODQ on nitrergic relaxatory responses in pre-contracted bladder preparations. Nitrergic relaxations to increasing
volumes of aqueous NO solution in the absence (•) or presence (▪) of ODQ in full-thickness urinary bladder strip preparations from healthy controls (A,C)
or rats with cyclophosphamide-induced cystitis (B,D). In the upper panels (A,B), the ODQ concentrations used were high (2.5 × 10−5 M), and in the lower
panels (C,D), the concentrations were low (2.5 × 10−6 M) in the lower. *, **, and *** denotes p < 0.05, p < 0.01, and p < 0.001, respectively. n = 11 in
each group. Vertical bars indicate the SEM.
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Discussion

The current study demonstrates the usefulness of NO in
aqueous solution when studying contractile smooth muscle
responses in a tissue bath setup. No differences between
functional responses to NO in aqueous solution and those of
SNP could be seen. Thus, the NO solution and SNP can be used
interchangeably. However, NO in aqueous solution has
advantageous properties compared to SNP. Most importantly,
the amount of freely available NO is known and can exert its
effect immediately upon addition to the tissue bath. When adding
SNP, the amount of freely available NO is unknown and
dependent on the cleavage rate of the parent drug. This
pharmacokinetic component is avoided when using NO in an
aqueous solution, thus mimicking the physiological situation
more closely. This does not limit the use of SNP as a
pharmacological substance. Ideally, both aqueous NO and NO
donors can be used in parallel in experimental setups. It would
also be essential to examine NO in aqueous solution for use in
vivo, e.g., for instillation in the bladder, which should be
addressed in future studies.

When measuring nitrergic responses at basal tension, the
relaxations to aqueous NO and, in particular, SNP were greater
in inflamed tissues as compared to healthy tissues. This
indicates that the inflamed tissue is more sensitive to
nitrergic relaxation when in a resting, uncontracted state
than normal tissue. When considering that induction of
inflammation reduces the expression of sGC in the detrusor,
as well as potentially increases oxidation of sGC, this is a
surprising finding. In contrast, the relaxations to both NO in

aqueous solution and SNP were similar in methacholine pre-
contracted healthy and inflamed tissues. This finding is also
quite surprising, considering that several previous studies have
shown that significant changes regarding nitrergic signaling
arise upon induction of inflammation (Andersson et al.,
2008; de Oliveira et al., 2016). Apparently, muscarinic
receptor-mediated contraction still allows NO to exert its
relaxatory effects, but manages to mask the differences
between bladder preparations from normal rats and rats with
cystitis. The mechanism behind this is presently left
unexplained but may emanate from the higher tensions
involved or a variety of receptor subtypes being activated by
the agonist. This is interesting and should be investigated
further, but nonetheless, the current data indicate that
responses to NO, and its effects on sGC, remain the same
also in the inflamed bladder.

It has long been known that NO induces smooth muscle
relaxation by stimulating the formation of cyclic GMP (cGMP)
(Kukovetz et al., 1987). It does so by binding to the heme moiety
in sGC. However, NO can only bind to heme in its reduced state.
ODQ blocks sGC by oxidizing the heme group (Zhao et al.,
2000), thus disrupting the ability of NO to bind. In the current
study, a higher concentration of ODQ led to the total
abolishment of NO-induced relaxations in both healthy and
inflamed tissues. In the presence of a lower concentration of
ODQ (2.5 × 10−7 M), the inhibition of NO-induced relaxation
was absent. Thus, the inhibitory effect of ODQ was
concentration-dependent and specific, demonstrating that
NO-induced detrusor relaxation occurs via the activation of
sGC and the subsequent formation of cGMP. This is in line with
previous findings in other disease models (Bau et al., 2010;
Fullhase et al., 2015). It should be noted that inflammation is a
common cause of oxidative stress, which can lead to oxidation
of the heme moiety in sGC. However, the current data clearly
show that despite bladder inflammation, NO can still induce
smooth muscle relaxation via sGC. Thus, the present findings
indicate that induction of bladder inflammation with CYP does
not induce substantial oxidative stress, at least not above the
threshold, allowing sGC to remain functional. However, the
amounts of NO used in the current study to induce detrusor
relaxation may be greater than what is produced in vivo.
Considering that several previous studies have demonstrated
that impairment of the NO-sGC-cGMP pathway is strongly
associated with lower urinary tract symptoms, and that
restoring this pathway ameliorates symptoms (Monica and
Antunes, 2018; Aydogdu et al., 2022), the current data
should be interpreted with this in mind. It should also be
noted that levels of cGMP were not measured in the current
study.

The immunofluorescent analysis showed that sGC is
expressed throughout the bladder wall, albeit with a relatively
low level of expression in the submucosa. Mucosal, i.e., mainly
urothelial, expression was similar when comparing healthy and
inflamed tissues. However, upon induction of inflammation, the
expression of sGC was attenuated in the detrusor. This aligns
with previous studies in various lower urinary tract disease
models showing decreased sGC expression upon induction of
bladder dysfunction (Fullhase et al., 2015; de Oliveira et al.,

FIGURE 6
Expression of sGC in the rat detrusor and urothelium.
Comparison of fluorescent sGC expression in healthy and inflamed (A)
detrusor and (B) urothelium. Expression was graded on a relative scale
from 0–3 where 0 denoted no expression and 3 denoted
maximum fluorescent intensity. n = 6 in each group; each individual
grade is indicated by a black point in the figure. *p < 0.05.
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2016). The currently used primary antibody cannot distinguish
between reduced and oxidized sGC. However, the
immunostainings indicated a lower level of expression of sGC
in the inflamed detrusor. When considering the blocking ability
of ODQ in healthy as compared to inflamed tissues, the data
could be interpreted as ODQ in a lower concentration (2.5 ×
10−6 M; Figures 5C, D) being able to block NO-induced
relaxation in inflamed tissues but not in healthy as a result of
a lower amount of sGC, or a fraction of sGC already being
oxidized, in the inflamed detrusor. The immunofluorescent
analysis thus supports the findings in the tissue baths
regarding relaxations to NO in the presence of ODQ.

Even though the present study validated the method of producing
and employing NO in aqueous solution, a few experimental
challenges are worth noting. First, the administration of the NO
solution must be performed in close proximity to the preparation in
the organ bath to avoid rapid breakdown. While this could
theoretically be an issue, the current results demonstrate
concentration-dependent effects, indicating a proper diffusion of
the substance. Second, since the aqueous NO solution is produced
in a set concentration, the volume administered will increase with the
intended concentration. This was found not to present any problem
experimentally since administration of the vehicle in the relevant
volumes did not alter the tension of the preparations.

Future studies should be designed to examine the
intracellular pathways in play upon activation of sGC,
including the resulting amounts of cGMP. Various time points
during cystitis development should be investigated to further
unravel bladder alterations due to inflammation. This would
increase the understanding of nitrergic signaling in the
urinary bladder. It would also be beneficial to specifically
examine activation of sGC in its oxidized form, for example,
by utilizing sGC activators. If simultaneously examining
responses to NO, it may be possible to quantify the functional
proportion of sGC, i.e., the amount of reduced vs. oxidized sGC,
in different disease states.

Conclusion

In the present study, we found that aqueous NO solution
induces relaxation of the rat detrusor by activating soluble
guanylate cyclase in both control and inflamed bladder strips.
Induction of inflammation conceivably leads to decreased sGC
expression in the detrusor, which may explain the different
susceptibility towards inhibition of sGC in inflamed versus
control tissue. Further, the current findings verify the usefulness
of utilizing NO in aqueous solution for studies of the lower urinary
tract, indicating this to be a good complement to currently used
pharmacological tools.
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Animal models of interstitial
cystitis/bladder pain syndrome

Cindy Tay* and Luke Grundy*

Neurourology Research Group, College of Medicine and Public Health, Flinders Health and Medical
Research Institute, Flinders University, Adelaide, SA, Australia

Interstitial Cystitis/Bladder Pain Syndrome (IC/BPS) is a chronic disorder
characterized by pelvic and/or bladder pain, along with lower urinary tract
symptoms that have a significant impact on an individual’s quality of life. The
diverse range of symptoms and underlying causes in IC/BPS patients pose a
significant challenge for effective disease management and the development of
new and effective treatments. To facilitate the development of innovative
therapies for IC/BPS, numerous preclinical animal models have been
developed, each focusing on distinct pathophysiological components such as
localized urothelial permeability or inflammation, psychological stress,
autoimmunity, and central sensitization. However, since the precise
etiopathophysiology of IC/BPS remains undefined, these animal models have
primarily aimed to replicate the key clinical symptoms of bladder hypersensitivity
and pain to enhance the translatability of potential therapeutics. Several animal
models have now been characterized to mimic the major symptoms of IC/BPS,
and significant progress has beenmade in refining thesemodels to induce chronic
symptomatology that more closely resembles the IC/BPS phenotype.
Nevertheless, it’s important to note that no single model can fully replicate all
aspects of the human disease. When selecting an appropriatemodel for preclinical
therapeutic evaluation, consideration must be given to the specific pathology
believed to underlie the development of IC/BPS symptoms in a particular patient
group, as well as the type and severity of themodel, its duration, and the proposed
intervention’s mechanism of action. Therefore, it is likely that different models will
continue to be necessary for preclinical drug development, depending on the
unique etiology of IC/BPS being investigated.

KEYWORDS

interstitial cystitis, bladder pain syndrome, IC/BPS, animal models, clinical translation

1 Introduction

Interstitial Cystitis/Bladder Pain Syndrome (IC/BPS) is a chronic disorder characterised
by pelvic and/or bladder pain that is commonly reported with urinary urgency (Berry et al.,
2011; Grundy et al., 2018a). However, significant heterogeneity exists in both the clinical
symptoms and pathophysiological presentation of IC/BPS patients, presenting a major
challenge to diagnosis, effective disease management, and the development of efficacious
treatments. Consequently, IC/BPS is associated with a significant ongoing health burden,
and a corresponding social and economic cost of greater than $20 Billion per annum in the
United States (Pierce and Christianson, 2015).

To advance the understanding of IC/BPS and the development of novel therapeutics,
numerous animal models have been developed that recapitulate the most common
pathophysiological features of IC/BPS, including urothelial permeability, bladder
inflammation, bladder/pelvic pain, and urinary frequency. However, clinical translation
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of preclinical research into novel and efficacious pharmacological
treatments has been limited and there are still no effective long-term
treatments for the debilitating symptoms of IC/BPS (Garzon et al.,
2020a).

This review summarises current IC/BPS diagnosis and
treatment options, the mechanisms thought to underlie IC/BPS
pathophysiology, and the animal models available to investigate
the pathophysiology and symptoms of IC/BPS. We discuss these
models in the context of clinical relevance and offer insights into
how these models can be used in future studies to increase our
understanding of IC/BPS pathophysiology and advance the
development of efficacious therapeutic strategies.

2 Epidemiology and clinical significance

IC/BPS affects approximately 4% of the population in western
countries with a five times higher incidence in women than men (Jones
and Nyberg, 1997; Berry et al., 2011; Pierce and Christianson, 2015).
Patients with IC/BPS exhibit bladder-centric symptoms including
urinary urgency and bladder pain at physiological bladder volumes
(Kim et al., 2009; Grundy et al., 2019). The chronic nature of IC/BPS
symptoms drastically diminishes quality of life, relentlessly impacting all
aspects of personal and professional life, with ~84% of IC/BPS patients
finding employment or keeping a job difficult (Koziol et al., 1993;
Tubaro, 2004; Dmochowski and Newman, 2007; Nickel et al., 2010;
Berry et al., 2011; Bosch and Bosch, 2014; Vasudevan and Moldwin,
2017; Nunez-Badinez et al., 2021). As a result, psychosocial
comorbidities are common in IC/BPS patients, with higher reported
incidences of anxiety and depression that lead to a chronic decline in
patient’smental and physical health (Tubaro, 2004; Clemens et al., 2008;
Chung et al., 2014; Nunez-Badinez et al., 2021; Ueda et al., 2021).
Despite this burden, and decades of research, effective long-term
treatments for IC/BPS are lacking (Garzon et al., 2020a). As a result,
IC/BPS patients in the United States alone carry an economic burden of
~$20–40 billion per annum (Pierce and Christianson, 2015). Therefore,
there is an urgent need to develop effective treatments that improve the
quality of life for IC/BPS patients.

3 Classification of IC/BPS

The American Urological Association defines IC/BPS as ‘An
unpleasant sensation (pain, pressure, discomfort) perceived to be
related to the urinary bladder, associated with lower urinary tract
symptoms of more than 6 weeks duration, in the absence of infection
or other identifiable causes’ (Hanno et al., 2011a).

Although IC/BPS patients present with common symptoms,
including bladder pain and lower urinary tract symptoms, it is a
heterogeneous clinical syndrome. Distinct subgroups or phenotypes
exist that are categorised by highly divergent pathophysiology or
responses to treatment. 5%–57% of IC/BPS patients have Hunner
lesions (Whitmore et al., 2019; Akiyama et al., 2020), reddish
mucosal lesions accompanied by abnormal capillary structures
that are associated with more severe bladder inflammation and
urothelial denudation (Peeker and Fall 2002; Logadottir et al., 2014;
Jhang and Kuo, 2016a; Kim et al., 2017; Akiyama et al., 2018). Non-
Hunner lesion IC/BPS patients exhibit less bladder inflammation

(Peters et al., 2011; Warren, 2014; Whitmore et al., 2019), but
commonly report more widespread symptoms and painful
comorbidities including irritable bowel syndrome, fibromyalgia,
and migraines indicative of a systemic syndrome (Jhang and
Kuo, 2016a). Whilst the etiopathophysiology of IC/BPS is still
unknown, it is increasingly likely that IC/BPS with Hunner
lesions and IC/BPS without Hunner lesions have distinct
pathophysiological origins (Fall et al., 2014; Maeda et al., 2015;
Whitmore et al., 2019).

4 Diagnosis

Diagnosis for IC/BPS relies predominantly on the presence of
chronic pelvic pain, which can include suprapubic pain, pressure or
discomfort related to bladder filling and pain throughout the pelvis,
in the absence of other definable disease (Hanno et al., 2011a; Hanno
et al., 2015). As such, clinical diagnosis requires a comprehensive
analysis of patient personal and medical history to rule out
alternative sources of bladder pain and dysfunction such as
medication, chemo- or radiotherapy induced cystitis, or
neurological disorders associated with bladder dysfunction
including spinal cord injury, stroke, Parkinson’s disease, and
multiple sclerosis. Patients will also commonly undergo an
abdominal and pelvic examination to exclude vaginitis and
urethritis in addition to urinalysis and urine culture to exclude
urinary tract infections, sexually transmitted infections, as well as
malignancy of the bladder, uterus, vagina and ovaries (Hanno et al.,
2015). Performing cystoscopy and urodynamic testing is not
required for diagnosis, but can be performed to confirm the
presence of Hunner lesions if the patient fits the relevant risk
factors (Hanno et al., 2015). Cystoscopy is a necessary procedure
in diagnosing IC/BPS based on East Asian guidelines (Ueda et al.,
2021).

5 Mechanisms underlying IC/BPS

Bladder sensations arise following the activation of
peripheral sensory afferent nerves embedded within the
bladder wall, and the transmission of sensory signals into the
central nervous system and brain where they can be processed
and perceived (Fowler et al., 2008). Hypersensitivity of bladder-
innervating afferents, such that exaggerated sensory signals are
generated from the bladder during normal function, is
considered a crucial component in the pathogenesis of IC/
BPS symptoms (de Groat and Yoshimura, 2009; Grundy
et al., 2018a). A variety of factors have been proposed to
contribute to bladder afferent hypersensitivity in IC/BPS,
including increased urothelial permeability, inflammation,
and dysregulation of spinal and/or cortical networks
(Figure 1) (de Groat et al., 2015; Grundy et al., 2018a).
Despite the pathophysiology underlying afferent sensitisation
being currently undefined, it is generally agreed that disruption
of mucosal homeostasis, characterised by an increase in
urothelial permeability and inflammation, is a major
contributing factor to neuronal hypersensitivity and the
painful symptoms of IC/BPS (Parsons, 2007; de Groat et al.,
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2015; Pierce and Christianson, 2015; Grundy et al., 2018a;
Grundy et al., 2019; Karamali et al., 2019) (Figure 1). As
such, unravelling the specific pathophysiological mechanisms
involved in the development of neuronal hypersensitivity is
likely to be critical to the development of novel therapeutics that
effectively treat IC/BPS symptoms.

5.1 Increased bladder permeability

Urine contains a variety of toxic waste metabolites that are
prevented from accessing the underlying bladder interstitium and
sensory nerve endings by the usually impermeable urothelium. The
urothelial barrier is maintained by tight junctions between apical
urothelial cells, hydrophobic uroplakin plaques, and a considerable
glycosaminoglycan (GAG) mucus layer of glycoproteins and
proteoglycans that acts as a protective barrier between urine and
urothelial cells (Jafari and Rohn, 2022; Klingler, 2016; Wyndaele
et al., 2019). Several clinical studies have revealed that IC/BPS
patients have a diminished or damaged urothelium (Elbadawi
and Light, 1996; Tomaszewski et al., 2001; Keay et al., 2014;
Hurst et al., 2015), providing toxic irritants and urea greater
access to the cell membranes of urothelial cells (Figure 1). IC/

BPS patients also have reduced expression of tight junction
proteins, including E-cadherin and zonula-occludens-1 compared
with healthy controls (Liu et al., 2012a; Jhang and Kuo, 2016a). A
decrease in tight junction proteins allows urinary solutes to diffuse
through the urothelium into the lamina propria to activate afferent
nerve endings and precipitate urological symptoms consistent with
IC/BPS (Davis et al., 2014). The urothelium can also be damaged
further when in contact with high concentrations of cationic urinary
components (Parsons et al., 2000; Parsons et al., 2014), allowing
increasing amounts of urine to leak through to the deeper layers,
exacerbating afferent hypersensitivity.

Whilst an increase in urothelial permeability clearly exaggerates
bladder pain symptoms in IC/BPS, it is not yet known if urothelial
permeability is a crucial component in the pathogenesis of bladder
hypersensitivity in IC/PBS or a consequence of inflammation that
acts to entrench a chronic disease state.

5.2 Inflammation

Inflammatory mediator sensitisation of afferent nerves is a
pivotal component of the healing process, providing awareness of
an injury to alter behaviour and promote tissue regeneration.

FIGURE 1
Underlyingmechanisms of IC/BPS pathophysiology. The bladder wall is innervated by a dense network of afferent nerves that detect bladder stretch
during bladder filling and danger signals generated during inflammation and barrier breakdown. If these sensory nerves become sensitised, they respond
to physiological stimuli with greater intensity, leading to the generation of bladder hypersensitivity symptoms characteristic of IC/BPS including urinary
urgency and pain. (A) In a healthy bladder the urothelium is impermeable, providing a barrier that prevents the toxic waste products containedwithin
urine from accessing the bladder wall to activate the underlying sensory nerves. (B) An increase in bladder permeability due to breakdown of the urothelial
barrier allows urine waste products to access the bladder interstitium. The influx of waste products causes further damage to the urothelium, increasing
bladder permeability and allowing urine to reach deeper layers of the bladder to activate and sensitise bladder sensory nerve endings. (C) Persistent
bladder permeability, bacterial infections, and autoimmunity trigger an inflammatory response within the bladder wall characterised by immune cell
infiltration, mast cell degranulation, and the release of pro-inflammatory mediators including histamine and cytokines that can sensitise and activate
nearby afferent nerve endings. Inflammation also enhances bladder permeability, allowing toxic waste products to enter the bladder and perpetuate the
inflammatory state. (D) The HPA axis is responsible for regulating the stress response and provides input to the limbic system and prefrontal cortex to
modulate sensory perception. Chronic HPA axis activation caused by severe stress leads to dysregulation of the HPA axis. HPA axis dysregulation can
impact pain perception directly bymodulating central nervous systems inputs and can lead to downstream effects on the spinal cord and hypersensitivity
of bladder afferent nerves. GAG, Glycosaminoglycan; HPA, Hypothalamic Pituitary Adrenal. Figure was created using Biorender.com.
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However, if inflammation becomes uncontrolled this can be
detrimental to tissue repair (Eming et al., 2007; Leoni et al., 2015;
Landén et al., 2016), and can trigger long term changes in sensory
afferent networks to induce a persistent hypersensitive state.

Only a minority of IC/BPS patients exhibit significant bladder
inflammation and the development of Hunner’s lesions (Leiby
et al., 2007; Whitmore et al., 2019). However, some degree of
inflammation is common in the bladders of IC/BPS patients
without Hunner lesions, with higher levels of pro-
inflammatory mediators, including cytokines, chemokines,
histamine, and nerve growth factor compared to healthy
control bladders. IC/BPS bladders have also been shown to
overexpress pro-inflammatory genes, exhibit mild oedema and
tissue granulation, and have elevated numbers of immune cells,
including mast cell, macrophages, eosinophils as well as T and
B cell markers compared to healthy control bladders (Grundy
et al., 2018a; Jhang and Kuo, 2016b; Peters et al., 1999; Liu and
Kuo, 2012; Furuta et al., 2018; Liu et al., 2012a; Jacobs et al., 2010;
el-Mansoury et al., 1994; Kastrup et al., 1983; Abernethy et al.,
2017a; Hauser et al., 2008a; Sant et al., 2007; Grover et al., 2011;
Hauser et al., 2008b; Abernethy et al., 2017a). Preclinical studies
have confirmed that pro-inflammatory mediators can directly
sensitise afferent nerve endings within the bladder wall (de Groat
and Yoshimura, 2009; Hughes et al., 2013; Davidson et al., 2014;
Grundy et al., 2020a; Grundy et al., 2021), providing a crucial link
between inflammation and exaggerated sensation. Furthermore,
it is well known that an inflammatory environment disrupts
mucosal homeostasis and is detrimental to epithelial
regeneration and repair during wound healing (Raziyeva et al.,
2021). As such, localised inflammation within the bladder
mucosa has the potential to increase bladder permeability,
combining to establish a positive feedback cycle that further
promotes an inflammatory state and chronic sensitisation of
peripheral afferent endings within the bladder wall (Figure 1)
(Sant et al., 2007; Grover et al., 2011; Grundy et al., 2018a).
Whilst numerous inflammatory factors are elevated in the
bladders of IC/BPS patients, whether these factors are a
consequence of IC/BPS pathophysiology or contribute to the
pathogenesis of IC/BPS in an otherwise healthy bladder has yet to
be determined.

5.3 Chronic stress

Bladder sensory signals converge in the periaqueductal gray
(PAG) of the midbrain with inputs from the limbic system
(amygdala, hypothalamus, thalamus, cingulate gyrus), insula,
and prefrontal cortex (Fowler et al., 2008). The hypothalamic
pituitary adrenal (HPA) axis mediates the major adaptive
component of the stress response and is a significant
modulator of both the limbic system and sensory perception.
Furthermore, bladder muscle function is under autonomic
regulation, with stress imparting direct effects on bladder
function. Modulation of the emotional affective state and
homeostasis of the HPA axis can thus have overwhelming
effects on bladder sensation and function and has been
proposed as a key underlying mechanism in the development,
persistence, and exacerbation of IC/BPS symptoms. In healthy

patients, stress modulation of bladder sensation and function is
commonly observed as urinary urgency during acutely stressful
situations. However, in addition to the acute impacts of stress on
the bladder, strong correlations exist between chronic stress and
anxiety in the symptomology of IC/BPS as well as other visceral
pain disorders such as irritable bowel syndrome (Pierce and
Christianson, 2015; Moloney et al., 2016). Furthermore, acute
and chronic stress can exacerbate urgency and the severity of pain
in established IC/BPS patients (Koziol et al., 1993; Lutgendorf
et al., 2000; Rothrock et al., 2001; Pierce and Christianson, 2015).
With this in mind, chronic stress has been identified as a key risk
factor in developing IC/BPS in otherwise healthy patients
(Birder, 2019), and a number of studies have reported higher
incidences of early life stress in IC/BPS patients than healthy
controls (Fuentes and Christianson, 2018a). The precise
mechanisms regulating stress induced IC/BPS are unclear,
however, evidence is accumulating that the functional impacts
of stress on bladder function and the perception of painful stimuli
are likely mediated by long-term perturbations of the HPA axis
and the sympathetic-adrenal medulla pathway (Figure 1) (de
Groat et al., 2015; Fuentes and Christianson, 2018b; Bendrick
et al., 2022). The downstream effectors of these pathways,
including CRF, cortisol, and noradrenaline are well known
regulators of urinary function and thought to be crucial in
regulating centrally mediated changes that induce IC/BPS
symptoms (Ulrich-Lai and Herman, 2009; Pierce and
Christianson, 2015). Furthermore, clinical studies have
revealed that chronic psychological stress induces heightened
inflammatory responses in peripheral tissues, including elevated
levels of circulating proinflammatory cytokines, and
mastocytosis in the bladder (Charrua et al., 2015). Crucially,
stress alleviation has been shown to be effective in reducing the
severity of IC/BPS symptoms in some patients (Bosch and Bosch,
2014; Webster and Brennan, 1998; Carrico et al.).

6 Current available treatment for IC/BPS

Treatments for IC/BPS are delivered in a personalised and
progressive manner in order of their invasiveness, potential to
induce harmful side effects, and evidence for clinical success. We have
summarised the clinical targets for each type of treatment (Table 1).

6.1 Non-pharmacological treatments

Non-pharmacological treatments including diet and
behavioural adaptations are initially offered to all patients to
reduce symptom severity. Urine with an acidic pH is thought to
exacerbate bladder irritation and can thus be harmful for IC/BPS
patients with a diminished urothelium by increasing inflammation
(Ueda et al., 2014; Ueda et al., 2021). Dietary modifications that
exclude or limit certain foods such as citrus, coffee and alcohol can
decrease urine pH to reduce bladder irritation (Koziol et al., 1993;
Lai et al., 2019; Garzon et al., 2020b).

Behavioural adaptations incorporate a variety of modifications,
including control of fluid intake, bladder training, and stress
management. Bladder training is used to control urgency by
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incrementally and progressively increasing voiding intervals over
1–3 months (Davis et al., 2014; Hanno et al., 2015; Ogawa et al.,
2015; Garzon et al., 2020b; Ueda et al., 2021). Bladder training is
commonly employed for other urological disorders including
overactive bladder syndrome and may be more useful in IC/BPS
patients with mild/moderate symptoms (Chaiken et al., 1993; Foster
et al., 2010). Patients are also encouraged to implement stress
management practices, including increased exercise, as well as
non-physical breathing/relaxation techniques, and psychotherapy
if deemed necessary.

6.2 Oral medications

Pentosan polysulphate (PPS) is the only FDA approved
treatment for IC/BPS (Garzon et al., 2020b; Ueda et al., 2021).
PPS is a heparin-like agent that is intended to mimic
glycosaminoglycans (GAG) within the bladder to restore
urothelial impermeability (Ogawa et al., 2015; Garzon et al.,
2020b). Meta-analyses of clinical trials using PPS have shown
efficacy compared to placebo in providing moderate relief of
bladder pain, urinary urgency, and frequency of micturition
without significant side effects in specific subsets of patients (van
Ophoven et al., 2019; Taneja, 2021; Grigoryan et al., 2022). However,
long term use of PPS presents a risk of macular damage, vision-
related injuries, gastrointestinal symptoms, and alopecia.

No new pharmacotherapies specifically designed for treating
IC/BPS have been successfully developed, however, clinical data

is now accumulating that repurposing immunosuppressive
agents, such as Cyclosporine A (CyA) (Sairanen et al., 2004;
Forrest et al., 2012; Ehrén et al., 2013; Crescenze et al., 2017),
and Certolizumab Pegol (Bosch, 2018) may be efficacious in
treating IC/BPS symptoms in patients refractory to approved
oral and intravesical treatments. In particular CyA has been
shown to have greater efficacy in patients with Hunner lesions,
and the AUA now recommends oral CyA as fifth-line therapy
for patients with Hunner lesions refractory to current
treatments (Clemens et al., 2022a). Larger, longer, and
multicenter randomized controlled trials are still required to
further investigate certolizumab pegol as a treatment for IC/
BPS. Whilst it is common for early-stage drug development not
to translate into the clinic, there has been a significant and
obvious lack of new oral medications for the treatment of IC/
BPS. As a consequence, a variety of pre-existing medications
have been trialled and are commonly prescribed in the hope of
managing symptoms, including tricyclic antidepressants
(amitriptyline), histamine receptor inhibitors (cimetidine and
hydroxyzine) for which there is some evidence of efficacy (Henry
Lai and Moldwin, 2017; Garzon et al., 2020b; Colemeadow et al.,
2020).

6.3 Intravesical instillations

For those patients who do not respond to non-pharmacological
or oral medications, intravesical instillations may be recommended.

TABLE 1 The first-fourth line treatments available for IC/BPS.

Treatment type Name of
treatment

Target

Non-pharmacological Garzon et al. (2020a); Koziol et al. (1993); Lai et al.
(2019); Hanno et al. (2015); Ueda et al. (2021); Ogawa et al. (2015); Davis
et al. (2014)

Diet Modification • Control voiding frequency

Bladder Training • Reduce bladder pain

Oral Medications Ogawa et al. (2015); Garzon et al. (2020a); van Ophoven
et al. (2019); Taneja, (2021); Grigoryan et al. (2022)

Pentosan
Polysulphate (PPS)

• Reduce urothelial permeability

• Relieve bladder pain

• Reduce urinary urgency

• Reduce frequency of micturition

Intravesical Instillations Garzon et al. (2020a); Birder et al. (1997);
Yoshimura et al. (2021); Tomoe, (2015); Grundy et al. (2018a); Parsons et al.
(2015); Welk and Teichman, (2008); Parsons, (2005); Henry et al. (2015);
Parsons et al. (2012); Henry et al. (2001); Nickel et al. (2009); Digesu et al.
(2020)

Dimethylsulfoxide
(DMSO)

• Smooth muscle relaxation

• Blocks nerve activity

• Provides anti-inflammatory effects

• Relieve bladder pain and urinary frequency

Lidocaine • Blocks sensory nerve fibres in the bladder

• Relieves bladder pain, urgency and nocturia

Heparin • Reproduce the activity of native bladder mucosa

• Reduces transepithelial migration of solutes such as potassium that
could depolarise sensory nerves to stimulate bladder pain, urgency
and nocturia

Procedures Hanno et al. (2011a); McCahy and Styles, (1995); Glemain et al.
(2002); Yamada et al. (2003); Ueda et al. (2021); Garzon et al. (2020a); Peters
et al. (2007); Clemens et al. (2022a); Padilla-Fernandez et al. (2022);
Hernández-Hernández et al. (2020)

Hydrodistension • Increases bladder capacity to relieve urinary symptoms

• Relives urinary urgency and frequency

• Relieves bladder pain

Neuromodulation • Modulates neural pathways responsible for controlling bladder
voiding

• Relieves urinary urgency and frequency
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Dimethylsulfoxide (DMSO) via temporary urethral catheter
is an FDA-approved treatment for IC/BPS (Garzon et al., 2020b;
Ueda et al., 2021), however, the optimal dwell time, length of
induction therapy or length of maintenance therapy is unknown.
DMSO induces smooth muscle relaxation, blocks sensory nerve
activity, and is anti-inflammatory, and has been used effectively
to relieve pain and urinary frequency in IC/BPS patients (Birder
et al., 1997; Garzon et al., 2020b). DMSO is especially beneficial
for IC/BPS with Hunner lesions (Tomoe, 2015; Yoshimura et al.,
2021), however, a large proportion of patients relapse within
2 months of treatment.

Lidocaine/heparin: Lidocaine is a local anaesthetic that blocks
voltage gated sodium channels present on the peripheral ends of
bladder-innervating sensory nerves (Grundy et al., 2018c).
Alkalinisation of lidocaine with sodium bicarbonate increase
absorption via the urothelium and increases absorption into the
neuronal cytoplasm to enhance the therapeutic effect. The
inclusion of heparin within the infusion formulation, a naturally
occurring glycosaminoglycan, is considered to provide additional
benefits to the treatment of IC/BPS by restoring urothelial
impermeability (Parsons et al., 1994). Clinical trials of intravesical
instillation of lidocaine/heparin show efficacy in relieving IC/BPS
symptoms (Henry et al., 2001; Parsons, 2005; Welk and Teichman,
2008; Nickel et al., 2009; Parsons et al., 2012; Henry et al., 2015;
Parsons et al., 2015; Digesu et al., 2020), however, an optimal
formulation of combined lidocaine and heparin has not been
agreed upon, and its widespread use is limited by the requirement
for urethral catheterisation.

6.4 Procedures

If behavioural, oral pharmacology, and intravesical instillations
are unsuccessful at controlling symptoms, patients may be
recommended for more invasive procedures including bladder
hydrodistension or neuromodulation.

Hydrodistension of the bladder under high pressure (60–80 cm
H2O) for a short duration (less than 10 min) can offer relief from
urinary symptoms in 30%–55% of patients. However, symptom
improvement decreases over time, requiring repeated procedures
after only a few months (Hanno et al., 2011a; Garzon et al., 2020b;
Ueda et al., 2021).

Neuromodulation has not been FDA-approved as a treatment
for IC/BPS but has recently been clinically approved for select
patients who have success in a nerve stimulation trial (Clemens
et al., 2022b). Neuromodulation can lead to control over urinary
symptoms through the emission of electrical stimulation that targets
nerve activity due to bladder filling (Intern ational
Neuromodulation Society, 2013; Padilla-Fernandez et al., 2022).
There are two main neuromodulation techniques that are
currently being explored to treat IC/BPS; sacral nerve stimulation
and pudendal nerve stimulation (Clemens et al., 2022b; Padilla-
Fernandez et al., 2022).

Sacral nerve stimulation involves the implantation of a generator
under the skin and in the upper buttock area. A small electrode is
also placed near the sacral nerve, which will receive electrical
impulses from the neurotransmitter, that controls voiding
function in the lower spine (Hernández-Hernández et al., 2020;

International Neuromodulation Society, 2021a). Pudendal nerve
stimulation is seen as an alternative method to sacral nerve
stimulation. Similarly, the generator is placed in the upper
buttock area, but the electrode is implanted near the pudendal
nerve (Peters et al., 2007). The impulses from the generator will
stimulate the pudendal nerve and control the pelvic floor muscle
during bladder filling (International Neuromodulation Society,
2021b).

Both sacral and pudendal nerve stimulation has been shown
to improve urinary symptoms, including bladder capacity,
urinary frequency, voided volume, nocturia and pain (Peters
et al., 2007; Clemens et al., 2022b; Padilla-Fernandez et al.,
2022). However, only a small number of patients have been
studied and there is a lack of evidence to suggest that
neuromodulation is effective for long periods of time. The
AUA guidelines state that sacral/pudendal neuromodulation
may be effective in carefully selected patients and emphasise
that the procedure can improve frequency/urgency symptoms
but is less effective for pelvic pain (Clemens et al., 2022b).

6.5 Issues with available treatments

Despite the availability of multiple treatment options for
IC/BPS, no currently available treatment has been shown to
permanently reverse disease symptoms, and many patients
remain refractory to treatment. As a result, patients continue
to suffer with symptoms indefinitely, with available treatments
generally only providing temporary relief of chronic pain or are
sufficient in a sub-population of patients. At the time of
writing, there are 30 clinical trials recruiting or active for
interstitial cystitis (ClinicalTrials.gov, 2023), however, the
only pharmacological tool being tested is the opioid
antagonist Naltrexone (NorthShore University, 2022;
Stanford, 2023).

Developing novel and efficacious treatments for IC/BPS is
extremely challenging. The diversity of symptoms means that
patients may need to take multiple medications or engage in
additional interventions that target distinct symptomology.
Furthermore, the lack of a defined pathophysiology means that
the origin of IC/BPS symptoms may be highly distinct between
patients. These clinical challenges are also replicated preclinically,
with the diversity of disease and symptoms translating into a
difficulty in establishing animal models that can faithfully
recapitulate the full spectrum of IC/BPS pathophysiology and
symptoms.

7 Animal models of IC/BPS

A key step in identifying novel therapeutic targets for a disease is
being able to accurately mirror the human condition in an animal
model, which allows determination of the pathological mechanisms
that drive symptoms and the subsequent testing of novel
therapeutics for symptom alleviation. Unfortunately, because
myriad pathophysiological mechanisms have been proposed to
mediate the development of bladder dysfunction and bladder
hypersensitivity in IC/BPS, this has made the establishment of
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accurate animal models and the development of efficacious therapies
for these disorders extremely challenging.

A variety of animal models have been developed to recapitulate
the complex pathophysiology of IC/BPS (Figure 2). However, as the
pathophysiology of IC/BPS is yet to be fully defined, and consists of
numerous subclassifications, animal models have focussed
primarily on establishing the defining symptoms of bladder
hypersensitivity and pain utilising a variety of different
methods (Figure 3). The following sections summarise the
diverse range of currently utilised animal models and review
the ability of these models to resemble distinct aspects of IC/BPS
as well as their strengths and limitations (Table 2). The
advantages, disadvantages and clinical relevance of each model
has been summarised in Table 3.

7.1 Urothelial permeability models

Despite the wealth of clinical evidence supporting a role for
increased urothelial permeability in the pathophysiology of IC/BPS,
there are relatively few animal models that exclusively target this
pathophysiology.

In vivo bladder instillation of protamine sulphate is the most
common method for specifically inducing urothelial permeability
(Figure 3) (Lavelle et al., 2002; Shin et al., 2011; Hurst et al., 2015).
Protamine sulphate promotes an increase in urothelial
permeability by inactivating the sulphated polysaccharides of
the GAG layer, increasing transcellular permeability of the

urothelium and thus increasing absorption of urine solutes
(Lasič et al., 2015). At low doses (1–10 mg/ml) protamine
sulphate induces only mild urothelial damage, including
urothelial sloughing and an increase in transcellular
permeability that returns to normal over a period of 7 days
(Lavelle et al., 2002; Meerveld et al., 2015). At higher doses
(50 mg/ml), however, bladders have been shown to develop
urothelial ulceration and infiltration of neutrophils into the
mucosa (Soler et al., 2008). Whilst this goes beyond an isolated
urothelial permeability model, it provides insight into IC/BPS
pathophysiology by confirming that a significant increase in
bladder permeability is able to induce bladder inflammation
(Figure 4) (Soler et al., 2008). The impact of protamine sulphate
on bladder function has not been reported, and the two studies that
have assessed bladder sensory output have described contrasting
results. A single low dose of protamine sulphate (1 mg/ml) was
found to induce bladder afferent hypersensitivity ex vivo at 1 day
post infusion (Grundy et al., 2020b). Afferent hypersensitivity was
characterised by an increase in peak firing and decreased activation
thresholds to bladder distension that returned to baseline by day
7 post infusion (Grundy et al., 2020b). In contrast, Stemler et al.
reported protamine sulphate treated mice (10 mg/ml) had
significantly blunted visceromotor responses (VMR) to bladder
distension at noxious bladder distension pressures (Stemler et al.,
2013), indicative of reduced peripheral sensory drive from the
bladder into the spinal cord. A recent study utilising a cocktail
mixture of chondroitinase ABC and heparanase III to deglycosylate
the proteoglycans of the GAG layer as an alternate method of

FIGURE 2
Classification of IC/BPS animalmodels. IC/BPS animalmodels can be broadly categorised into three different types: Bladder-centricmodels,models
with complex mechanisms, and psychological and physical stressors/natural disease models. Bladder centric models induce an IC/BPS phenotype by
direct insult to the bladder that recapitulates the inflammatory or bladder permeability pathophysiology of IC/BPS. Bladder centric models can be further
stratified by the type of insult and/or the stimuli used and are the most utilised animal models of IC/BPS. Psychological/Physical/Natural models
either have a naturally occurring IC/BPS phenotype such as feline interstitial cystitis or cause IC/BPS like symptoms via psychological stress that models
the contribution of stress to the development of IC/BPS. Complex models of IC/BPS employ indirect interventions to generate an IC/BPS phenotype
including cross-organ sensitisation from the colon and experimental autoimmune cystitis which have both been implicated in the pathophysiology of IC/
BPS. Figure was created using Biorender.com.
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urothelial barrier disruption (Offiah et al., 2017) induces acute
increases in c-fos immunoreactivity in the spinal cord, significant
decreases in abdominal mechanical withdrawal threshold to von-
Frey hair (VFH) probing, and a significant increase in micturition
reflex excitability. However, increased pelvic sensitivity and
voiding parameters returned to control levels by day 7 post
treatment (Offiah et al., 2017), which corresponds with
urothelial barrier recovery in low-dose protamine sulphate
treated bladders.

7.2 Inflammatory models of IC/BPS

Most animal models of IC/BPS attempt to create an
inflammatory phenotype. This has been achieved by irritating the
bladder urothelium with chemicals, chemotherapeutics, bacterial
products and fungal ligands, and via induced urothelial
autoimmunity. Importantly, these inflammatory models are not
used because they are thought to be part of the underlying
pathophysiology of IC/BPS in humans, although this may be true
in some specific cases of cystitis, but because they induce bladder
inflammation which leads to bladder hypersensitivity and

recapitulates the key symptoms of IC/BPS patients, including
increased urinary frequency and pelvic pain.

7.2.1 Irritant models of inflammation
7.2.1.1 Cyclophosphamide

Cyclophosphamide (CYP) is the most frequently used agent to
induce cystitis in rodents. CYP is a chemotherapeutic for B cell
malignant diseases and some solid tumours (Lee et al., 2014). A
common and debilitating side effect of CYP treatment in humans is
the development of chronic bladder inflammation and haemorrhagic
cystitis, mimicking the most severe phenotypes of IC/BPS. CYP is
metabolised to acrolein in the liver, a highly reactive aldehyde which is
then renally excreted into the bladder (Figure 3) (Lee et al., 2014).While
it accumulates in the bladder, acrolein interacts with the umbrella cells
of the luminal urothelium, inducing an inflammatory response
(Figure 4) (Lee et al., 2014). Both acute and chronic CYP dosing
regimens have been used to generate cystitis in rodents, inducing
urothelial permeability and a hypersensitive state characterised by
altered voiding parameters and pelvic hypersensitivity (Hu et al.,
2003; Chopra et al., 2005; Juszczak et al., 2010; Boudes et al., 2011;
Auge et al., 2013; DeBerry et al., 2014; DeBerry et al., 2015; Auge et al.,
2020; Chen et al., 2020; Yang et al., 2021; Yoshimura et al., 2021).

FIGURE 3
IC/BPS model induction methods. Bladder centric models including bladder permeability, chemical cystitis and bacterial and yeast models are
induced by direct intravesical instillation of protamine sulfate (PS), acetic acid (AA), hydrochloric acid (HCl), hydrogen peroxide (H2O2), lipopolysaccharide
(LPS), or zymosan (ZYM) via a bladder catheter. Although cyclophosphamide (CYP) is injected intraperitoneally into the animal, it ismetabolised to acrolein
in the liver and excreted in the urine to induce bladder damage and inflammation. Experimental autoimmune cystitis (EAC)models can be generated
by subcutaneous injection of bladder homogenate or urothelial antigens that trigger autoimmunity through interactions with the membrane expressed
MHC Class II molecules. The transgenic EACmodel utilises urothelium-ovalbumin (URO-OVA) mice that express an OVA ‘self’ antigen on the membrane
of urothelial cells. When OT-I splenocytes or OVA-primed lymphocytes are intravenously injected into URO-OVA mice they interact with the OVA
antigen and trigger an autoimmune response. Psychological stress models including water avoidance stress (WAS) and neonatal maternal separation
(NMS) induce bladder hypersensitivity via chronic stress induced dysregulation of the hypothalamic-pituitary-adrenal axis. Continued exposure to a
stressful environment can deteriorate the animal’s stress response, affecting downstream bladder activity. Cross-organ sensitisation models are induced
via intracolonic infusion of ethanol and TNBS. Colonic inflammation sensitises colonic afferents which induces bladder afferent hypersensitivity through
viscero-visceral crosstalk between overlapping sensory networks. Figure was created using Biorender.com.
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TABLE 2 Summary of key characteristics of IC/BPS animal models.

Model Species Technique Acute/Chronic
dosing

Bladder damage Inflammation Permeability Nociception Voiding
frequency

Protamine Sulphate Instillation
Lavelle et al. (2002); Meerveld et al.
(2015); Soler et al. (2008); Offiah et
al. (2017); Grundy et al. (2020a);
Stemler et al. (2013); Soler et al.
(2008); Lasič et al. (2015); Hurst et
al. (2015); Shin et al. (2011)

Female Mice and
Rats

Bladder Instillation Acute (single dose) • Low doses—mild
urothelial damage

• High doses: Infiltration
of neutrophils into
mucosa at higher doses

• Low dosage:
Increase in
transcellular
permeability that
returns to normal
over 3–7 days

• Increased bladder
afferent peak firing
and decreased
activation thresholds
to bladder distension
that returned to
baseline by 7 days
post infusion

• Increased number
of contractions
and total
contraction time
and decreased
micturition
threshold that
returned to
baseline after
7 days

• Higher
doses—develop
urothelial ulceration
and infiltration of
neutrophils into the
mucosa (dependent
on the presence of
urine)

• Significantly blunted
VMR to bladder
distension at noxious
bladder distension
pressures that
returned to control
levels by 7 days post
treatment

Cyclophosphamide Auge et al.
(2013); Juszczak et al. (2010);
Boucher et al. (2000); Smaldone et
al. (2009); Chen et al. (2020);
Okinami et al. (2014); Malley and
Vizzard, (2002); Hu et al. (2003);
Chopra et al. (2005); Coelho et al.
(2015); Yoshimura and de Groat,
(1999); Mills et al. (2020); Yang et
al., (2021); Dang et al. (2008);
Boudes et al. (2011), Boudes et al.
(2013); DeBerry et al. (2014);
Sugino et al. (2015); DeBerry et al.
(2015); Gao et al. (2015); Auge et
al. (2020); Yoshimura et al. (2021)

Male and Female
Mice and Rats

IP injection Acute (single
150–200 mg/kg
dose) results taken
within 1 day

• Thick bladder wall • Infiltration of
inflammatory cells

• Increased urothelial
permeability to
water and urea

• Decreased
nociceptive threshold
in response to
innocuous
stimulation with
von-Frey hairs

• Increased non
voiding
contractions

• Mucosal erosion on
the luminal surface of
the urothelium • Decreased ICI

• Severe oedema

• Redness

• Ulceration

• Haemorrhage

Chronic
(40–100mg//kg
every 2–3 days for 7
or 10 days)

• Extensive mucosal
erosion

• Increased number of
inflammatory cells

• Bladder
permeability
experiments have
not been performed
in this model

• Exaggerated EMG
responses to noxious
bladder distension

• Increased voiding
frequency

• Ulceration

• Oedema

• Petechial
haemorrhages

• Upregulation of
inflammatory
cytokines

• Increased pERK
immunoreactivity in
the LS dorsal horn
following bladder
distension

• Decreased voided
volume

• Irregular ectasia
vessels

• Reduced ICI

Chemical Cystitis Hauser et al.
(2009); Song et al. (2017); Dogishi
et al. (2017); Sahiner et al. (2018);
Danacioglu et al. (2021); Kirimoto
et al. (2007); Song et al. (2015);
Çayan et al. (2003); Fraser et al.
(2003)

Female Mice Bladder Instillation Acetic acid • Urothelial thinning
and cellular loss or
erosion after 14 days

• No reported changes in
inflammatory response

• Bladder
permeability
experiments have
not been performed
in this model

• Nociception
experiments have not
been performed on
this model

• Reduced ICI
compared to
controls that
persisted for up to
7 days

Acute

(Continued on following page)
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TABLE 2 (Continued) Summary of key characteristics of IC/BPS animal models.

Model Species Technique Acute/Chronic
dosing

Bladder damage Inflammation Permeability Nociception Voiding
frequency

Hydrochloric Acid
(HCl) Acute

• Urothelial thinning
and cellular loss or
erosion after 14 days

• Infiltration of chronic
inflammatory cells
(eosinophils, mast
cells)

• Bladder
permeability
experiments have
not been performed
in this model

• Nociception
experiments have not
been performed on
this model

• Irregular voiding
frequency

• Lesions in the
epithelium and
lamina propria

• Decreased inter-
contraction
interval for up to
7 days

• Oedema • Decreased voided
volume• Thickening of the

transitional
epithelium

• Smaller bladder
capacity

• Fibroblast swelling

Hydrogen Peroxide
(H2O2) Acute

• Haemorrhage,
oedema and
urothelium
denudation observed
after 1, 7 and 14 days

• Large number of
neutrophils and mast
cells from 1 to 14 days

• Bladder
permeability
experiments have
not been performed
in this model

• Nociception
experiments have not
been performed on
this model

• Significantly more
frequent
micturition events

• Vascularisation of the
lamina propria
observed after 7 and
14 days

• Severe neutrophilic
and mononuclear
infiltration after 7 days

• Decreased voided
volume after
1 day

• Eventual hyperplasia
by 7 and 14 days due
to thickening of
urothelium

• Small number of
infiltrated eosinophils
and lymphocytes on 7
and 14 days

• Significantly
lower ICI

Zymosan Randich et al., (2006b),
Randich et al., (2006a); DeBerry et
al., (2007); Clodfelder-Miller et al.,
(2022); Ramsay et al., DeBerry et
al., (2010); Randich et al., (2009);
Ness et al., (2021); Liu et al., (2021)

Female—Rats
(neonates for
chronic), mice and
guinea pigs

Bladder Instillation Acute • Increased mucosal
thickness

• Increased white blood
cells within bladder
wall observed 1 day
after induction

• Enhanced bladder
permeability 1 day
post infusion

• Enhanced VMR to
UBD 1 day post
infusion

• Increased voiding
frequency

(Single dose of
zymosan +
protamine sulfate
(guinea pigs))

• Bladder
hypersensitivity of
mucosal afferents to
mucosal stroking and
high threshold
muscular afferents to
bladder stretch

• Decreased voided
volume

Chronic • No histological
abnormalities/
damage between
zymosan and
controls

• Inflammatory
response has not been
comprehensively
characterised.

• Increased
neurogenic plasma
extravasation in the
bladder as adults

• Bladder
hypersensitivity to
infusion of ice-cold
saline

• Significantly more
micturition events

(Repetitive zymosan
instillation in
neonatal rats)

• Overall reports suggest
it is amongst the
mildest of bladder-
centric models

• Enhanced VMR to
bladder distension

• Decreased
micturition
volumes

(Continued on following page)
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TABLE 2 (Continued) Summary of key characteristics of IC/BPS animal models.

Model Species Technique Acute/Chronic
dosing

Bladder damage Inflammation Permeability Nociception Voiding
frequency

• Decreased
micturition
volume
thresholds

• Increased
micturition
frequency as
adults

Bacterial
Products—Lipopolysaccharide
(LPS)

Female—rats and
mice

Bladder Instillation +
protamine sulfate

Acute • Oedema and
haemorrhage

• Infiltration of
mononuclear and
polymorphonuclear
leukocytes and
neutrophils 1 day
post LPS

• Bladder
permeability
experiments have
not been performed
in this model

• Nociception
experiments have not
been performed in
this model

• Altered bladder
voiding behaviour(Single LPS

instillation) • Vacuolisation of
urothelial cells

• Mast cell infiltration
up to 5 days after
infusion

• Increased intra-
bladder pressure
in response to
bladder filling and
shorter ICI at
1–3 days after LPS
instillation

• Higher
micturition
frequency

• Increased expression
of pro-inflammatory
cytokines

• Lower maximum
pressure

Jerde et al. (2000), Lv et al. (2012),
Ryu et al. (2019), Yoshizumi et al.
(2021), Li et al. (2017), Sinanoglu et
al. (2014), Saban et al. (2002),
Tambaro et al. (2014), Song et al.
(2017), Raetz andWhitfield (2002),
Bjorling et al. (2011)

Chronic • Severely
compromised
urothelium leading to
bladder remodelling

• Severe inflammatory
cell infiltration of
macrophages,
lymphocytes and mast
cells

• Bladder
permeability
experiments have
not been performed
in this model

• Increased bladder
hypersensitivity after
7, 14 and 21 days

• Shorter voiding
intervals (7 days)(Multiple LPS

instillations across
several weeks)

• Increased urothelial
cells • Enhanced urinary

cytokine
concentrations

• Significantly
decreased withdrawal
thresholds in the
abdomen and
hind paw

• Increased non
voiding
contractions

• Abnormally thick re-
epithelialisation and
tissue fibrosis

• Decreased bladder
capacity and
significantly
decreased peak and
threshold pressures

Feline Interstitial Cystitis
Mohamaden et al. (2019); Jones et
al. (2021); Kruger et al. (1991),
Kruger et al. (2009); Defauw et al.
(2010); Lulich et al. (2010); Lavelle
et al. (2000); Roppolo et al. (2005);
Birder and Andersson, (2013)

Felines Naturally occurring Chronic • Thinning and
denudation of the
urothelium

• Infiltration of
lymphocytes and
inflammatory cells in
the bladder
interstitium

• Significantly
reduced
transepithelial
resistance of the
urothelium

• Bladder Aδ afferents
from FIC cats are
hypersensitive to
bladder distension

• Voiding
experiments have
not been
performed in this
model

• Urothelial
spongiosis—loss of
cell-cell adhesion • Increased mast cells • Water and urea

permeability
significantly
increased

• Tight junctions come
apart

• Significantly higher
serum concentrations
urinary cytokines

• Lower expression of
E-cadherin tight
junction protein

(Continued on following page)
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TABLE 2 (Continued) Summary of key characteristics of IC/BPS animal models.

Model Species Technique Acute/Chronic
dosing

Bladder damage Inflammation Permeability Nociception Voiding
frequency

Experimental Autoimmune
Cystitis Jin et al. (2017); Lin et al.
(2008); Liu et al. (2019); Singh et al.
(2013); Izgi et al. (2013); Altuntas
et al. (2012); Bicer et al. (2015); Liu
et al. (2007); Akiyama et al. (2021);
Cui et al. (2019); Kim et al. (2011);
Kullmann et al. (2018); Wang et al.
(2016)

Female Mice Urinary bladder
Homogenate

Chronic • Submucosal oedema • Increased levels of
cytokines, chemokines,
mast cells, neutrophils
and infiltration of
CD4+ lymphocytes
14 days from second
immunisation

• Bladder
permeability
experiments have
not been performed
for this model

• Hyperalgesia to von
Frey hair probing of
the pelvic area and
decreased pelvic pain
threshold 14 days
after second
immunisation

• Shorter voiding
intervals

(Subcutaneous injection
of bladder
homogenates)

• Urothelial
detachment from the
lamina propria

• Decreased voided
volume

• Thickening of the
lamina propria 28
days from first
immunisation

• Increased number
of urine spots

Uroplakin Chronic • Bladder remodelling • Increased gene
expression of
inflammatory
cytokines

• Bladder
permeability
experiments have
not been performed
for this model

• Greater sensitivity to
von Frey probing of
the suprapubic region
from 5 to 40 days
after immunisation

• Altered bladder
function
developed 35 days
after
immunisation• Extensive perivascular

leukocyte • Increased urinary
frequency

(Subcutaneous injection
of recombinant mouse
uroplakin proteins)

• Higher expression of
the mast cell
chemoattractant/
activator CCL2

• Decreased mean
urine outputs per
void

• Increased numbers of
activated, resting and
total mast cells in the
bladder detrusor at 10,
20 and 40 days after
immunisation

Transgenic URO-OVA
Models

Chronic • Interstitial oedema • Mononuclear cellular
infiltration—T (CD3+)
and B (CD19+)
lymphocytes

• Bladder
permeability
experiments have
not been performed
for this model

• Significantly
increased pelvic
nociceptive
responses to von Frey
hairs

• Altered voiding
behaviours
developed
7–28 days after
cystitis induction

(Intravenous injection
of activated OVA-
specific T-cells into
URO-OVA mice)

• Increased vascularity

• Mucosal hyperemia

• Significantly
decreased sensory
thresholds to pelvic
nociception

• Decreased
maximum volume
voided per
micturition

• Epithelial hyperplasia
lasts for 7–28 days
after adoptive
transfer

• Increased mRNA
expression of mast cell
and sensory neuron-
derived inflammatory
factors

• Increased VMR to
bladder distension

• Significant
increase in the
frequency of
urination

• 2-fold increase in mast
cells within the lamina
propria and the
detrusor

(Continued on following page)
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TABLE 2 (Continued) Summary of key characteristics of IC/BPS animal models.

Model Species Technique Acute/Chronic
dosing

Bladder damage Inflammation Permeability Nociception Voiding
frequency

Psychological Stress Models Pierce
et al. (2018), Pierce et al. (2016);
West et al. (2021); Matos et al.
(2017); Lee et al. (2015); Gao et al.
(2018);Wang et al. (2017); Robbins
et al. (2007); Dias et al. (2019)

Male and Female
Rats and Mice

Water Avoidance Stress
Models

Chronic • Loss of superficial
umbrella cells

• Increased
inflammatory cells
infiltration in the
mucosa

• Bladder
permeability
experiments have
not been performed
for this model

• Significantly
increased frequency
of responses to von-
Frey hairs at 5 days

• Significant
increase in
urinary frequency

(Rats placed on a
platform in the middle
of a tank filled with
water—performed 1h a
day over 10 days)

• Altered urothelial
surface

• Higher number of
mast cells

• Reached a plateau
after 8 days

• Decrease in the
average void size

• VMR evoked at lower
bladder pressure and
for a longer duration

• Increase in the
number of small
voids by 3 days of
WAS exposure

Neonatal Maternal
Separation
(Separation of litters of
pups from the dam for
up to 21 days from
postnatal D1)

Chronic • Bladder damage has
not been studied for
this model

• Lower mRNA levels of
CRF1 and GR and
higher BDNF in the
hippocampus

• Bladder
permeability
experiments have
not been performed
for this model

• Greater VMR
response to UBD
after 56 days

• Low CRF and GR
levels indicate
decreased inhibition
on the HPA axis

• Increased voiding
frequency

• Decreases animal
resilience to stress over
time

• Smaller void spots

• Significantly higher
percentage of
degranulate mast cells
in the bladder

Cross-organ Sensitisation Models
Antoniou et al. (2016); Hughes et
al. (2009); Vannucchi and
Evangelista, (2018); Grundy and
Brierley, (2018); Grundy et al.
(2018a); Meerveld et al. (2015);
Towner et al. (2015); Lei and
Malykhina, (2012); Xia et al.
(2012); Fitzgerald et al. (2013);
Ustinova et al. (2007); Liang et al.
(2007); Lamb et al. (2006);
Ustinova et al. (2006)

Male and Female
Rats and Mice

Intracolonic co-
administration of
ethanol and TNBS

Chronic • No changes in
bladder histology

• No marked bladder
inflammation

• Urothelial
permeability
increases during the
active phase of
colonic
inflammation from
1 to 7 days post
TNBS

• Bladder sensory
nerves exhibit
hypersensitivity to
UBD during the
active inflammatory
phase of TNBS colitis
and 28 days post
colitis

• Reduced bladder
capacity, voided
volumes, ICI and
changes in
bladder voiding
patterns persist up
to 90 days post
TNBS

• Enhanced bladder
VMR to UBD
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TABLE 3 Advantages, disadvantages and clinical relevance of each IC/BPS model.

Model Advantage Disadvantage Clinical relevance

Bladder Permeability Models with
Protamine Sulphate

• Results in bladder permeability
• Bladder damage dependent on the

presence of urine supports concept well
established leaky urothelium to bladder
inflammation pathomechanism

• Can only be performed in female rodents
due to catheterisation

• Recapitulates only limited aspects of
the IC/BPS phenotype

• Shows limited inflammation

• No reported changes in bladder function

• Inconsistent reports of alterations of
bladder sensation or sensory signalling

• Also supports pathophysiology that
inflammation is necessary to maintain
urothelial permeability generating a
feedback loop

Cyclophosphamide (CYP) • Can be easily done in both male and
female animals

• Results in a relatively transient effect on
the bladder and does not recapitulate the
chronic and progressive nature of IC/BPS

• This best models IC/BPS without
Hunner lesions.

• Model is well established and supported
by a large amount of literature

• Animals develop increased voiding
frequency and bladder hypersensitivity
which are key hallmarks of IC/BPS

• Results in a relatively transient effect on
the bladder and does not recapitulate the
chronic and progressive nature of IC/BPS

• Clinically relevant to patients who
develop post-chemotherapy induced
cystitis

• Animals also develop bladder damage
and infiltration which mostly mirror
clinical observations from IC/BPS
patients

Chemical Cystitis—using Acetic Acid
(AA), Hydrogen chloride (HCl) and
Hydrogen Peroxide (H2O2)

• Effects are bladder-centric and there are
no confounding impacts on the body

• Can only be performed in female rodents • Extremely severe bladder damage that
seems to be more characteristic of IC/
BPS with Hunner lesions• Has a long lasting effect and develop into

chronic changes in bladder function

• Results in severe bladder inflammation
that exceeds IC/BPS without Hunner
lesions • No reports on whether animals
develop bladder hypersensitivity• Model results in altered voiding

behaviours

Zymosan • Dual insult version of this model
recapitulates IC/BPS patients with
previous bladder infection well

• Can only be performed in female rodents
due to catheterisation

• Chronic model of IC/BPS without
Hunner lesions

• After second inflammatory insult, adult
mice develop greater bladder
hypersensitivity and altered voiding
behaviour

• No reports of developed bladder damage
in chronic models

• Clinically relevant to IC/BPS patients
who have previously had an early life
bladder infection

Bacterial Products
(Lipopolysaccharide)

• Developed chronic model that results in
urothelial denudation, tissue fibrosis and
infiltration of inflammatory cells and
cytokines

• Can only be performed in female rodents
due to catheterisation

• The chronic model results in a
severely compromised urothelium
that eventually results in bladder
remodelling and tissue fibrosis as well
as mast cell infiltration which are
characteristics of IC/BPS without
Hunner lesions

• Animals also developed altered voiding
behaviours and bladder hypersensitivity

• Results in severe bladder damage

Naturally Occurring—Feline
Interstitial Cystitis

• Model does not require external
intervention

• Natural occurring in felines where the
aetiology is unknown

• While there are many shared
phenotypes between FIC and IC/BPS
without Hunner lesions, the
underlying cause for either disease is
still unknown, therefore unclear
whether FIC is a reliable model of
IC/BPS

• Development of histological
features—urothelial denudation,
submucosal oedema, chronic
inflammatory cell infiltrates and
muscularis fibrosis

• Model is not widely available—difficult
to find reasonable numbers of cats for
experimental purposes

• Bladder afferents from FIC cats become
hypersensitive to bladder distension

• Ethical considerations with studying cats
for more in depth bladder
activity—organising and consulting with
a veterinarian and a higher cost of
maintenance

Urinary bladder homogenate • Can be performed in C57BL/6J mice
which are widely used and also express
IAB MHB class II molecules that are
identical to human beings

• Induces non-specific immune response
as bladder homogenate is not a tissue-
specific protein for immunisation

• Model closely represents IC/BPS with
Hunner lesions which has been
hypothesised to have an autoimmune
nature

• Animals developed bladder damage,
inflammation, increased urinary
frequency and bladder hyperalgesia

(Continued on following page)
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7.2.1.1.1 Acute CYP treatment. Acute CYP treatment in
rodents consists of a single high (150–200 mg/kg) dose injected
intraperitoneally which leads to severe inflammation and dramatic
alterations to bladder tissue morphology, bladder overactivity, and
acute pelvic pain within 24 h (Boucher et al., 2000; Malley and
Vizzard, 2002; Hu et al., 2003; Chopra et al., 2005; Smaldone et al.,
2009; Juszczak et al., 2010; Auge et al., 2013; Okinami et al., 2014;
Coelho et al., 2015; Chen et al., 2020). Bladder damage and
inflammation following acute CYP treatment is characterised by
a thickening of the bladder wall, mucosal erosion on the luminal
surface of the urothelium, severe oedema, redness, ulceration of the
urothelium and haemorrhage. This severe tissue damage is
associated with infiltration of inflammatory cells (Yoshimura

and de Groat, 1999; Boucher et al., 2000; Malley and Vizzard,
2002; Hu et al., 2003; Chopra et al., 2005; Smaldone et al., 2009;
Juszczak et al., 2010; Auge et al., 2013; Chen et al., 2020), and
elevated inflammatory cytokines, including IL-α, IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-18, TNF-α/β, as well as the chemokine MCP-1
in the bladder wall (Malley and Vizzard, 2002; Smaldone et al.,
2009; Auge et al., 2013; Jhang and Kuo, 2016a; Chen et al., 2020).
Acute-CYP treatment in rats also significantly reduces
transepithelial resistance and increases urothelial permeability
to water and urea (Chopra et al., 2005).

Acute CYP treatment induces marked bladder hyperreflexia,
characterised by an increase in non-voiding contractions and
micturition frequency, and a decrease in the intercontraction

TABLE 3 (Continued) Advantages, disadvantages and clinical relevance of each IC/BPS model.

Model Advantage Disadvantage Clinical relevance

Uroplakin • Models exhibit extensive bladder
damage and inflammation

• Not performed in C57BL/6J mice—less
accessible

• Model closely represents IC/BPS with
Hunner lesions which has been
hypothesised to have an autoimmune
nature

• Developed increased urinary frequency • UPK3A 65–84 is a specific peptide to
induce autoimmunity in BALB/c mice• UPK3A 65–84 mice showed bladder

hypersensitivity

Transgenic URO-OVA • Animals developed bladder
inflammation

• OVA is not an endogenous antigen of
bladder

• Model closely represents IC/BPS with
Hunner lesions which has been
hypothesised to have an autoimmune
nature

• Some bladder damage but not urothelial
denudation

• Have been used only in female mice
so far

• Had increased urinary frequency

• Exhibited bladder hypersensitivity

Water Avoidance Stress • Animals develop altered voiding
behaviour and bladder hypersensitivity

• Gut and bladder interact in health and
disease and therefore delineating the
direct from indirect effects of WAS on
bladder function are difficult

• Model represents patients with
chronic stress and anxiety who
develop IC/BPS without Hunners
lesions

• Loss of superficial umbrella cells leading
to an altered urothelial surface

• Majority of effects on bladder function
have only been characterised at relatively
short intervals

• Signs of increased inflammatory cells
infiltration in the mucosa

Neonatal Maternal Separation (NMS)
Models

• Can be performed in both male and
female animals

• No disadvantages found • Models the high proportion of IC/
BPS without Hunner lesions patients
that also have comorbid anxiety and
or history of psychological trauma

• Does not cause significant inflammation
in the bladder

• Induces long lasting sensory
hypersensitivity

• Induces long lasting bladder
hyperactivity

• Induces mild bladder permeability

• NMS has been shown to have effects on
brain structures affecting HPA axis
signalling

Cross-organ sensitisation • Does not cause significant inflammation
in the bladder

• No reports of bladder inflammation • Models the high proportion of IC/
BPS patients that also have chronic
abdominal pain, IBS• Induces long lasting sensory

hypersensitivity

• Induces long lasting bladder
hyperactivity

• Induces short-lasting bladder
permeability

• Can be performed in both male and
female animals

• Relatively simple to establish
(inexpensive)
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interval and maximum voided volume for up to 36 h post CYP
administration (Hu et al., 2003; Chopra et al., 2005; Juszczak et al.,
2010; Okinami et al., 2014; Chen et al., 2020). Acute CYP treatment
also results in a decreased nociceptive threshold in response to
innocuous mechanical stimulation of the peritoneum with von Frey
hairs in vivo in the 4 hours post CYP, and increased bladder afferent
responses to distension ex vivo 24 h after CYP (Auge et al., 2013;
Mills et al., 2020).

7.2.1.1.2 Chronic cyclophosphamide treatment. Chronic
dosing regimens involve repetitive doses of CYP at lower
concentrations (40–100 mg/kg), given every 2–3 days for 7 or

10 days (Yoshimura and de Groat, 1999; Malley and Vizzard,
2002; Hu et al., 2003; Chopra et al., 2005; Dang et al., 2008;
Juszczak et al., 2010; Boudes et al., 2011; Boudes et al., 2013;
DeBerry et al., 2014; DeBerry et al., 2015; Gao et al., 2015;
Sugino et al., 2015; Auge et al., 2020; Yang et al., 2021;
Yoshimura et al., 2021), and have an added advantage of more
closely mimicking a cyclophosphamide chemotherapy dosing
schedule.

Like acute high-dose CYP, chronic CYP treatment in rats
induces severe bladder inflammation including extensive mucosal
erosion, ulcerations, oedema, occasional petechial haemorrhages
and irregular ectasia vessels (Figure 4) (Malley and Vizzard,

FIGURE 4
Bladder inflammation and damage in bladder cystitis animal models. In a CYP model, acrolein in the urine interacts with the urothelium to initiate an
inflammatory response characterised by urothelial denudation and increased permeability, ulceration, interstitial oedema, mucosal erosion, haemorrhage
and mast cell infiltration. LPS and ZYM bind to receptors on the surface of the urothelium, initiating an inflammatory response that results in urothelial
denudation and bladder permeability. In chronic models, the urothelium thickens due to re-epithelisation and the detrusor layer undergoes tissue
fibrosis. Chemical cystitis models induced by AA/HCl/H2O2 directly damage urothelial cells leading to urothelial denudation and severe inflammation
characterised bymast cell, lymphocyte, monocyte, neutrophil and eosinophil infiltration as well as oedema and haemorrhage. In chronic stages of chemical
cystitis models, the detrusor undergoes tissue fibrosis. Bladder permeability models such as protamine sulfate disrupt the GAG layer, increasing urothelial
permeability and inducing mild inflammation that allows toxic waste products contained within the urine to access the bladder wall. In EAC models using
bladder homogenates or urothelial products, the bladder homogenates/urothelial products interact with the membrane bound MHC Class II molecule and
triggers an autoimmune reaction. This consists of urothelial detachment from themucosa,mucosal oedema, haemorrhage and the recruitment ofmast cells
to the detrusor and neutrophils, lymphocytes and T-cells to the mucosa. In transgenic EAC models, OVA specific T-cells are recognised by the OVA ‘self’
antigen expressed on the urothelium of URO-OVA mice. This triggers an autoimmune response including epithelial hyperplasia, mucosal oedema,
hyperaemia, infiltrating mononuclear cells and the recruitment of mast cells to the mucosa and detrusor. In psychological stress models, there is a loss of
superficial umbrella cells in the urothelium, increased inflammatory cell infiltration into the mucosa and mast cell degranulation. Cross-organ sensitisation
models increase bladder permeability but do not induce inflammation. CYP, Cyclophosphamide; EAC, Experimental Autoimmune Cystitis; AA, Acetic Acid;
HCl, Hydrochloric acid; H2O2, Hydrogen Peroxide; PS, Protamine Sulphate; LPS, lipopolysaccharide; ZYM, zymosan; TNBS, trinitrobenzene sulfonic acid;
WAS, Water Avoidance Stress; NMS, Neonatal Maternal Separation; URO-OVA, urothelium-ovalbumin. Figure was created using Biorender.com.
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2002; Hu et al., 2003; Juszczak et al., 2010; DeBerry et al., 2014; Gao
et al., 2015; Sugino et al., 2015; Yoshimura et al., 2021).
Inflammation is characterised by an increase in the number of
inflammatory cells, including mast cells infiltrating the bladder
mucosa (Malley and Vizzard, 2002; Juszczak et al., 2010; Yang
et al., 2021; Yoshimura et al., 2021), and significant upregulation
of inflammatory cytokines including IL-1β, IL-2, IL-6, IL-10 and
TNF-α.

Chronic CYP treated rodents show increased sensory
innervation within the bladder wall, hypersensitivity of bladder
sensory nerves, and allodynia and hyperalgesia to VFH probing
of the abdomen (Boudes et al., 2011; Auge et al., 2020). Chronic
CYP-treated mice also develop an exaggerated VMR to noxious
bladder distension (DeBerry et al., 2014) and increased pERK
immunoreactivity in the lumbosacral dorsal horn following
bladder distension (DeBerry et al., 2014), indicating there is an
increased peripheral drive into the spinal cord due to exaggerated
peripheral sensory signalling. These changes in bladder sensation
and sensory signalling are also associated with significant alterations
in cystometric parameters characteristic of an inflammatory
phenotype (Yoshimura and de Groat, 1999; Dang et al., 2008;
Boudes et al., 2013), including increased voiding frequency,
decreased voided volume, reduced intercontraction intervals and
increases inmean basal pressure compared to control animals (Dang
et al., 2008; Juszczak et al., 2010; Yang et al., 2021; Yoshimura et al.,
2021). Changes in bladder function and sensitivity evoked by
chronic CYP treatment have been shown to persist long after
treatment but most studies see the effects of treatment return to
baseline by 7–10 days post treatment, highlighting the relative
transience of even chronic CYP models. Whilst this is longer
than the 1–3-day window of hypersensitivity that is induced by
acute CYP dosing, it does not recapitulate the chronic and
reportedly progressive nature of IC/BPS. CYP is also known to
have global impacts on health, including body condition, weight
loss, gastrointestinal dysfunction, and stress amongst others, yet the
impacts of these extra-bladder effects are rarely considered when
interpreting data from CYP animal models.

7.2.1.2 Chemical cystitis
Rodent models of acute and chronic cystitis have also been

induced by intravesical instillation of a variety of chemicals
including hydrochloric acid (HCl), hydrogen peroxide (H2O2)
and acetic acid (AA) (Figure 3).

Induction of chemical cystitis in animals using AA, HCl or
H2O2 leads to severe bladder damage and inflammation
(Figure 4). During the early stages of cystitis induction
(1–3 days after chemical instillation), the bladder shows
denudation of urothelial umbrella cells and an increase in
urothelial permeability (Hauser et al., 2009). There is also the
appearance of haemorrhage and oedema, and the infiltration of
inflammatory cells throughout the bladder including neutrophils,
monocytes, lymphocytes and natural killer cells (Dogishi et al.,
2017; Song et al., 2017; Sahiner et al., 2018). In the later stages of
cystitis progression, 7–14 days after chemical instillation, bladder
damage becomes more severe with large fibrotic patches, vascular
congestion and submucosal oedema as well as infiltration of
chronic inflammatory cells including eosinophils and mast
cells (Kirimoto et al., 2007; Dogishi et al., 2017; Danacioglu

et al., 2021). By day 14, due to epithelial denudation, the
bladder has significantly increased tissue fibrosis which leads
to thickening of the bladder wall and hyperplasia (Song et al.,
2015; Dogishi et al., 2017).

Intravesical AA in rats causes immediate bladder dysfunction,
with reduced intercontraction intervals and bladder compliance
20–30 min after infusion that can persist for up to 2 weeks
(Fraser et al., 2003). H2O2 instillation also leads to significantly
more frequent micturition events and decreased voided volume after
24 h (Dogishi et al., 2017). Significantly shorter mean
intercontraction intervals and the development of irregular non-
voiding bladder contractions are also seen after bladder instillation
of HCl or AA in rats (Çayan et al., 2003; Kirimoto et al., 2007; Song
et al., 2015; Dogishi et al., 2017; Song et al., 2017). These effects are
maintained 7–14 days after chemical instillation of HCl, AA or
H2O2, highlighting the development of a persistent disease
phenotype. Despite these well characterised changes in bladder
function, reports of altered bladder sensation and or sensory
signalling are lacking from preclinical studies.

7.2.2 Bacterial and yeast products
Bacterial and fungal infections of the urinary tract are natural

causes of bladder inflammation. To model this natural
inflammation, a variety of studies have instilled biological
inflammogens into the bladder, including Lipopolysaccharide
(LPS), a bacterial product found in the outer membrane of
gram-negative bacteria, and Zymosan, a ligand found on the
surface of fungi, like yeast (Figure 3). In contrast to chemical
irritants which rely on extensive tissue damage to induce
inflammation, natural inflammogens produce a receptor-
mediated reactive cellular process to induce inflammation.
Zymosan binds to Toll-like receptor 2 (TLR2) and dectin 1
(Underhill et al., 1999; Sato et al., 2006), whilst LPS is
detected by a diverse repertoire of proteins, including Toll-like
receptors (TLRs), integrins, G-protein coupled receptors
(GPCRs), and proteases (Kagan, 2017).

7.2.2.1 Bacterial products
Lipopolysaccharide (LPS) has been commonly used to induce

cystitis via direct infusion into the bladder for up to 45 min (Jerde
et al., 2000; Lv et al., 2012; Sinanoglu et al., 2014; Li et al., 2017;
Ryu et al., 2019; Yoshizumi et al., 2021). Protamine sulphate is
often instilled into the bladder prior to LPS to weaken the GAG
layer and allow LPS to interact directly with the urothelium (Lv
et al., 2012; Sinanoglu et al., 2014; Li et al., 2017; Ryu et al., 2019).
Modifications to the concentration, dwell time, and frequency of
LPS instillations has allowed the development of both acute and
chronic cystitis models.

Instillation of LPS in rodents induces bladder inflammation and
bladder damage that persists up to 5 days after a single instillation.
This includes severe disruption of bladder submucosal structures,
vacuolisation of urothelial cells, infiltration of mononuclear and
polymorphonuclear leukocytes and neutrophils and increased
expression of pro-inflammatory cytokines IL-1α, IL-1β, IFN and
TNF-α 24 h after a single LPS instillation (Jerde et al., 2000; Saban
et al., 2002; Lv et al., 2012; Sinanoglu et al., 2014; Tambaro et al.,
2014; Li et al., 2017). Bladder damage and inflammation is correlated
with altered bladder voiding behaviour, increased intra-bladder

Frontiers in Physiology frontiersin.org17

Tay and Grundy 10.3389/fphys.2023.1232017

39

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1232017


pressure in response to bladder filling and shorter intercontraction
intervals at 1–3 days post LPS instillation (Tambaro et al., 2014;
Song et al., 2017). A single combined treatment of protamine
sulphate and LPS leads to a significantly higher micturition
frequency, as well as a significantly lower maximum storage
pressure compared to that of controls 5 days after instillation in
rats (Li et al., 2017).

To develop a more chronic cystitis phenotype LPS is instilled
into bladders more than once, either daily for 4–14 days, twice
weekly for 5 weeks, or once weekly for 4 weeks (Saban et al., 2007;
Ryu et al., 2019; Chen et al., 2021; Yoshizumi et al., 2021).
Chronic treatments result in a severely compromised
urothelium that eventually leads to bladder remodelling
caused by abnormally thick re-epithelialisation and tissue
fibrosis (Figure 4) (Ryu et al., 2019; Chen et al., 2021;
Yoshizumi et al., 2021). Inflammatory cells including
macrophages, lymphocytes and mast cells infiltrate the bladder
mucosa and enhanced cytokine concentrations are found in the
urine (Saban et al., 2007; Ryu et al., 2019; Chen et al., 2021;
Yoshizumi et al., 2021). At least 7 days after the final LPS
instillations rodents exhibit bladder dysfunction characterised
by shorter voiding intervals, increased non voiding contractions,
decreased bladder capacity and significantly decreased peak and
void threshold pressures compared to control animals (Song
et al., 2017; Ryu et al., 2019; Chen et al., 2021; Yoshizumi
et al., 2021). Additionally, chronic LPS-treated rats have
increased pelvic hypersensitivity after 7, 14 and 21 days, with
withdrawal thresholds to von-Frey hair probing of the abdomen
and hind paw significantly decreased compared to controls
(Yoshizumi et al., 2021) suggestive of altered bladder sensory
signalling and pain processing.

7.2.2.2 Zymosan
Various concentrations and dosing schedules of intrabladder

zymosan infusion have been utilised to develop animal models of IC/
BPS. The first reported use of zymosan as a model of cystitis
employed a single intrabladder infusion of zymosan in rats. Rats
developed an enhanced VMR to bladder distension and Evans blue
extravasation in the bladder 24 h post infusion indicative of
enhanced bladder permeability and bladder hypersensitivity to
distension (Randich et al., 2006a; Randich et al., 2006b; DeBerry
et al., 2007). Zymosan has also been shown to exaggerate the VMR to
bladder distension in mice 24 h post infusion (Clodfelder-Miller
et al., 2022). Combining zymosan with protamine sulphate (10 mg/
ml) pre-treatment has recently been described in adult guinea pigs
and was shown to induce inflammation and mucosal thickening
24 h post-infusion, sensitise bladder afferents to mechanical stimuli,
and enhance the VMR to high pressure bladder distensions and
increase voiding frequency (Ramsay et al., 2023).

Separate studies have investigated the long-term impact of
zymosan induced cystitis utilising neonate rats. Epidemiological
data indicates that inflammation in early life has correlative if
not causative relevance to the pathophysiology of IC/BPS
(Sharma et al., 2023). As such, this model was designed to
recapitulate the real-world experience of early in life bladder
inflammation and its potential to induce chronic changes in
bladder sensation and function. Daily intrabladder instillation of
zymosan in neonatal (p-14-18) rats resulted in bladder

hypersensitivity in response to the infusion of ice-cold saline,
increased sensitivity to intravesical potassium infusion and
enhanced the VMR to bladder distension (Randich et al., 2006a;
Randich et al., 2009; DeBerry et al., 2010; Ness et al., 2021). Neonatal
zymosan also increased neurogenic plasma extravasation in the
bladder and urinary frequency as adults, indicating the
development of chronic changes in urothelial permeability and
bladder sensitivity (Randich et al., 2006a; Randich et al., 2009;
DeBerry et al., 2010; Ness et al., 2021). Intriguingly, no obvious
histological abnormalities/damage are reported between neonatal
zymosan, and control treated rats, suggesting changes in bladder
function and sensitivity might be ‘locked in’ even following the
resolution of zymosan induced inflammation in neonates (DeBerry
et al., 2010). In mice, following the same neonatal zymosan
treatment paradigm, neonatal bladder inflammation increases
voiding frequency, and decreases intercontraction interval during
cystometry. Neonatal bladder inflammation in mice did not evoke
enhanced VMR to bladder distension suggesting species and/or
mouse strains may be a defining feature in zymosan induced chronic
hypersensitivity (Clodfelder-Miller et al., 2022).

Further exploration of the zymosan cystitis model has
employed dual insults in both mice and rats, with neonatal
multi-day zymosan being followed by a single zymosan
infusion in adults. In general, the effect of this dual insult on
cystitis induction is greater when compared directly to a single
neonatal or adult insult, with animals exhibiting greater changes
in bladder function and hypersensitivity. Rats and mice were
reported to have decreased maximum micturition pressure and
micturition weight as well as a significantly greater VMR to
bladder distension (Randich et al., 2006a; Ness et al., 2021;
Clodfelder-Miller et al., 2022), enhanced detrusor EMG
responses to rapid increases in bladder pressure and enhanced
abdominal withdrawal reflex scores 2–3 days after the final
treatment as adults (Liu et al., 2021).

7.3 Autoimmune cystitis models

Experimental autoimmune cystitis (EAC) models have been
developed based on the hypothesis that IC/BPS is caused by out-
of-control bladder autoimmunity (Akiyama et al., 2020). Several
methods of stimulating autoimmunity within the bladder wall have
been explored.

7.3.1 Urinary bladder homogenate
Subcutaneous injection of bladder homogenates into mice can

induce EAC by making the bladder a target for autoimmunity
(Figure 3). Briefly, bladders from female mice are homogenised
and then lyophilised before being used to immunise recipient mice
(Lin et al., 2008; Jin et al., 2017).

Urinary bladder homogenates have been used to induce EAC in
both SWXJ and C57BL/6J mice strains (Lin et al., 2008; Jin et al.,
2017; Liu et al., 2019). SWXJ strains are genetically more susceptible
to the development of several autoimmune diseases initiated by Th1-
type responses (Lin et al., 2008). However, immunising mice with
bladder homogenates leads to the induction of EAC in both strains,
but dual immunisation of bladder homogenates made 2 weeks apart
was required to induce EAC in C57BL/6J mice. EAC was
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characterised by mast cell, neutrophil, and lymphocyte infiltration
and significantly elevated levels of cytokines and chemokines within
the bladder wall (Lin et al., 2008; Singh et al., 2013; Lin et al., 2008;
Jin et al., 2017; Liu et al., 2019). Bladders developed submucosal
oedema, urothelial detachment from the lamina propria, and
mucosal thickening (Figure 4) (Lin et al., 2008).

Both SWXJ and C57BL/6 mice receiving subcutaneous
injection of bladder homogenates develop bladder dysfunction
in the form of shorter voiding intervals, decreased voided
volume, and increased number of urine spots that were of a
smaller size indicative of urinary frequency (Lin et al., 2008; Jin
et al., 2017; Liu et al., 2019). Mice also developed hyperalgesia to
von-Frey hair probing of the pelvic area and a decreased pelvic
pain threshold 2 weeks after the second immunisation (Jin et al.,
2017; Liu et al., 2019). To date, no assessment of bladder sensory
nerve signalling or evoked pain responses such as VMR have been
performed using this EAC model.

7.3.2 Uroplakin models
Uroplakins (UP-Ia, UP-Ib, UP-II and UP-III) are a family of

transmembrane proteins that are exclusively expressed in the
bladder urothelium (Altuntas et al., 2012). Uroplakin EAC
models are induced by subcutaneous injection of recombinant
mouse uroplakin proteins that induce a urothelial-mediated
cystitis (Figure 3).

Uroplakin EAC induced in SWXJ and BALB/c mice using
rmUPK2 and UPK3A 65-84 respectively leads to extensive
perivascular leukocyte (predominantly CD3+ T cells) infiltration
(Altuntas et al., 2012; Izgi et al., 2013) and significantly elevated
expression of genes encoding inflammatory cytokines TNF-α, IL-
17A, IFN-γ, and IL-1β within the bladder (Altuntas et al., 2012; Izgi
et al., 2013). A separate study also found significantly higher expression
of themast cell chemoattractant/activator CCL2 in the bladders of EAC
mice; a contributing factor to the increased numbers of activated,
resting and total mast cells in the bladder detrusor at up to 40 days after
EAC induction (Bicer et al., 2015). Uroplakin EAC mice developed
altered bladder function indicative of cystitis 5 weeks after
immunisation, including increased urinary frequency and
significantly decreased voided volume (Altuntas et al., 2012; Izgi
et al., 2013). UPK3A 65-84 mice also showed greater sensitivity to
von-Frey probing of the suprapubic region from day 5 after
immunisation (Izgi et al., 2013; Bicer et al., 2015) that persisted for
at least 40 days (Bicer et al., 2015). EAC induced in the rmUPK2model
did not demonstrate enhanced pelvic pain to noxious von-Frey forces
(Altuntas et al., 2012). As different mouse strains as well as different
recombinant mouse uroplakin proteins were used in these studies, it is
not clear which is the fundamentally crucial variable. No assessments of
bladder sensory nerve signalling or evoked pain responses such as VMR
have been performed using this EAC model.

7.3.3 Transgenic URO-OVA models
The most studied transgenic EAC mouse model is the URO-

OVAmodel which requires the expression of the membrane form of
model antigen ovalbumin (OVA) as a self-antigen on the bladder
urothelium (Liu et al., 2007). This is achieved via the adoptive
transfer of activated OVA-specific T-cells. These can either be OVA-
specific CD8+ T cells from OT-I mice that express the transgenic
CD8+ T-cell receptor specific for the OVA257-264 epitope peptide, or

adoptive transfer of OVA-primed splenocytes after immunisation in
C57BL/6 mice (Liu et al., 2007; Akiyama et al., 2021). These
activated OVA-specific cells are then intravenously injected via
the orbital sinus of URO-OVA mice to induce bladder cystitis
(Figure 3) (Liu et al., 2007; Akiyama et al., 2021).

URO-OVA mice develop bladder inflammation from 7 days
after adoptive T-cell transfer. Mice immunised with either OT-I or
OVA-primed splenocytes developed interstitial oedema, increased
vascularity, mononuclear cellular infiltration (predominantly T
(CD3+) and B (CD19+) lymphocytes), mucosal hyperemia and
epithelial hyperplasia (Figure 4) (Liu et al., 2007; Kim et al.,
2011; Wang et al., 2016; Akiyama et al., 2021). However, no clear
urothelial denudation was observed in the inflamed bladders
(Akiyama et al., 2021). Increased mRNA expression of mast cell
and sensory neuron-derived inflammatory factors MCP-1, IL-6,
IFN-γ, TNF-α, NGF, pre-SP and substance P (Liu et al., 2007;
Kim et al., 2011; Wang et al., 2016; Kullmann et al., 2018; Cui et al.,
2019; Akiyama et al., 2021) as well as a two-fold increase inmast cells
within the lamina propria and the detrusor of the bladder have been
reported (Liu et al., 2007; Wang et al., 2016).

URO-OVA cystitis mice exhibit altered voiding behaviours
characteristic of IC/BPS, including a decrease in maximum
volume voided per micturition and an overall increase in the
frequency of urination compared to control mice (Wang et al.,
2016; Cui et al., 2019; Akiyama et al., 2021). URO-OVA cystitis mice
also exhibited significantly decreased sensory thresholds to pelvic
nociception (Cui et al., 2019; Akiyama et al., 2021) and an
exaggerated VMR to bladder distension indicative of a pain
phenotype (Cui et al., 2019). As with the previous models of
autoimmune cystitis, no assessments of bladder sensory signalling
have been performed in this EAC model.

7.4 Naturally occurring inflammatory
models

Feline interstitial cystitis (FIC) is a naturally occurring
idiopathic condition of domestic cats that exhibits physiological
changes similar to those associated with IC/BPS without Hunner
lesions (Birder et al., 2003; Kullmann et al., 2018; Mohamaden et al.,
2019; Jones et al., 2021). FIC is broadly described as the presence of
chronic, waxing and waning clinical signs of irritative voiding
(pollakiuria, stranguria and dysuria) with an absence of neoplasia
or bacteriuria, with or without the presence of uroliths or urethral
plugs (Kruger et al., 1991; Kruger et al., 2009; Defauw et al., 2010;
Lulich et al., 2010; Mohamaden et al., 2019; Jones et al., 2021). FIC
exhibits similar histological features to IC/BPS without Hunner
lesions including urothelial denudation or ulceration, submucosal
oedema, chronic inflammatory cell infiltrates and muscularis
fibrosis (Jones et al., 2021).

FIC cats have shown denudation and thinning of the
urothelium (Lavelle et al., 2000), and urothelial spongiosis
suggestive of a loss of cell-cell adhesion. Tight junctions were
also found to have come apart leading to the disruption of the
epithelial layer (Lavelle et al., 2000) and expression of E-cadherin
tight junction protein was also significantly downregulated in
FIC bladders compared with those of controls (Kullmann et al.,
2018; Mohamaden et al., 2019). As a result, transepithelial
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resistance (TER) of the urothelium was significantly reduced,
while water and urea permeability were significantly increased
(Lavelle et al., 2000). Bladder oedema, haemorrhage, congestion
of blood vessels, and infiltration of inflammatory cells in the
bladder interstitium is also common in FIC (Kullmann et al.,
2018; Mohamaden et al., 2019). FIC cats have been shown to have
significantly higher serum concentrations of IL-1β, IL-6 and
TNF-α compared to control cats (Mohamaden et al., 2019).
Urine levels for IL-1β and IL-6, but not TNF-α were
significantly higher than controls (Mohamaden et al., 2019),
and a significant increase in mast cell number is observed in
both the urothelium and lamina propria of FIC cats (Kullmann
et al., 2018; Mohamaden et al., 2019).

Bladder Aδ afferents from FIC cats are hypersensitive to bladder
distension (Roppolo et al., 2005), and urothelial cells from the
bladders of FIC cats also demonstrate altered ATP release during
cell swelling (Birder et al., 2003), which may contribute to additional
activation or sensitisation of sensory afferent nerves (Birder and
Andersson, 2013).

7.5 Psychological stress models

Chronic stress has been identified as a key factor in the
development of IC/BPS, and early life stress has been shown
to significantly increase the chances of developing chronic pelvic
pain in later life (Fuentes and Christianson, 2018b). A large
proportion of IC/BPS patients have experienced early-life
adverse or traumatic events (Kullmann et al., 2018). Rodent
psychological stress models are designed to recapitulate these
human stressors via the induction of one or more stressful events
that vary in their induction method and intensity. The most
widely employed stress models to generate an IC/BPS phenotype
are Water Avoidance Stress (WAS) or Neonatal Maternal-
Separation (NMS).

7.5.1 Water avoidance stress (WAS) models
WAS models are generated by exploiting the behavioural

instincts of rats and mice, but is most commonly performed in
rats (Chess-Williams et al., 2021; Gao and Rodríguez, 2022). A
stressful environment is generated by placing rodents on a platform
in the middle of a tank filled with water. Rodents will naturally avoid
going into the water and, as there is no alternative way to escape, this
raises systemic stress levels and leads to the development of anxiety
(Figure 3). To establish a chronic stress phenotype, WAS is usually
performed for 1 h a day over a period of 10 days (Robbins et al.,
2007; Matos et al., 2017; Wang et al., 2017; Dias et al., 2019).

Wistar-Kyoto (WK) rats are commonly used for psychological
stress models, as they are genetically predisposed to elevated levels of
anxiety (Robbins et al., 2007). Compared to Sprague-Dawley (SD) rats,
which are generally considered to be a low/moderate-anxiety strain,
WK rats exhibit both neurochemical and behavioural differences in
response to stress (Robbins et al., 2007). This includes a greater
sensitivity to adverse events leading to an amplified HPA axis
response and an attenuated brain noradrenergic system response
(Robbins et al., 2007). WK, but not SD rats develop a significantly
exaggerated VMR to urinary bladder distension following
10 consecutive days of WAS (Robbins et al., 2007).

WAS in WK rats results in a significant increase in urinary
frequency, which includes a decrease in the average void size and
an increase in the number of small voids as early as day 3 of the
chronic WAS exposure protocol (West et al., 2021). Frequency of
responses to von-Frey probing of the pelvic suprapubic area
significantly increased during WAS from day 5 onwards to
plateau on day 8 of treatment (Lee et al., 2015; Matos et al.,
2017). WAS rats also develop altered bladder function, with
cystometry revealing the voiding phase of micturition occurs
at a significantly decreased pressure threshold (Wang et al., 2017;
Gao et al., 2018). The VMR to urinary bladder distension is also
evoked at a lower bladder pressure and for a longer duration in
WAS rats compared to controls, representing a longer sensory/
pain response to bladder stimuli (Wang et al., 2017; Gao et al.,
2018). No assessments of bladder sensory signaling have been
reported following WAS and so it is unclear if alterations in
bladder sensitivity and function are due to changes in central
processing circuits, sensitisation of peripheral sensory nerves, or
both. Interestingly, the changes in bladder sensation and function
observed during and following WAS also evoke changes in
bladder physiology that show similarity to changes observed
in humans (Chess-Williams et al., 2021), including loss of
superficial umbrella cells leading to an altered urothelial
surface, inflammatory cell infiltration into the mucosa, and
mastocytosis (Figure 4) (Matos et al., 2017). WAS has also
been frequently used as an animal model of irritable bowel
syndrome (Moloney et al., 2016), a disorder characterised by
chronic abdominal pain which commonly occurs with IC/BPS.

7.5.2 Neonatal maternal separation (NMS) models
NMSmodels are generated by separating litters of pups from the

dam for up to 3 weeks from postnatal day one, depriving the pups of
innate needs and natural connection with their mother that imitates
early-life trauma in humans (Figure 3). NMS induces chronic
changes in bladder sensitivity and function in adult mice
including increased voiding frequency with smaller void spots as
compared to naïve mice (Pierce et al., 2018), and a significantly
greater VMR in response to UBD at 8 weeks of age (Pierce et al.,
2018).

The psychological nature of this model is shown in the effects
NMS has on brain function. Mice exposed to NMS show
significantly lower mRNA levels of corticotropin-releasing factor
(CRF1) and glucocorticoid (GR), and higher brain-derived
neurotrophic factor (BDNF) in the hippocampus (Pierce et al.,
2018). As CRF is the main activator of HPA axis signalling,
lower CRF and GR levels indicate decreased inhibition on the
HPA axis (Pierce et al., 2018), which would explain the chronic
changes in corticosterone response (Kalinichev et al., 2002; Nishi
et al., 2014). This is hypothesised to have a cumulative effect,
decreasing animal resilience to stress over the lifetime. As with
WAS, a translation of psychological insult to physiological changes
in the bladder occurs, with NMS mice having a significantly higher
percentage of degranulated mast cells in the bladder (Figure 4)
(Pierce et al., 2018).

To model the human experience more closely, whereby early life
stress is commonly followed by numerous additional stressors, a
psychological stress model has recently been generated that
combines NMS followed by WAS at 8+ weeks of age (Pierce
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et al., 2016). Combining NMS and WAS impacted bladder function,
as measured by a significant increase in the number of voids and a
higher total urine output in mice 1d-post WAS that returned to
baseline at 8d-post WAS (Pierce et al., 2016). Implementation of
these combined models also led to an altered VMR to urinary
bladder distension (Pierce et al., 2016). At 1d post-WAS, NMS
mice exhibited a transient decrease in VMR during bladder
distension which was later significantly increased at 8d post-WAS
(Pierce et al., 2016) suggesting combined stressors may induce more
longer lasting changes in bladder sensitivity than WAS alone.

7.6 Cross-organ sensitisation models

Considerable clinical evidence links diseases of the colon,
such as irritable bowel syndrome (IBS) and inflammatory bowel
disease (IBD), with IC/BPS (Grundy and Brierley, 2018). 20%–

30% of both men and women with IC/BPS report IBS as among
their most common comorbidity (Alagiri et al.; Clemens et al.,
2006) and IC/BPS patients are 100 times more likely to have
concurrent IBD than healthy controls (Alagiri et al.). More
recently, it has been shown that having IBS increases the risk
of developing IC/BPS (Chang et al., 2021), however, the
underlying mechanisms responsible for the development of
comorbid visceral pain syndromes have yet to be fully
elucidated. Cross-sensitisation of the peripheral and central
sensory pathways that co-innervate pelvic organs such as the
bladder and colon has been proposed as a major contributing
factor (Grundy and Brierley, 2018).

Animal models have been generated to recapitulate cross-
organ sensitisation between the colon and bladder by inducing
long term hypersensitivity of the sensory pathways that innervate
the colon. By far the most well characterised of these methods is
following intracolonic co-administration of ethanol and
trinitrobenzene sulfonic acid (TNBS) (Figure 3). Ethanol is
required to disrupt the intestinal barrier and enable the
interaction of TNBS within the colon wall to elicit an immune
response (Antoniou et al., 2016). The severity of colitis in these
models is directly related to the doses of ethanol and TNBS, and
shows significant variability between species (rat vs. mouse) as
well as genotype (Antoniou et al., 2016). In general, the first week
following a single TNBS/ethanol enema is characterised by severe
colonic inflammation (Hughes et al., 2009; Vannucchi and
Evangelista, 2018). By 7 days post-TNBS administration,
colonic inflammation has begun to spontaneously resolve, with
a corresponding increase in the integrity of the colonic wall
(Hughes et al., 2009). By 28 days post-TNBS, there are no
observable histological changes in the colon compared with
healthy control mice, yet hypersensitivity of peripheral sensory
pathways persists (Hughes et al., 2009). Whilst TNBS colitis has
not been observed to induce marked inflammation in the bladder
(Grundy et al., 2018d; Grundy and Brierley, 2018), studies in rats
have demonstrated that urothelial permeability increases during
the active phase of TNBS-induced colonic inflammation
(0–7 days) in the absence of overt histological damage to the
bladder (Figure 4) (Meerveld et al., 2015; Towner et al., 2015).

Mice and rats in the acute phase of TNBS colitis develop
bladder hypersensitivity characterised by changes in micturition

parameters and exaggerated bladder afferent sensitivity in the
absence of overt changes in bladder histology (Lei and
Malykhina, 2012; Xia et al.). Despite the resolution of colonic
inflammation, reduced bladder capacity, voided volumes, and
intermicturition intervals and changes in bladder voiding
patterns indicative of bladder overactivity persist in both rats
and mice up to 90 days post-TNBS (Lamb et al., 2006; Liang et al.,
2007; Ustinova et al., 2007; Fitzgerald et al., 2013; Grundy et al.,
2018d). TNBS colitis has also been shown to enhance the VMR to
urinary bladder distension (Lamb et al., 2006) and induce
hypersensitivity of bladder-innervating sensory nerves to
bladder distension both during the active and post-
inflammatory phase of TNBS colitis (Ustinova et al., 2006;
Ustinova et al., 2007; Grundy et al., 2018d). Together, these
studies show that experimental colitis can induce chronic
changes in the sensory networks that regulate bladder sensory
signalling and provide important information on the
mechanisms that might underlie the development of IC/BPS
in patients that have comorbid visceral pain disorders such
as IBS.

8 Discussion

Animal models of human disease have two primary aims: to
unravel the pathophysiological mechanisms that drive the
development and maintenance of the disease, and the testing of
therapeutics for clinical translation. Developing a single animal
model of IC/BPS to achieve these aims has been a major
challenge, as there is significant heterogeneity in the pathological
presentation of IC/BPS patient cohorts. As such, effective clinical
translation may very well depend on the degree of progress made
towards determining the mechanisms underlying the development
of IC/BPS in patient cohorts. As these knowledge gains have an
unknown timeline, researchers have in the interim developed a large
variety of animal models that focus on specific aspects of known IC/
BPS pathophysiology. Validation of these models for relevance to
IC/BPS and therapeutic translation has primarily focused on
recapitulating the major clinical symptoms seen in IC/BPS patients.

8.1 Recapitulating IC/BPS symptoms

Chronic pelvic or bladder pain are the defining and most
debilitating symptoms of IC/BPS. IC/BPS patients display
hypersensitivity to bladder distension that translates into increased
pain during bladder filling and the development of lower urinary tract
symptoms including increased urinary urgency and frequency (Hanno
et al., 2011a; Hanno et al., 2011b; Lai et al., 2015). Patients will also
demonstrate mechanical hypersensitivity to noxious stimulation in the
suprapubic area during sensory testing that reflects the development of
referred hyperalgesia from the bladder (Lai et al., 2014; Warren, 2014).
As such, it is essential that any animal model intended to be used in the
preclinical evaluation of therapeutics for IC/BPS patients develops
bladder and/or pelvic pain. Furthermore, as patients with IC/BPS
have painful symptoms that persist indefinitely, and often develop
additional comorbidities over time (Driscoll and Teichman, 2001),
animal models of IC/BPS should ideally see the development of a
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pelvic/bladder pain phenotype that endures or even increases in
intensity over time.

8.2 Pain and hypersensitivity

Significant progress has been made in developing animal models
of IC/BPS that exhibit pelvic/bladder pain, including the development
and validation of techniques to accurately assess evoked bladder pain
and hypersensitivity. These include the VMR to measure abdominal
contractions as a surrogate for bladder pain during bladder distension,
von-Frey hair probing of the suprapubic region to assess referred
hyperalgesia, and sensory nerve recordings during bladder distension
to directly record sensory nerve output in response to bladder
distension or stretch. Combinations of these techniques have been
used extensively to characterise the development of an IC/BPS
phenotype in the models presented in this review. The use of
different techniques to assess bladder hypersensitivity and pain
both across and within animal models reflects the diversity of
experimental techniques available to individual research groups.
However, as most models have now been validated by multiple
research groups, a reliable assessment of each model has started to
emerge (Table 2). Bladder permeability, cyclophosphamide, zymosan,
lipopolysaccharide, autoimmune cystitis, feline interstitial cystitis,
psychological stress, and cross-organ sensitisation models all report
the development of evoked bladder hypersensitivity and/or pain
reflective of an IC/BPS phenotype. The variability in the degree of
bladder pain/hypersensitivity across these models is dependent on
both the intensity of the sensitising stimulus as well as the method of
induction. In bladder centric models, increased bladder pain/
hypersensitivity is typically correlated with a greater severity of
inflammation/permeability, with models that combine to
simultaneously impact permeability and inflammation shown to
impart greater effects on peripheral afferent sensitisation and pain
signaling.

Psychological stress and cross-organ sensitisation models can
induce both bladder pain and hypersensitivity in the absence of
significant bladder inflammation. However, the intensity of the
stimulus, including the duration or timing of psychological stress,
or magnitude of the colonic insult, remains a crucial factor in
determining whether animals develop measurable bladder pain/
hypersensitivity. Furthermore, for psychological stress models,
utilising specific rodent species and strains that are predisposed
to anxiety are crucial for the successful development of bladder pain/
hypersensitivity.

The evidence generated from these models supports
comprehensive clinical data showing that the aetiology of IC/
BPS can be highly diverse, with multiple mechanisms capable of
contributing to the development of bladder centric symptoms.
The ability to accurately recapitulate the major clinical features of
IC/BPS in animal models also supports their continued use in
unravelling the mechanisms responsible for the development and
maintenance of IC/BPS symptoms. However, as described in
detail for each model, the relative transience of bladder pain/
hypersensitivity in many of these models remains a limiting
factor in their utilisation for exploring novel therapeutics for
IC/BPS. Furthermore, whilst these studies comprehensively
characterise evoked pain in animal models of IC/BPS,

experimental assessment of non-evoked pain, such as grimace
scales, burrowing, and automated behavioural analysis that have
been employed in a variety of other pain models is not commonly
reported (Deuis et al., 2017). As IC/BPS patients report both
evoked pain relating to bladder filling as well as non-evoked pain,
incorporating experimental techniques that assess non-evoked
pain into future research designs may be useful in fully
characterising the clinical translatability of IC/BPS animal
models. Non-evoked pain assessments are primarily
observation based and therefore have the advantage that they
can be easily incorporated into an experimental design without
the need for additional animal cohorts or specialised equipment.

8.3 Chronicity

Although many animal models accurately recapitulate the
evoked bladder pain and hypersensitivity phenotype of IC/BPS,
animal models that develop a chronic pain phenotype are scarce. In
the most explored bladder-centric permeability and inflammatory
models, pain and/or hypersensitivity effects are commonly
reported only in the day/s, or first week after ceasing treatment.
Whether this is due to not exploring more chronic time points or
reflects a resolution of hypersensitivity and pain is not always clear,
but it is of paramount importance, as IC/BPS is by definition a
chronic disorder. As a result, the last decade has seen a discernible
drive to refine preclinical models of IC/BPS to induce a more
chronic pain state. This has been achieved by modulating the
strength, timing, and duration of the model induction, such as with
multiple lower doses of cyclophosphamide administered over a
longer period, several LPS administrations over a longer time
course, neonatal insult, or chronic exposure to stressful stimuli
during a specific developmental phase. These refinements will
likely prove crucial in developing the next-generation of
treatments for IC/BPS, as they provide greater opportunities to
interrogate the mechanisms underlying long term changes in
bladder sensation.

Further development of IC/BPS animal models has revealed
neonatal maternal stress, neonatal zymosan, and colon-bladder
cross-sensitisation models exhibit bladder hypersensitivity and
pain long after the resolution of the initial sensitising stimulus
and in the absence of overt bladder damage. This is crucial, as it
reveals that chronic changes in bladder sensory pathways can occur
to embed a hypersensitive state long after an initiating stimulus.
Many IC/BPS patients present without obvious bladder
pathophysiology at the time of diagnosis, but have a history of
chronic psychological stress, urinary tract infections, or
comorbidities including IBS. As such, the development of animal
models that see a chronic pelvic/bladder pain phenotype in the
absence or following resolution of inflammation represents a crucial
step towards accurate pre-clinical modelling of these IC/BPS patient
subsets.

A logical next step in the development of chronic IC/BPSmodels
is to expand the dual insult models established using intrabladder
zymosan to include heterogenous elements of distinct animal
models. This may include combining an early in life event, such
as neonatal inflammation to mirror childhood UTI, followed by
chronic stress in adulthood or visa-versa.

Frontiers in Physiology frontiersin.org22

Tay and Grundy 10.3389/fphys.2023.1232017

44

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1232017


8.4 Translational potential

The ability to accurately recapitulate the major symptoms of IC/
BPS in animal models is a crucial step towards the development of
novel therapeutics for IC/BPS. However, the variety of animal
models available that develop an IC/BPS like phenotype, and the
stark differences in induction methods, raises important questions
as to which model is most suited for the pre-clinical evaluation of
therapeutics for future clinical translation. Consideration must be
given to the pathophysiological origin, the type/severity of model,
and the time after model induction that assessments are made.

A balance must be sought between how closely an animal model
of IC/BPS shares pathophysiological traits with IC/BPS patients, and
model presentation. For example, chemical models such as acetic/
hydrochloric acid and hydrogen peroxide induce a well characterised
cystitis phenotype. However, chemical cystitis methods appear limited
in their translational potential by an artificial method of induction that
lacks an obvious link to the pathophysiology of IC/BPS. In contrast,
models of urothelial permeability induce an acute IC/BPS phenotype
that closely mirrors the presentation of many IC/BPS patients with a
diminished urothelial barrier. However, as is well documented, in the
absence of inflammation, the urothelial barrier is rapidly restored, and
bladder hypersensitivity normalises, undermining its relevance to
studying the chronic nature of IC/BPS. Current studies indicate
zymosan and LPS models may represent a good choice for
investigating an inflammatory IC/BPS phenotype. Both LPS and
zymosan induce an IC/BPS like phenotype characterised by
bladder inflammation and bladder pain. However, in contrast to
chemical cystitis, inflammation is induced via the recruitment of
natural inflammatory pathways associated with receptor activation
rather than direct tissue damage. By more closely mirroring the
natural inflammatory pathways reported to be activated in the
bladders of IC/BPS patients, these models appear to have greater
translational potential for investigating therapies that target bladder
inflammation and/or inflammation induced hypersensitivity.
Experimental autoimmune cystitis (EAC) mice also develop IC/
BPS like symptoms, but whilst the inflammation is initiated by a
cellular mediated mechanism, the severity is beyond the
pathophysiology characterised for most IC/BPS patients. However,
as some evidence supports an autoimmunological inflammatory
process as an underlying contributor to pathophysiology in IC/BPS
with Hunner lesions (Akiyama et al., 2020), EAC models may
represent the best choice for investigating novel therapies for this
severe IC/BPS phentypes.

The translational potential of an animal model also requires
consideration of the mechanism of action of any proposed
intervention in relation to the pathology that is thought to
underlie the development of IC/BPS symptoms in a specific
patient cohort. For instance, bladder hypersensitivity and pain in
psychological stress models is caused by chronic dysregulation of the
HPA axis. As such, preclinical evaluation of therapies that have
peripheral sites of action, such as direct bladder infusions or anti-
inflammatory agents are unlikely to be as efficacious as those that are
tailored to central stress mechanisms such as psychotherapy,
exercise, or bladder training. Similarly, targeting the HPA axis to
treat IC/BPS symptoms that develop due to localised bladder
inflammation and the sensitisation of bladder-innervating sensory

nerves is unlikely to be as effective as directly targeting the bladder or
peripheral sensory pathways. Exploring therapies in animal models
of cross-organ sensitisation or early in life intervention will likely
need a different approach entirely, as the pathophysiology of these
disorders is embedded within the chronic remodelling of peripheral
and central sensory circuits that establishes a chronically sensitised
state. Considering these factors in the design of clinical trials for IC/
BPS to aid patient stratification would also have major implications
for interpreting success/failure of a particular intervention.

9 Conclusion

Significant progress continues to be made in the
development of animal models of IC/BPS that more closely
mimic the human condition. At present it appears unlikely
that animal models will ever be able to perfectly model IC/
BPS, owing to both symptom and pathophysiological
heterogeneity amongst patients. However, as described in this
review, multiple animal models of IC/BPS are now able to
accurately reflect the major symptoms of IC/BPS including
bladder hypersensitivity and pain. Whilst pre-clinical models
need to be refined further to unravel the pathological
mechanisms underlying the development of IC/BPS, being
able to assess impacts of interventions on the primary
symptoms of IC/BPS should hopefully pave the way for the
development of novel therapeutics. However, with a large variety
of distinct animal models available, care must be taken to select
the appropriate model to ensure potential pre-clinical
translation is maximised. Therefore, it is likely that different
models will continue to be required for pre-clinical drug
development based on the unique IC/BPS aetiology under
investigation.
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Introduction: The medial preoptic area (mPOA) participates in thermoregulatory
control and blood pressure modulation as shown by studies with electrical
stimulation of this area or cobalt chloride injection, a non-selective synapse
inhibitor. This study aimed to investigate whether angiotensin II (Ang II) and
GABA could act or not in the mPOA to mediate the cardiovascular and
micturition control pathways.

Methods: Female Wistar rats were submitted to stereotaxic surgery for
implantation of a guide cannula into the mPOA 7 days prior to the
experiments. Afterwards, the animals were isoflurane- anesthetized and
submitted to the catheterization of the femoral artery and vein and urinary
bladder cannulation for mean arterial pressure (MAP), heart rate (HR), and
intravesical pressure (IP) recordings, respectively. After the baseline MAP, HR,
and IP recordings for 15 min, Ang II (0.1 nM, 1 μL), losartan (AT-1 receptor
antagonist, 100 nM, 1 μL), GABA (50 mM, 1 μL) or saline (1 μL) were injected
into the mPOA, and the variables were measured for additional 30 min. In a
different group of rats, the AT-1 receptor, angiotensin II converting enzyme (ACE),
and GABAa receptor gene expression was evaluated in mPOA samples by qPCR.
The data are as mean ± SEM and submitted to One-way ANOVA (Tukey posttest)
or paired Student t-test (P <0.05).

Results: The injection of Ang II into the mPOA evoked a significant hypotension
(−37±10mmHg, n = 6, p = 0.024) and bradycardia (−47 ± 20 bpm, p = 0.030)
compared to saline (+1 ± 1 mmHg and +6 ± 2 bpm, n = 6). A significant increase in
IPwas observed after Ang II injection into themPOA (+72.25 ± 17.91%, p=0.015 vs.
−1.80± 2.98%, n = 6, saline). No significant changeswere observed inMAP, HR and
IP after the losartan injection in the mPOA compared to saline injection. Injection
of GABA into the mPOA evoked a significant fall in MAP and HR (−68 ± 2mmHg, n
= 6, p < 0.0001 and −115 ± 14 bpm, n = 6, p = 0.0002 vs. −1 ± 1 mmHg and +4 ±
2 bpm, n = 6, saline), but no significant changes were observed in IP. The AT-1
receptor, ACE and GABAa receptor mRNA expression was observed in all mPOA
samples.
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Discussion: Therefore, in female rats, Ang II mediated transmission in the mPOA is
involved in the cardiovascular regulation and in the control of central micturition
pathways. A phasic control dependent on AT-1 receptors in themPOA seems to be
involved in the regulation of those cardiovascular and intravesical 3 parameters. In
contrast, GABAergic transmission in the mPOA participates in the pathways of
cardiovascular control in anesthetized female rats, nevertheless, this
neurotransmission is not involved in the micturition control.

KEYWORDS

medial preoptic area, angiotensin II, GABA, AT-1 receptors, ACE, arterial pressure, heart
rate, micturition

1 Introduction

The preoptic area is long known for its involvement in the
modulation of the autonomic nervous system, demonstrated for
instance by changes in blood pressure after electrical stimulation of
this area in anesthetized cats (Kabat et al., 1935). The bradycardia
evoked by electrical stimulation of the medial preoptic area (mPOA) is
significantly attenuated by vagotomy, suggesting that this region exerts
vagal activation and sympathetic inhibition (Wang and Ranson, 1941).
Nevertheless, Folkow et al. (1959) have demonstrated a bradycardia
and pronounced drop in blood pressure after electrical stimulation of
the preoptic area in vagotomized cats with bilateral carotid occlusion,
evidencing a possible sympathoinhibitory function. Despite these
earlier findings, the effects on blood pressure and heart rate
induced by electrical stimulation of the mPOA could not be
explicitly attributed to this area. Electrical stimulation activates both
neurons in the preoptic area as well as other passing fibers, which can
lead to activation of neurons located outside the preoptic area.

ThemPOAparticipates in thermoregulatory control and promotes
blood pressure modulation, evidenced by studies using injection of
cobalt chloride, a non-selective inhibitor of synapses (Fassini et al.,
2017). It also presents neuron cell bodies with immunohistochemical
labeling for angiotensin II (Ang II) (Lind et al., 1985). The mPOA
contains mRNA for angiotensinogen and low density of fibers with
immunoreactivity for Ang II, modest immunoreactivity for AT-1
receptors and moderate amounts of angiotensin-converting enzyme
(ACE) (Bunnemann et al., 1993). However, immunoreactivity for
angiotensinogen has not been reported.

Impairment of urinary bladder functions, such as difficulties in
urine storage and bladder emptying affects men and women, as well as
children worldwide. Among the urinary bladder dysfunctions, urinary
incontinence has been reported with higher prevalence in women (Aoki
et al., 2017). The central control of micturition involves a complex
mechanism, which is still not fully understood. Nevertheless,
maintenance of urinary excretion and storage depends on reflex
mechanisms, with the initiation of voiding influenced by the Pontine
Micturition Center (PMC). In contrast, urine storage is modulated by
the Pontine Urine Storage Center (PUSC), located ventrolaterally to the
PMC (De Groat, 1998). In rats, the PMC corresponds to Barrington’s
nucleus and acts as a modulator of the micturition reflex. The
mechanism affects bladder pressure and volumetric control, as well
as interferes with the coordination of the actions of the detrusor muscle
and the urethral sphincter (Sugaya et al., 2005).

Sugaya et al. (1997) demonstrated that, in spite of themicturition in
neonatal rats does not depend on neural mechanisms in the brain,

many neurons in various brain regions are labeled by the pseudorabies
virus (PRV) injected into the urinary bladder of rat pups at 2 and
10 days of age. This indicates that the bladder and brain are connected
at very early age. However, the distribution of PRV-infected neurons is
somewhat broader than in adult mice. In the first 72 h after PRV
administration, the labeling is more prominent in PMC. Other
neuronal populations are labeled at slightly longer times (78–84 h),
including the raphe magnus nucleus, A5 and A7 clusters,
parapyramidal reticular formation, periaqueductal gray (PAG), locus
coeruleus, hypothalamus lateral, mPOA and frontal cortex. These areas
are also labeled in adult animals. In addition, many of those areas are
correspondent to sites where electrical stimulation facilitates or inhibits
bladder activity in adult animals (De Groat et al., 2015).

Muscimol, a GABAa receptor agonist, injections in the mPOA
increases body temperature, blood pressure and heart rate in
conscious freely moving rats by affecting different circuitries in
this area, i.e., one involving orexin neurons, and a separate orexin-
independent circuit activated by prostaglandin E2 (Rusyniak et al.,
2011). Nevertheless, it is unknown whether the GABAergic pathway
could be also involved in the micturition control pathways.

Although the mPOA is one of the areas in the brain which is
retrogradely labeled by PRV injected in the urinary bladder, the
neurotransmission and the role of mPOA in the urinary bladder
control is still largely unknown. Bastos et al. (1994) have shown that
Ang II elicits dipsogenic effect and pressor response in conscious rats
when injected in the mPOA. However, it is not clear if Ang II in the
mPOA participates in the micturition control pathways. Therefore, in
this studywe focused to investigate whether Ang II andGABA could act
in the pathways of mPOA to mediate intravesical pressure and/or
cardiovascular control in female anesthetized rats.We also evaluated the
gene expression of 1) ACE andAT-1 receptors in themPOA in order to
understand if Ang II is locally synthetized; 2) GABAa receptors to
demonstrate the existence of these receptors in the mPOA neurons,
where the neurotransmitter GABA could bind to exert its effects.

2 Materials and methods

2.1 Animals

Adult femaleWistar rats (~260 g), provided by the Animals Care
of Centro Universitario FMABC, were used. The animals had access
to standard chow pellets (Nuvilab®) and tap water ad libitum. Before
the stereotaxic surgery, rats were maintained in plastic cages in
groups of 4 animals, and after the surgical procedure, each rat was
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placed in an individual plastic cage. The light-dark cycle of the
Animal Care in the Physiology laboratory at Centro Universitario
FMABC was set as 12 h each. The humidity was also controlled at
~70%, and the room temperature was maintained at approximately
23°C. All procedures were performed in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals, and were approved by the Animal Ethics
Committee of the Faculdade de Medicina do ABC/Centro
Universitario ABC (protocol number 02/2021).

2.2 Implantation of guide cannulas in the
medial preoptic area

Rats were initially sedated with 2% isoflurane in 100% O2 and
then anesthetized with ketamine (50 mg/kg, i.p.) and xylazine
(10 mg/kg, i.m.). Afterwards, the animals were placed in a
stereotaxic apparatus (David Kopf®). Antisepsis in the surgical
field was performed using polyvinyl-pyrrolidone (PVPI). The
cranial surface was exposed to visualize the sutures (bregma and
lambda). The animal’s head was horizontally aligned based on the
dorsoventral parameters measured at the level of the bregma and
lambda, which should be coincidental. Two jeweler screws were
placed in the animal’s skull in order to allow the guide cannula to
be anchored to the screws with acrylic cement. A hole wasmade in the
skullcap with the aid of a dental bur and a stainless-steel guide cannula
with 12 mm length (23 gauge, 0.642-mmOD, 0.337-mm ID, BD, Juiz
de Fora, Brazil) was inserted and positioned towards the mPOA. The
parameters to achieve the mPOA were measured as follows: 0.0 mm
from bregma, ±0.7 mm lateral from midline, and −7.7 mm ventral
from the cranial surface at the anteroposterior level on the spot for
insertion of the guide cannula. The screws, the skullcap’s hole, and the
skull’s surface were covered with self-curing dental acrylic cement (Jet
Líquido Clássico®). At the end of the surgery, Veterinary Pentabiotic
for Small Animals (2,000 U/mL, 0.1 mL/rat, i.m., Fort Dodge Saude
Animal, Campinas, Brazil) was administered in a single dose as a
prophylactic measure, as well as meloxicam (1.0 mg/kg/day, S.C., per
day, Maxicam, Ourofino Saude Animal, Campinas, Brazil) for 3 days.

2.3 Catheterization of the femoral artery and
vein

Rats anesthetized with 2% isoflurane in 100%O2 were submitted
to the cannulation of the femoral artery and vein through the
insertion of a polyethylene tube (PE-50 connected to PE-10, Clay
Adams, NJ, United States) for pulsatile arterial pressure (PAP),
mean arterial pressure (MAP) and heart rate (HR) recordings in the
data acquisition system (PowerLab 16 SP, ADInstruments, Castle
Hill, AU), as well as drug administration, respectively.

2.4 Bladder cannulation and intravesical
pressure measurement

Rats anesthetizedwith 2% isoflurane in 100%O2were submitted to
urinary bladder cannulation by inserting a polyethylene tube (PE-
50 connected to PE-10, Clay Adams, NJ), which was connected to a

pressure transducer for intravesical pressure (IP) recording in the data
acquisition system (PowerLab 16 SP, ADInstruments, Castle Hill, AU).

2.5 Drug microinjection in the mPOA

Drug microinjections in the mPOA were performed using a
needle (27 gauge, 0.413-mm O.D., 0.210-mm I.D., 13-mm length,
Injex, São Paulo, Brazil) connected to a 10-μL Hamilton syringe
(Reno, NV, United States) by polyethylene tubing (PE-10, Clay
Adams, NJ, United States). The volume of all the drugs injected into
the mPOA was 1 μL, as previously reported in the studies by Bastos
et al. (1994).

2.6 Histological analysis

At the end of the experiments, the animals were deeply
anesthetized with i.v. injection of sodium thiopental 100 mg/kg
(Cristália, Itapira, SP, Brazil) and 4% Chicago Sky Blue dye
(Sigma Aldrich, St. Louis, MO, United States) was administered
in a volume of 1 µL in the mPOA in order to determine the site of
drug injections. Then, the rib cage was opened to expose the heart,
and roughly 40 mL of formalin solution (10%) (Synth, Diadema,
Brazil) was perfused intracardially. Afterwards, the brain was
harvested and kept in the same formalin solution for at least
48 h. Subsequently, the brain was sectioned in a freezing
microtome (Leica Biosystems, Buffalo Grove, IL, United States).
The histological sections (40 µm) were stained with hematoxylin-
eosin and analyzed in a light field microscopy (Nikon, Eclipse E-200,
Tokyo, Japan). Only animals with histological confirmation of
microinjection sites in the mPOA were considered in this study
(Figure 1).

2.7 Gene expression of AT-1 receptors, ACE
and GABAa receptor in the mPOA by
quantitative real-time polymerase chain
reaction (qPCR)

Total RNAwas isolated from frozenmPOA samples with TRIzol
Reagent® (Thermo Fisher Scientific) according to the
manufacturer’s protocol. RNA integrity was checked by agarose
gel electrophoresis, and the RNA purity reached the following
criteria: A260/280 ≥ 1.8. The extracted total RNA concentration
was measured using a NanoDropTM (One-One c)
spectrophotometer (Thermo Fisher Scientific), and 1 μg of total
RNA was subjected to reverse transcription reaction.
Complementary DNA (cDNA) synthesis was generated using
ImPromIITM Reverse Transcription System (Promega, Madison,
WC, United States) according to the manufacturer’s protocol.
Quantitative real-time PCR (qPCR) was carried out using 2 μL of
cDNA and the Eva GreenTM qPCRMix Plus (Solis BioDyne, Tartu,
Estonia) in the ABI Prism 7,500 Sequence Detection System
(Applied Biosystems, Foster City, CA) to amplify specific primers
sequences for AT-1 receptor, ACE, GABAa receptor, Cyclophilin A
(housekeeping gene), GAPDH (housekeeping gene), 18S rRNA
(housekeeping gene). The procedure consisted of an initial step

Frontiers in Physiology frontiersin.org03

Daiuto et al. 10.3389/fphys.2023.1224505

54

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1224505


of 10 min at 95°C, followed by 45 cycles of 20 s each at 95°C, 20 s at
58°C, and 20 s at 72°C. Gene expression was determined by cycle
threshold (CT), and all values were expressed, using cyclophilin A or
GAPDH or 18S rRNA as an internal control.

The forward and reverse primers sequences (Thermo Fisher
Scientific) for rats used in this study follow below:

AT-1 receptor:
(forward)—5-AGTCCTGTTCCACCCGATCA-3´
(reverse)—5´-TCCAGACAAAATGCCAGCCA—3´
ACE:
(forward)—5´-CGGTTTTCATGAGGCTATTGG-3´
(reverse)—5´-TCGTAGCCACTGCCCTCACT-3´
GABAa receptor:
(forward)—5’-GAGCACGCAGAGTCCATGA-3’
(reverse)—5’-GAGAGGATCGCGGTGAGC-3’
Cyclophilin A (housekeeping gene):
(forward)—5´-CCCACCGTGTTCTTCGACAT-3´
(reverse)—5´-CTGTCTTTGGAACTTTGTCTGCAA-3´
GADH (housekeeping gene):
(forward)—5´-ACCACAGTCCATGCCATCAC -3´
(reverse)—5´-TCCACCACCCTGTTGCTGTA -3´
18S rRNA
(forward)—5´-CATTCGAACGTCTGCCCTAT -3´
(reverse)—5´-GTTTCTCAGGCTCCCTCTCC -3´

3 Experimental protocol

3.1 Effect of angiotensin II injection in the
mPOA on intravesical pressure and
cardiovascular parameters (N = 6)

This experimental protocol was aimed to assess whether or not
the injection of Angiotensin II in the mPOA could change the
intravesical pressure and if these changes would be related to
changes in arterial pressure.

The animals were initially submitted to the stereotaxic surgery to
implant a guide cannula in the mPOA. After 7 days, the animals
were anesthetized with 2% isoflurane in 100% O2 for catheterization
of the femoral artery and vein and urinary bladder cannulation. The
animals were maintained under the same anesthesia over the whole
experimental procedure. After baseline recording of PAP,MAP, HR,
and IP for 15 min, Angiotensin II (0.1 nM/μL, 1 µL) or saline (1 µL)
was injected into the mPOA, and the variables were measured for
additional 30 min (Figure 2).

3.2 Effect of losartan (AT-1 receptor
antagonist) injection in the mPOA on
intravesical pressure and cardiovascular
parameters (N = 6)

This experimental protocol was intended to assess whether or
not the blockade of AT-1 receptors with losartan injection in the
mPOA could change the intravesical pressure and if these changes
would be related to changes in arterial pressure.

In a different group of rats from section 8.1., the same surgical
procedures were performed as described above (section 8.1). After
measuring the baseline PAP, MAP, HR, and IP for 15 min, losartan
(100 nM/μL, 1 µL) or saline (1 µL) was injected into the mPOA, and
the variables were recorded for additional 30 min (Figure 2).

3.3 Effect of GABA injection in the mPOA on
intravesical pressure and cardiovascular
parameters (N = 6)

This experimental protocol was aimed to evaluated whether or
not the GABAergic inhibition of mPOA could change the
intravesical pressure and if these changes would be related to
changes in arterial pressure. In addition, this protocol intended
to investigate if the possible changes in intravesical pressure and

FIGURE 1
Photomicrograph of a rat from the experimental group demonstrating the drug injection site in the medial preoptic area (arrow) (left image).
Schematic representation of the location of the medial preoptic area (arrow) in a section of the brain, according to the atlas of Paxinos and Watson.
(2009).
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cardiovascular parameters showed any similarity to the responses
elicited by activation or blockade of AT-1 receptors.

In a different group of rats from that used in sections 8.1 and 8.2,
the same surgical procedures reported above (section 8.1) were
carried out. After baseline measurement of PAP, MAP, HR and IP
for 15 min, GABA (50 mM/μL, 1 µL) or saline (1 µL) was injected
into the mPOA, and the variables were recorded for additionally
30 min (Figure 2).

3.4 Gene expression of AT-1 receptor, ACE,
and GABAa receptor in the mPOA by
quantitative real-time polymerase chain
reaction (qPCR)

This experimental protocol was intended to evaluate if the genes
for AT-1 receptor, ACE, and GABAa receptor were expressed in the
mPOA of rats.

A different group of rats from that used in sections 8.1, 8.2 and
8.3 was used. Animals were deeply anesthetized with isoflurane 4%
in 100% O2 and submitted to a thoracotomy for transcardiac
perfusion of 40 mL of phosphate buffered saline. After that, a

craniotomy was performed and the brain was harvested,
immediately frozen in liquid nitrogen, and stored at −80°C in an
ultrafreezer (Thermo Fisher Scientific®) until the day of total RNA
extraction with the TRizol® reagent. To obtain mPOA samples, the
brain was sliced and a micropunch was performed on frozen
sections of the rat brain. The further procedures for gene
expression of AT-1 receptor, ACE, GABAa receptor by qPCR
were performed as described in section 7 (Figure 2).

4 Statistical analysis

A Shapiro-Wilk test for normality was used for verifying the
data distribution. Once the results fit to a normal distribution,
they were expressed as mean ± S.E.M., and subjected to the One-
way ANOVA followed by Tukey posttest to compare the MAP,
HR and IP responses evoked by angiotensin II, losartan and
saline injections in the mPOA. Paired Student´s t-tests were
used to compare the MAP, HR, and IP responses induced by
GABA injection in the mPOA. Statistical analysis was
performed using Graph Pad Prism 9.5.0. The significance
level was set at p <0.05.

FIGURE 2
Flowchart depicting the experimental design details. (A) Functional studies, (B) Molecular study.
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5 Results

5.1 Responses on intravesical pressure and
cardiovascular parameters in anesthetized
rats evoked by angiotensin II or losartan
injection in the mPOA

At baseline (before the injections in the mPOA), the SAP, DAP,
MAP, and HR was 131 ± 4 mmHg, 99 ± 4 mmHg, 110 ± 3 mmHg
and 433 ± 23 bpm, respectively (Ang II group, n = 6), 124 ±

3 mmHg, 106 ± 2 mmHg, 112 ± 2 mmHg and 448 ± 17 bpm,
respectively (losartan group, n = 6), and 120 ± 2 mmHg, 105 ±
3 mmHg, 110 ± 3 mmHg and 424 ± 11 bpm, respectively (saline
group, n = 6). The baseline IP (before the injections in the mPOA)
was 7.08 ± 0.80 mmHg (Ang II group), 8.17 ± 0.65 mmHg (losartan
group) and 6.99 ± 0.98 mmHg (saline group).

Injection of Ang II (n = 6) into the mPOA promoted a
significant reduction in SAP (−43 ± 11 mmHg, p = 0.003), DAP
(−34 ± 9 mmHg, n = 0.004), MAP (−37 ± 10 mmHg, p = 0.003) and
HR (−47 ± 20 bpm, p = 0.030) compared to saline injection (−1 ±
1 mmHg, 1 ± 1 mmHg, +1 ± 1 mmHg and +6 ± 2 bpm, respectively,
n = 6). In contrast, we observed a significant increase in IP (+72.25 ±
17.91%, p = 0.015) after Ang II injection into the mPOA compared
to saline injection (−1.80% ± 2.98%) (Figures 3A,D; Figure 4). The
latency for the peak response in MAP and HR evoked by Ang II in
the mPOA was roughly 4 min, whereas the peak response in IP was
achieved at ~6 min after Ang II injection in themPOA. The duration
of the Ang II evoked-response was different on the cardiovascular
parameters compared to IP, as the reduction in MAP and HR lasted
between 7–10 min, whereas the increase in IP persisted between
10–14 min.

Blockade of AT-1 receptors with losartan injection (n = 6) in the
mPOA elicited no significant changes in SAP (−15 ± 5 mmHg, p =
0.306), DAP (−12 ± 4 mmHg, p = 0.350), MAP (−13 ± 3 mmHg, p =
0.399) and HR (+6 ± 5 bpm, p = 0.999) compared to saline injection
(−1 ± 1 mmHg, 1 ± 1 mmHg, +1 ± 1 mmHg, and +6 ± 2 bpm,
respectively, n = 6). Similarly, no significant changes in IP were
observed after losartan injection (+2.92 ± 4.93%, n = 6, p = 0.957)
compared to saline (−1.80% ± 2.98%) (Figures 3B,D; Figure 4). The
latency for the peak in the weak changes in MAP and HR was
observed at 9 min after losartan injection into the mPOA, whereas
the small peak change for IP was achieved at 12 min after losartan
injection into the mPOA. The weak change in MAP, HR and IP
elicited by losartan injection in the mPOA lasted between
14–17 min.

5.2 Responses on intravesical pressure and
cardiovascular parameters elicited by GABA
injection in the mPOA

At baseline (before the injections in the mPOA), the SAP, DAP,
MAP, and HR was 119 ± 5 mmHg, 97 ± 3 mmHg, 104 ± 3 mmHg
and 415 ± 12 bpm (GABA group, n = 6) and 117 ± 5 mmHg, 94 ±
2 mmHg, 102 ± 3 mmHg and 407 ± 12 bpm, respectively (saline
group, n = 6). The baseline IP was 9.00 ± 0.82 mmHg (GABA
group), and 8.41 ± 0.74 mmHg (saline group).

Injection of GABA (n = 6) into the mPOA evoked a
significant fall in SAP (−76 ± 2 mmHg, p <0.0001), DAP
(−64 ± 2 mmHg, p <0.0001), MAP (−68 ± 2 mmHg,
p <0.0001) and HR (−115 ± 14 bpm, p = 0.0003) compared to
saline injection (0 ± 3 mmHg, −1 ± 1 mmHg, −1 ± 1 mmHg and
+4 ± 2 bpm, respectively, n = 6). However, no significant changes
were observed in IP (−12.07% ± 6.92%) after GABA injection into
the mPOA compared to saline injection (0.40% ± 015%) (Figures
3C; Figure 5). The latency for the peak responses in MAP and HR
evoked by GABA injected in the mPOA was ~8 min and the effect
lasted for roughly 19 min.

FIGURE 3
Tracings showing the baseline pulsatile arterial pressure (PAP,
mmHg), mean arterial pressure (MAP, mmHg), heart rate (HR, bpm),
intravesical pressure (IP, mmHg), and the responses induced by (A)
angiotensin II (0.1 nM/μL, 1 µL) or (B) losartan (100 nM/μL, 1 µL)
or (C) GABA (50 mM, 1 µL) or (D) saline (1 µL) into the medial preoptic
area. Arrows indicate the moment of injections in the medial preoptic
area.
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5.3 Determination of gene expression of AT-
1 receptor, ACE and GABAa receptor in the
mPOA of rats (N = 6)

The mRNA expression by RT-qPCR demonstrated that the AT-
1 receptor (relative to cyclophilin A = 0.67 ± 0.22, relative to
GAPDH = 1.05 ± 0.14, relative to 18S rRNA = 1.15 ± 0.27),
ACE (relative to cyclophilin A = 1.11 ± 0.10, relative to
GAPDH = 1.03 ± 0.11, relative to 18S rRNA = 1.15 ± 0.28), and
GABAa receptor (relative to cyclophilin A = 1.08 ± 0.13, relative to
GAPDH = 1.10 ± 0.24, relative to 18S rRNA = 1.02 ± 0.09) are found
in the mPOA samples (n = 6) (Figure 6).

6 Discussion

The findings of this study in female rats demonstrate that Ang II
injection into the mPOA yielded hypotension, bradycardia and
increase in intravesical pressure. The blockade of AT-1 receptors
in the mPOA by losartan elicited no significant changes in any
variable studied, even though the dose administered was high in
comparison to Ang II. Despite the GABAergic inhibition of mPOA
evoked a marked hypotension and bradycardia similarly to Ang II,
no change was observed in intravesical pressure. The present data
also showed that the genes for AT-1 receptors, ACE and GABAa

receptor were found in the mPOA. The mPOA samples for gene
expression were obtained from intact brains, without guide cannula
implantation in the mPOA, in order to exclude any influence of
previous surgery on the integrity of mPOA neurons.

Although the volume of injection (1 µL) in the medial preoptic
area could be considered large, the responses evoked by Ang II or
GABA injections were only observed when the injection spot was
centered in the medial preoptic area. Injections of Ang II or GABA
located out of the medial preoptic area either more dorsal or more
lateral from the midline, which was confirmed by the histological
analysis, caused no change in the cardiovascular parameters and
intravesical pressure. These findings suggest that the responses
elicited by Ang II or GABA injections observed in the current
study were specific and targeted to medial preoptic area.

The fact that the preoptic area is involved in the autonomic
modulation has been known since 1935, when Kabat et al. (1935)
demonstrated blood pressure changes to electrical stimulation of the
POA in anesthetized cats. Nevertheless, Wang and Ranson. (1941)
suggested that the preoptic area could play a dual effect on the
autonomic nervous system, leading to vagal activation and causing
sympathetic inhibition as the electrical stimulation elicited
bradycardic response that was significantly attenuated by
vagotomy. Folkow et al. (1959) have also shown that a
pronounced hypotension and bradycardia can be evoked by
electrical stimulation of the preoptic area in vagotomized cats

FIGURE 4
(A) Change in systolic arterial pressure (ΔSAP, mmHg), (B) diastolic arterial pressure (ΔDAP, mmHg), (C) mean arterial pressure (ΔMAP, mmHg), (D)
change in heart rate (ΔHR, bpm), and (E) percent change in intravesical pressure (%ΔIP) evoked by injection of saline (1 µL), angiotensin II (0.1 nM/μL, 1 µL)
or losartan (100 nM/μL, 1 µL) into the medial preoptic area (n = 6). *p < 0.05 vs. saline (One-way ANOVA, followed by Tukey posttest), #p <0.05 vs.
losartan (One-way ANOVA, followed by Tukey posttest).
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with bilateral carotid occlusion, suggesting its sympathoinhibitory
role. The electrical stimulation would be able to activate either cell
bodies of neurons and axons, thereby those earlier studies causing
nonspecific effects could also activate neurons lying outside the
preoptic area. In 2017, Fassini et al. (2017) have inhibited the mPOA
neurotransmission using cobalt chloride, a non-selective inhibitor of
synapses. They demonstrated that this brain area exerts a tonic
inhibitory function on cardiac sympathetic tone under resting and
stress conditions, negatively modulating the sympathetic
component of the baroreflex. However, the studies of could not
demonstrate which neurotransmitter or neuromodulator would be
released in the mPOA synapses to produce those effects.

In our study, either Ang II or GABA injections in the mPOA
caused hypotensive and bradycardic responses, nevertheless, the
latency to achieve the peak responses, intensity and duration of the
responses were not equivalent. Further, the effects on intravesical
pressure were different after Ang II and GABA injections in the
mPOA. We observed an increase in intravesical pressure elicited by
Ang II, whilst no change in intravesical pressure was caused after
GABAergic inhibition. Hence, our data are suggestive that Ang II
and GABA could be involved in the sympathoinibitory pathways to
reduce blood pressure and heart rate, however are likely acting in
different central pathways involved in micturition control.

Even though it is classically known that GABA injections
induces responses with short latency and duration in areas
involved in cardiovascular control, we observed a long latency for
the appearance of the hypotensive response and bradycardia elicited
by GABA injection in the mPOA. In addition, these responses

showed a long duration. Despite we do not know the explanation
for this fact, which is a limitation of this study, recent studies have
also shown that injections of GABA into the shell Nucleus
Accumbens evokes a huge hypotension and bradycardia, which
are also long-lasting responses (~14 min) (de Carvalho et al.,
2023), that is quite unusual considering the classically known
shorter responses evoked by GABA.

In the present study, the blockade of AT-1 receptors with
losartan injection in the mPOA elicited no significant change on
resting arterial pressure, heart rate and intravesical pressure. The
absence of any noticeable responses evoked by losartan suggests that
neurons with AT-1 receptors in the mPOA, where Ang II binds,
exert a phasic control on the pathways which regulate these
physiological parameters.

In the current study, we have not tested the Ang II after losartan
injection in themPOA, which is a limitation of this study. Nonetheless,
qPCR demonstrated that AT-1 receptors, ACE and GABAa receptors
mRNA are present in the mPOA. The mPOA contains the mRNA for
angiotensinogen, low density of fibers with immunoreactivity for Ang
II, modest immunoreactivity for AT-1 receptors and moderate
amounts of ACE. In contrast, immunoreactivity for
angiotensinogen has not been reported (Bunnemann et al., 1983).
Thus, our data showing the existence of AT-1 receptors and ACE
mRNA in the mPOA is consistent with the protein expression showed
by Bunnemann et al. (1983). Taken together with the fact that Ang II
and GABA gave similar responses to cardiovascular parameters, but
distinctly on urological, it is evident that the agonists acted selectively
on the different neural pathways.

FIGURE 5
(A) Change in systolic arterial pressure (ΔSAP, mmHg), (B) diastolic arterial pressure (ΔDAP, mmHg), (C) mean arterial pressure (ΔMAP, mmHg), (D)
change in heart rate (ΔHR, bpm), and (E) percent change in intravesical pressure (%ΔIP) induced by injection of saline (1 µL) or GABA (50 mM/μL, 1 µL) into
the medial preoptic area (n = 6). *p < 0.05 vs. saline (paired Student’s t-test).
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Formation of Ang II is dependent on cleavage of Angiotensin I,
which undergoes the action of ACE (Chappell et al., 2000; Rice et al.,
2004). Since ACE mRNA was expressed in the mPOA, it is likely that
neurons in the mPOA synthetizes Ang II, which is released in the

synapses of this brain area to bind AT-1 receptors, in order to exert a
phasic control of the sympathetic pathways involved in cardiovascular
regulation. Despite we have not performed the gene expression of AT-2
receptors, ACE-2 orMas receptors in themPOA, we cannot exclude the
possibility that Ang II can bind toAT-2 receptors or can be transformed
to Angiotensin-(1–7) and bind to Mas receptors.

Studies by Bastos et al. (1994) have shown that Ang II injected in the
mPOA in conscious male Holtzman rats induces thirst (dipsogenic
effect), natriuresis, kaliuresis and diuresis. In addition, Ang II at the dose
of 25 ng injected into the mPOA in conscious rats evoked a pressor
response, which was attenuated by previous blockade of α1-
adrenoceptors with prazosin, but not by antagonism of β1/
β2 adrenoceptors with propranolol. In our study, we observed a
depressor response (hypotension) after Ang II injection at the
concentration of 0.1 nM (in a volume of 1 µL) in the mPOA in
isoflurane anesthetized rats. Two different hypotheses could
underpin the difference in the blood pressure responses. One of
them could be the dose of Ang II, which was very low in our study
(0.1046 pg), whilst in the study of Bastos et al. (1994), the dose injected
in the mPOA was 25 ng (25,000 pg). Tentatively, a part of the
differences in response could further be attributed to the anesthetic
used in our study that could facilitate a depressor response.

Rusyniak et al. (2011) have shown that injection of muscimol, a
GABAa receptor agonist, into the mPOA yielded a pressor response
and tachycardia in conscious male Sprague-Dawley rats. Unlike the
reports of Rusyniak et al. (2011), the present study showed that
GABA injection in the mPOA in isoflurane-anesthetized rats caused
a marked hypotensive response. The existence of GABAa receptor
mRNA in the mPOA samples currently demonstrated suggests that
GABA binds to these receptors in this brain area. However, it is
noteworthy that the center of drug injection in the mPOA in the
study of Rusyniak et al. (2011) was in a more rostral level compared
to the present study. Hence, it is unknown if different populations of
neurons and/or pathways in the mPOA could be affected by
muscimol or GABA injections leading to opposite responses.
Another source of difference to the findings of Rusyniak et al.
(2011) could once again be the anesthesia used in the current study.

Micturition in neonatal rats is mediated by a spinal reflex pathway
activated when the mother licks the perineum to produce an intense
bladder contraction and urination. However, bladder distention, unlike
what occurs in adult animals, does not induce reflex urination in
neonates. As the central nervous system matures during the postnatal
period, the spinal reflex is gradually replaced by a spinobulbospinal
reflex pathway that is the primary mechanism for reflex urination in
adult animals. This pathway has an integration center in the rostral
pons and peripheral afferent and efferent pathways (Sugaya et al.,
1997). Pseudorabies virus labels many neurons in various brain regions
(PRV) after injected into the urinary bladder of rat pups. The
distribution of PRV-infected neurons is somewhat broader than in
adult mice. In adult rats, the mPOA shows labeled neuronal
populations, although with less expression compared to other brain
areas. The results of the current study indicate that Ang II injected into
the mPOA in adult rats increased intravesical pressure in anesthetized
rats, whereas the inhibition of mPOA neurons by GABA did not affect
the intravesical pressure. Thereby, Ang II in the mPOA is involved in
the control of the central micturition pathways, and conversely the
GABAergic transmission in the mPOA does not participate in the
regulation of these pathways.

FIGURE 6
mRNA expression of AT-1 receptor, ACE and GABA in the medial
preoptic area samples relative to the housekeeping genes (A)
cyclophilin (A,B) GAPDH, and (C) 18S rRNA (N = 6).
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The mPOA has dense bi-directional connections with the
periaqueductal gray matter (PAG), which sends descending
projections to the rostral ventrolateral medulla (RVML) (Rizvi
et al., 1996; Murphy et al., 1999). The RVLM contains the
presympathetic neurons involved in cardiovascular regulation
(Colombari et al., 2001). The PAG has neurons involved in
central micturition control (Fowler et al., 2008). Hence, these
projections from the mPOA to RVLM and PAG could underpin
the neural substrate for the responses evoked by Ang II and GABA
in the current study.

Although we have used female rats, the estrous cycle was not
evaluated in each animal, which is a limitation of this study.
Nevertheless, the rats were maintained in groups of 4 animals
per cage and their estrous cycles were likely synchronized
(McClintock, 1978; McClintock, 1981). Our data was obtained in
different days and over several months, with rats likely in different
phases of the estrous cycle. Despite that, the changes in the
cardiovascular parameters and intravesical pressure evoked by
Ang II or GABA injections in the mPOA did not show huge
variability, which suggests that the estrous cycle does not seem to
influence the responses observed in the current study. We have not
carried out the same studies in male rats. It is unknown whether the
responses evaluated will be different or not depending on the gender,
and this will require further investigation.

In conclusion, the Ang II mediated transmission in the mPOA has
the capacity to affect the cardiovascular regulation causing hypotension
and bradycardia, and further eliciting increase in intravesical pressure in
anesthetized female rats, which also suggests an involvement in the
control of central micturition pathways. In addition, a phasic control
dependent on AT-1 receptors in the mPOA seems to be involved in the
regulation of those cardiovascular and intravesical parameters. In
contrast, GABAergic transmission in the mPOA participates in the
pathways of cardiovascular control eliciting hypotension and
bradycardia in anesthetized female rats, nevertheless, this
neurotransmission is not involved in the micturition control.
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Spatial mapping of
ectonucleotidase gene expression
in the murine urinary bladder
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Purinergic signaling is important for normal bladder function, as it is thought to
initiate the voiding reflex and modulate smooth muscle tone. The availability of
adenine nucleotides and nucleosides (aka purines) at receptor sites of various cell
types in the bladder wall is regulated by ectonucleotidases (ENTDs). ENTDs
hydrolyze purines such as adenosine 5′-triphosphate (ATP) and adenosine 5′-
diphosphate (ADP) with varying preference for the individual substrate. Therefore,
the end effect of extracellular purines may depend significantly on the type of
ENTD that is expressed in close proximity to the target cells. ENTDs likely have
distinct cellular associations, but the specific locations of individual enzymes in the
bladder wall are poorly understood. We used RNAscope™, an RNA in situ
hybridization (ISH) technology, to visualize the distribution and measure the
levels of gene expression of the main recognized ectonucleotidases in large
high-resolution images of murine bladder sections. The relative gene
expression of ENTDs was Entpd3 > Alpl >> Enpp1 = Entpd2 >> Enpp3 > Entpd1
(very low to no signal) in the urothelium, Entpd1 ≥ Entpd2 >> Enpp3 > Enpp1 =
Alpl ≥ Nt5e (very low to no signal) in the lamina propria, and Entpd1 >> Nt5e =
Entpd2 >> Enpp1 > Alpl = Enpp3 in the detrusor. These layer-specific differences
might be important in compartmentalized regulation of purine availability and
subsequent functions in the bladder wall andmay explain reported asymmetries in
purine availability in the bladder lumen and suburothelium/lamina propria spaces.

KEYWORDS

ATP, bladder, nucleotidases, purinergic signaling, RNAscope

1 Introduction

Adenosine 5′-triphosphate (ATP) is released as a co-transmitter of acetylcholine by
parasympathetic nerves and possibly as a co-transmitter of norepinephrine/noradrenaline by
sympathetic nerves in the bladder (Burnstock, 2014) as well as by the urothelium into both
luminal and suburothelial sides in response to bladder distension (Yu, 2015; Durnin et al.,
2019). ATP released by efferent neurons can modulate smooth muscle tone via P2X1

receptors (Vial and Evans, 2000), whereas urothelial ATP can act in autocrine and paracrine
ways via different P2X and P2Y receptor subtypes to stimulate urothelial cells (Ferguson
et al., 2015; Chess-Williams et al., 2019), suburothelial interstitial cells/myofibroblasts (Wu
et al., 2004; Cheng et al., 2011), and sensory nerves (Cockayne et al., 2000; Kaan et al., 2010).
Of particular relevance, P2X2/3 and P2X3 receptor activation on sensory nerves is thought to
convey the sensation of bladder fullness and initiate the micturition reflex in the bladder
(Cockayne et al., 2000; Kaan et al., 2010).
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Released ATP is rapidly hydrolyzed by membrane-bound and
soluble forms of ectonucleotidases to ADP, AMP, and adenosine
(ADO) (Yu, 2015; Aresta Branco et al., 2022; Gutierrez Cruz et al.,
2022). It should be noted that ADP and ADO are biologically active
metabolites that can modulate detrusor excitability via G-protein-
coupled P2Y purinergic and A1, A2a, A2b, and A3 adenosine
receptors, respectively. While ADP actions result in detrusor
muscle contraction (Yu et al., 2014), ADO acts in an opposing
way, evoking smooth muscle relaxation (Hao et al., 2019). Hence,
extracellular metabolism of purines is a key determinant of the
availability of these mediators at receptor sites and ensuing functions
in the bladder.

Remarkably, the available concentration and relative proportion
of purines are asymmetrical in the luminal and suburothelial sides of
the urothelium at the end of bladder filling (Durnin et al., 2019),
suggesting cell-specific differences in the release and/or metabolism
of purines. Immunohistochemical studies report differences in the
expression and distribution of ectonucleotidases in the bladder that
may explain these observations (Yu et al., 2011; Yu, 2015; Babou
Kammoe et al., 2021). Furthermore, in recent studies we observed
distinct profiles of purine degradation in the lamina propria/
suburothelium and intraluminal space, which, interestingly, was
accompanied by the differential release of soluble ectonucleotidases
into these compartments (Aresta Branco et al., 2022; Gutierrez Cruz

et al., 2022). Previous immunohistochemical studies provided
valuable information regarding the expression and distribution of
some ectonucleotidase families in the bladder (Yu et al., 2011; Yu,
2015; Babou Kammoe et al., 2021). Nevertheless, a more
comprehensive study was warranted. Therefore, we used
RNAscope™—a more specific, sensitive, and reliable method—to
assess the distribution and tomeasure the expression levels of several
ectonucleotidase genes (Entpd1, Entpd2, Entpd3, Enpp1, Enpp3,
Nt5e and Alpl) in the layers of the bladder (urothelium, lamina
propria, and detrusor) and subset populations of the urothelium
(basal plus intermediate cells and umbrella cells) across large high-
resolution images of sagittal bladder sections. The results of this
study provide strong support to the idea that ectonucleotidases are
differentially expressed in the layers of the bladder wall likely
providing specialized regulation of amount/type of excitatory and
inhibitory purine mediators at effector cells.

2 Materials and methods

2.1 Animals

Male C57BL6J (3 months old, n = 3) were purchased from
Jackson Laboratory (JAX stock #000664, Bar Harbor, MN). The

GRAPHICAL ABSTRACT
Gene expression of ectonucleotidases in the murine bladder wall demonstrates that ectonucleotidases are differentially expressed in detrusor,
lamina propria, and urothelium of the murine bladder. Created with https://BioRender.com.
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mice were housed with free access to food and water and maintained
in a 12 h light-dark cycle. The mice were sedated with isoflurane
(AErrane; Baxter, Deerfield, IL, United States) and euthanized by
cervical dislocation and exsanguination. All experimental
procedures were carried out with the approval of the Institutional
Animal Use and Care Committee at the University of Nevada, Reno
and in accordance with the standards of the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.

2.2 Tissue preparation

Urinary bladders together with the proximal urethras and distal
ureters were excised immediately after cervical dislocation and placed
in oxygenated ice-cold Krebs-bicarbonate solution (KBS; mM:
118.5 NaCl, 4.2 KCl, 1.2 MgCl2, 23.8 NaHCO3, 1.2 KH2PO4,
11.0 dextrose, and 1.8 CaCl2; pH 7.4). After excess fat was
removed, the whole bladders with connected proximal urethras
and ureters were fixed in paraformaldehyde (PFA) 4% in
phosphate-buffered saline (PBS) at 4°C for 24 h. The PFA solution
was also added to the lumen of the bladder through the urethra to
ensure adequate fixation. After several washes with PBS, the bladders
and urethras were cut in half through the median plane with sharp
blade and washed again in PBS three times at 30 min per wash. The
preparations were cryopreserved by immersing the tissue for 15 min
in increasing concentrations of sucrose in PBS [5%–20% (w/v)] and
left overnight in 30% (w/v) sucrose in PBS at 4°C. The tissue
preparations were embedded in a 1:1 mixture of 30% sucrose in
PBS and O.C.T (Fisher, TX, United States), positioned in a cryomold
with the cut side facing down, and frozen at −80°C. The blocks were
cut into 14 µm sagittal cross sections using a Leica CM3050 S cryostat
and placed onto VWR® Premium Superfrost® Plus Microscope Slides.
Sections were left to air dry for 60 min at −20°C and then stored with
desiccants at −20°C. Tissue preparation was carried out according to
protocol provided by Advanced Cell Diagnostics (ACD, Bio-Techne,
Newark, CA, United States) for fixed frozen tissue.

2.3 RNA in situ hybridization

Tissue preparations, pre-treatments, and RNAscope™ assays
were performed according to ACD user manual (Document UM
323100) instructions for fixed frozen tissue, using RNAscope™
Multiplex Fluorescent Reagent Kit V2 (ACDBio Cat. No.
323100). Briefly, this involves sequential permeabilization of the
tissue, hybridization of probes with target RNA, and amplification of
signal. RNAscope™ probes were used to target Krt20 (Cat. No.
402301-C3), Krt5 (Cat. No. 415041 or 415041-C2), Entpd1 (Cat. No.
475761), Entpd2 (Cat. No. 579591-C2), Entpd3 (Cat. No. 1236741-
C1), Enpp1 (Cat. No. 441191), Enpp3 (Cat. No. 1236751-C1), Nt5e
(Cat. No. 437951) and Alpl (Cat. No. 441161). As recommended by
the manufacturer, the 3-plex Positive Control Probes [POLR2A
(Channel C1), PPIB (Channel C2), UBC (Channel C3),
Cat.No.320881] were used to help qualify samples and interpret
assay results and the 3-plex Negative Control Probe (Cat. No.
320871) that targets the bacterial dapB gene was used to control
for background noise and to help interpret assay results. The
following Opal fluorophore reagents (Akoya Biosciences, MA,

United States) were used to detect up to three targets in a single
image: Opal™ 520 (Cat. No. FP1487001KT), Opal™ 570 (Cat. No.
FP1488001KT), and Opal™ 690 (Cat. No. FP1497001KT). Nuclear
counterstain was achieved with DAPI (included in the RNAscope™
Multiplex Fluorescent Reagent Kit V2). Slides were mounted with
VECTASHIELD Vibrance® Antifade Mounting Medium (Vector
laboratories, CA, United States).

2.4 Image acquisition

Tissue sections were imaged with a Leica Stellaris 5 HyD S
Confocal Microscope with a HC PL APO 40x/1,30 OIL CS2 lens
(Leica, Wetzlar, Germany), using the laser lines 405 nm, 488 nm,
561 nm, and 638 nm and the following parameters: format 1024 ×
1024, speed 600 Hz, zoom factor of 1, pinhole size 1.00 AU. Multi-
tile images of the whole area of the sections combined with z-stacks
(size 0.50 µm, 6-9 steps) were obtained.

2.5 Image analysis

Images were processed and analyzed using Fiji (Fiji is just ImageJ)
software (Schindelin et al., 2012). Brightness and contrast were
adjusted uniformly across all images. False colors were applied to
each channel to optimize visual contrast and ensure the figures were
color-blind safe. Nuclei are shown in blue and each nucleotidases is
shown in the grey scale. Krt5 expression (shown in green) was used to
identify basal and intermediate urothelial cells and Krt20 expression
(shown in magenta) was used to identify umbrella cells, as these are
well-established markers for these cell types (Colopy et al., 2014;
Papafotiou et al., 2016), and were not subjected to further analysis. A
grid that segmented the sagittal sections of proximal urethra and
bladder in five columns was used to support analysis (Figure 1). The
leftmost column (column one) refers to the proximal urethra/bladder
neck region, column two contains the trigone region, whereas
columns three to five include the body of the bladder (with the
apex/dome situated in column five). This approach was chosen in
order to identify possible regional differences/gradients from bladder
neck to dome as demonstrated previously for bladder innervations
(Pirker et al., 2005; Smith-Anttila et al., 2021). Two regions of interest
of the detrusor (50 000 μm2), lamina propria (25 000 μm2), and
urothelium (along a 250 µm straight line) per upper and bottom
part of each column were selected for analysis (making for a total of
20 ROI per layer, per section). Each region of interest was only
analyzed in one XY-plane. ACD guidelines for analysis of RNAscope
data using Fiji/ImageJ were followed. Briefly, for each region of
interest, the number of nuclei were counted by duplicating the
original image, selecting the individual channel for DAPI, applying
an appropriate threshold, and making the image binary, followed by
analysis of the particles (size 4-infinite µm2, circularity 0-infinite). The
detected particles were compared to the original image and the
number of nuclei was corrected based on visual inspection, if
necessary. In cases where segregation of nuclei was not successfully
achieved, to allow for the use of “Analyze particles”, the multi-point
tool was used tomanually count each nucleus. Each dot referring to an
ecto-nucleotidase RNA transcript was counted in a similar way, by
applying the default 7–255 threshold with dark background, which we
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selected based on acquisition parameters and negative and positive
controls, and making the image binary, followed by analysis of the
particles (size 0.4-infinite µm2, circularity 0-infinite) in the region of
interest. RNAscope signal is detected as punctate dots but clusters can
result from overlapping signals from multiple mRNA molecules that
are in close proximity to each other. The total probe count within each
cluster was estimated by dividing the area of the cluster by a single
probe area. Average number of dots/cell per layer was determined for
each column. Results for columns 2–5 (excluding urethra) were
averaged for each bladder section imaged (n = 3). Mean ± SD of
dots/cell for each layer was plotted in graph bars. Additionally, results
are reported as a score in accordance with the semi-quantitative
scoring guideline provided by Advanced Cell Diagnostics (accessed at
https://acdbio.com/dataanalysisguide) as follows: score 0: no staining
or <1 dot/10 cells; score 1: 1-3 dots/cell; score 2: 4-9 dots/cell, no or
very few dot clusters; score 3: 10–15 dots/cell and/or <10% of dots are
in clusters; score 4: >15 dots/cell and/or >10% of dots are in clusters.
Additionally, a score of 0.5 was used when the average number of dots
was above 1 dot/10 cells but less than 0.5 dot/cell. The terms very low,
low, medium, high, and very high expression used throughout the text
refer to the scores of 0.5, 1, 2, 3, and 4, respectively.

3 Results

3.1 RNAscope™ sample validation

The RNAscope 3-plex negative control (Figures 2a, I, II), which
targets the bacterial dabB gene (dihydrodipicolinate B. subtilis
reductase) generated a score of 0, thus confirming the absence of
background noise in the study conditions. The RNAscope 3-plex
positive control (Figures 2b, III, IV), which targets the mouse house-

keeping genes Polr2A (RNA polymerase II subunit A), PPIB
(peptidylprolyl isomerase B), and UBC (Ubiquitin C) generated
scores of 1-2 (low to medium expression), 2–3 (medium to high
expression), and 4 (very high expression), respectively. These results
confirmed the integrity of the tissue.

3.2 Entpd1

High to very high Entpd1 mRNA expression (Figure 3) was
detected in the detrusor of the bladder. Entpd1 expression was
medium to high in the lamina propria of the bladder. However,
the expression was low in the neck and proximal urethra region for
both detrusor and lamina propria. Entpd1 was mostly absent in the
urothelium, although it was observed in a very small population of
basal cells, often in clusters.

3.3 Entpd2

Entpd2 mRNA transcripts (Figure 4) were found in all layers of
the bladder, with similar levels of expression (~4 dots/cell on
average). As an exception, umbrella cells exhibited a very high
expression of Entpd2 (21.60 ± 5.29 dots/cell). The density of
distribution of Entpd2 was not remarkably different from the
neck to dome of the bladder.

3.4 Entpd3

Entpd3 mRNA (Figure 5) was very highly expressed in the
urothelium of the bladder body and medium to highly expressed

FIGURE 1
Sagittal view of proximal urethra and bladder. A supporting grid was used throughout analysis, which segmented the proximal urethra and bladder
into five columns. Column one (C1) refers to the proximal urethra/neck region. Column two (C2) is the region that contains the trigone. Columns three to
five include the bladder body. The apex of the bladder (bladder dome) can be seen in column five. Nuclei are shown in blue, Krt5 expression is shown in
green, and Krt20 expression is shown in magenta.
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in the urothelium of neck/proximal urethra region. The expression
in umbrella cells was on average 48.15 ± 7.90 dots/cell. As the cell
boundaries between basal and intermediate cells are not well
defined, we did not differentiate between the two populations of

cells in our measurements. However, we observed a clear trend of
higher distributions of Entpd3 dots in intermediate cells than basal
cells. Entpd3was not found to be expressed in the detrusor nor in the
lamina propria.

FIGURE 2
RNAscope 3-plex negative and positive controls in the murine urinary bladder. RNAscope 3-plex negative control, which targets the bacterial dapB,
is shown in a representative cross-section of the bladder (A) and enlarged images of the mucosa (I) and detrusor (II). RNAscope 3-plex positive control
probes, which target murineUBC (magenta), PPIB (green) and Polr2a (grey) are depicted in a representative cross-section of the bladder (B) and enlarged
images of the mucosa (III) and detrusor (IV). Nuclear counterstaining with DAPI (blue) was applied.
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FIGURE 3
Spatial detection of Entpd1 (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#, flipped vertically), urothelium (U,
I), lamina propria (LP, II) and detrusor muscle (D, III). Krt5mRNA detection was used to identify basal and intermediate urothelial cells, whereas very
high detection of Krt20 was used to identify umbrella cells (arrow heads, I-i-iv). Entpd1 was predominantly detected in the lamina propria and detrusor
(white arrows denote examples of Entpd1 transcripts). Average dots/cell and score per layer (B) are shown for Entpd1.
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FIGURE 4
Spatial detection of Entpd2 (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#, flipped vertically), urothelium
(U, I), lamina propria (LP, II) and detrusor muscle (D, III). Krt5 mRNA detection was used to identify basal and intermediate urothelial cells, whereas
very high detection of Krt20was used to identify umbrella cells (arrow heads, I-i-iv). Entpd2 was detected in all layers, with medium expression. Average
dots/cell and score per layer (B) are shown for Entpd2.
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FIGURE 5
Spatial detection of Entpd3 (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#), urothelium (U, I), lamina propria
(LP, II) and detrusor muscle (D, III). Krt5mRNA detection was used to identify basal and intermediate urothelial cells, whereas high detection of Krt20
was used to identify umbrella cells (arrow heads, I-i-iv). Entpd3 mRNA was found to be very highly expressed in urothelial cells (white arrows denote
examples of Entpd3 transcripts) but was absent in the detrusor and lamina propria. Average dots/cell and score per layer (B) are shown for Entpd3.
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FIGURE 6
Spatial detection of Enpp1 (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#), urothelium (U, I), lamina propria
(LP, II) and detrusor muscle (D, III). Krt5mRNA detection was used to identify basal and intermediate urothelial cells, whereas very high detection of
Krt20was used to identify umbrella cells (arrow heads, I-i-iv). Urothelial cells exhibited amedium expression of Enpp1mRNA, whereas the lamina propria
and detrusor showed a very low and low expression, respectively (white arrows denote examples of Enpp1 transcripts). Average dots/cell and score per
layer (B) are shown for Enpp1.
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FIGURE 7
Spatial detection of Enpp3 (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#), urothelium (U, I), lamina propria
(LP, II) and detrusor muscle (D, III). Krt5mRNA detection was used to identify basal and intermediate urothelial cells, whereas very high detection of
Krt20was used to identify umbrella cells (arrow heads, I-i-iv). The urothelium and lamina propria exhibited a low expression of Enpp3mRNA, whereas the
detection in the detrusor was very low (white arrows depict examples of Enpp3 transcripts). Average dots/cell and score per layer (B) are shown for Enpp3.
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FIGURE 8
Spatial detection of Nt5e (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#, flipped vertically), urothelium
(U, I), lamina propria (LP, II) and detrusor muscle (D, III). Krt5 mRNA detection was used to identify basal and intermediate urothelial cells, whereas
very high detection of Krt20was used to identify umbrella cells (arrow heads, I-i-iv).Nt5e transcripts weremostly detected in the detrusor, with amedium
level of expression. Average dots/cell and score per layer (B) are shown for Nt5e.
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FIGURE 9
Spatial detection of Alpl (grey scale), Krt5 (green) and Krt20 (magenta) mRNA transcripts in a cross-section of murine urinary bladder. Nuclear
counterstaining with DAPI (blue) was applied. A high resolution large tiled image of the bladder cross-section (A) was obtained with a 4000× total
magnification. L, bladder lumen; U, urothelium; LP, lamina propria; D, bladder detrusor. Enlarged images of all layers (#, flipped vertically), urothelium
(U, I), lamina propria (LP, II) and detrusor muscle (D, III). Krt5 mRNA detection was used to identify basal and intermediate urothelial cells, whereas
very high detection of Krt20 was used to identify umbrella cells (arrow heads, I-i-iv). Alpl was predominantly detected in the urothelium (white arrows
depict examples of Alpl transcripts). Average dots/cell and score per layer (B) are shown for Alpl.
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3.5 Enpp1

Enpp1 mRNA (Figure 6) was detected in the urothelium with
medium expression. Levels of expression were similar across the layers
of the urothelium. Expression was very low in the lamina propria and
low in the detrusor. There was no significant difference between the
distribution in the urothelium of the neck, body or dome of the bladder.

3.6 Enpp3

The levels of expression of Enpp3 mRNA (Figure 7) were low in
the urothelium and lamina propria, and very low in the detrusor
across all regions.

3.7 Nt5e

Nt5emRNA transcripts (Figure 8) were detected in the detrusor,
with medium levels of expression whereas the urothelium and
lamina propria exhibited very low to no expression of Nt5e. In
each layer, the levels of expression were similar across all regions of
the bladder.

3.8 Alpl

Very high levels of Alpl mRNA (Figure 9) were detected in the
basal and intermediate urothelial cells, whereas umbrella cells
exhibited a medium expression (5.53 ± 2.09 dots/cell) of this

FIGURE 10
A model depicting the distribution of ectonucleotidases responsible for product formation with substrate ATP in key layers of the murine bladder
wall that is based on the distribution ofmRNA of selected ectonucleotidases. The size of the label indicates the relative expression of an ectonucleotidase.
In the urothelium, ENTPD3 and ALPL and to a lesser degree ENTPD2 dephosphorylate sequentially ATP to ADP and AMP. ATP is also directly hydrolyzed to
AMP and inorganic pyrophosphate (PPi) by ENPP1, and to a lesser degree by ENPP3whereas production of ADO fromAMP is exclusivelymediated by
ALPL. ENTPD1 and NT5E do not have a substantial role in adenine nucleotide and nucleoside formation in the urothelium. In the lamina propria/
suburothelium, ENTPD1 catalyzes ATP to AMP and two phosphate groups (2xPi), with minimal accumulation of ADP, whereas ENTPD2 hydrolyzes
sequentially ATP to ADP and AMPwith sustained accumulation of ADP. AMP in the lamina propria can also, to a lesser extent, be formed directly from ATP
by ENPP3. Lamina propria/suburothelium lacks enzymatic machinery to produce adenosine from extracellular adenine nucleotides. Therefore, presence
of ADO in the suburothelium/lamina propria is likely a result of ADO release through nucleoside transporters. In addition, ADOmight result from activity of
soluble ectonucleotidases released into this space from adjacent layers. In the detrusor layer, ADP and AMP are produced by ENTPD2-mediated
hydrolysis of ATP, whereas AMP is the main product of ENTPD1 catalysis and to a lesser degree of ENPP1. NT5E is the primary enzyme responsible for the
formation of ADO fromAMP in the detrusormuscle layer. The activation of specific purinergic receptors at precise loci within the bladder wall depends on
the hydrolysis of extracellular purines mediated bymultiple ectonucleotidases with various substrate specificity and product formation. The regulation of
adenine nucleotides (purine) signaling in the bladder wall is remarkably complex. Created with https://BioRender.com.
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gene. In contrast, expression levels were very low in the lamina
propria and detrusor. There were no remarkable differences in levels
of expression across the bladder regions.

4 Discussion

There are four main families of ectonucleotidases with different
substrate affinity and specificity, namely ecto-nucleoside triphosphate
diphosphohydrolases (ENTPDases; EC 3.6.1.5), ecto-nucleotide
pyrophosphatase/phosphodiesterases (ENPPs; EC 3.6.1.9; EC 3.1.4.1),
alkaline phosphatase/tissue-nonspecific isozyme (ALPL/TNAP; EC
3.1.3.1), and 5′-nucleotidase (NT5E/CD73; EC 3.1.3.5)
(Zimmermann et al., 2012). ENTPDs differ significantly in product
formation. This is of significant consequence for the regulation of
nucleotide signaling. Thus, ENTPDs generally hydrolyze nucleoside
triphosphate (e.g., ATP, UTP) and diphosphate (e.g., ADP, UDP), to
generate nucleoside monophosphates as the final product (e.g., AMP,
UMP). Among ENTPD1, ENTPD2, and ENTPD3, ENTPD1 has the
highest affinity for ATP. ATP is hydrolyzed by ENTPD1 directly to
AMPwithout significant amounts of ADP appearing as an intermediate
(Heine et al., 1999; Kukulski et al., 2005). ENTPD2 and ENTPD3, on
the other hand, hydrolyze ATP to ADP, which is released from the
enzyme and further hydrolyzed to AMP. In the case of ENTPD2,
considerable amounts of ADP accumulate before it is further
hydrolyzed to AMP. ENPPs display broader substrate specificities,
being able to hydrolyze nucleoside triphosphates and diphosphates
as well as dinucleoside polyphosphates, ADP ribose, and nicotinamide
adenine dinucleotide (NAD+), and a variety of artificial substrates, but
not AMP. Of ENPP1 and ENPP2, ENPP1 hydrolyzes ATP to a higher
degree than ENPP3 (Zimmermann et al., 2012). NT5E is nucleotide-
specific and is regarded as the major enzyme that dephosphorylates
AMP to generate extracellular ADO (Zimmermann, 2020). ALPL
metabolizes a broad spectrum of substrates including 5′-nucleotides
(ATP, ADP, and AMP), monophosphates, and pyrophosphate
(Zimmermann et al., 2012). Therefore, ALPL is capable of
catabolizing completely ATP to ADO providing an alternative
pathway to NT5E for production of ADO. In general, all ENTPDs
are highly active at physiological pH; they also differ in the breadth of
optimal pH (Zimmermann et al., 2012). Since substrate preferences and
product formation differ for many ENTDs, tissue distribution and
cellular localization of individual ENTDs may determine the response
of target cells to extracellular purines.

Functions of ENTDs can result in achieving effective agonist
concentrations at receptor sites, prevention of receptor
desensitization, termination of receptor activation or receptor
activation by biologically active metabolites (Zimmermann et al.,
2012). Numerous purinergic receptors are expressed throughout the
bladder wall and regulate bladder excitability (Burnstock, 2014).
However, tissue distribution and cellular localization of ENTDs in
the bladder wall is not well understood. We focused our study on the
distribution and gene expression of Entpd1, Entpd2, Entpd3, Enpp1,
Enpp3, Nt5e, and Alpl, as these are thought to be the most prevalent
ectonucleotidases in the bladder, with recognized protein cell-
surface expression and functions in this organ (Yu et al., 2011;
Babou Kammoe et al., 2021; Aresta Branco et al., 2022; Gutierrez
Cruz et al., 2022). We used RNAscope, a commercially available
RNA in situ hybridization (ISH) technology that is highly specific,

sensitive, fast, reproducible, and a solid alternative or complement to
immunohistochemistry techniques (Erben and Buonanno, 2019).
This assay allows for multiplex detection for up to four target genes
at a single cell level, within the spatial and morphological tissue
context. Briefly, RNAscope uses oligonucleotide RNA probes with a
Z design, consisting of bases complementary to the target-RNA
which are linked to a preamplifier binding region. The probes are
hybridized in pairs to form a landing platform for the preamplifier
which then binds to an array of identical amplifiers, providing
multiple binding sites for label probes, thus greatly enhancing the
signal-to-noise ratio (Wang et al., 2012). The number of dots
quantitatively represent mRNA levels and these dots can be
compared between different probes (Erben and Buonanno, 2019;
Jolly et al., 2019; Caldwell et al., 2021).

We found that 1) the genes of all seven ectonucleotidases tested
are expressed in the murine bladder wall; 2) the relative expression
of individual ectonucleotidases differs between the principal layers
of the bladder wall (i.e., detrusor, lamina propria, and urothelium);
3) there were no clear regional differences in the mRNA expression
of ectonucleotidases with the exception of the neck region in which
Entpd1 and Entpd3 showed lower expression in the detrusor and
urothelium, respectively.

In this study, we show that Entpd1 is the most expressed
ectonucleotidase gene in the detrusor and lamina propria, with
high to very high and medium to high mRNA expressions in the
bladder body, respectively. These results together with an absence of
signal in the urothelium are consistent with the distribution of
ENTPD1 protein reported in two immunohistochemical studies in
murine bladders (Yu et al., 2011; Babou Kammoe et al., 2021).
ENTPD1 was also found to be the most expressed ectonucleotidase
in the detrusor using RT-qPCR (Babou Kammoe et al., 2021) and in
mucosa homogenates using automated capillary based
immunodetection Wes technology (Aresta Branco et al., 2022).
Furthermore, ENTPD1 was found in releasable/soluble form in
concentrated extraluminal (i.e., from the lamina propria side)
solutions (cELS) collected from distended detrusor-free bladder
preparations (Aresta Branco et al., 2022), but not in intraluminal
solutions (ILS) using the samemodel (Gutierrez Cruz et al., 2022). In
the presence of membrane-bound ENTPD1, ATP is hydrolyzed
almost directly to AMP (Robson et al., 2006). Therefore,
ENTPD1 should terminate the activation of ADP-specific (e.g.,
P2Y1,12,13) receptors far more efficiently than the other
ENTPDs. Functional studies have shown more potent muscle
contractions evoked by nucleotides in detrusor strips from
Entpd1−/− mice than wild-type mice (Babou Kammoe et al.,
2021). Together, these findings suggest a critical role of
ENTPD1 in terminating the actions of ATP (and ADP) in the
lamina propria and detrusor layers. Interestingly, we observed that
Entpd1 expression was lower towards the bladder neck and proximal
urethra, which might be an important regional difference in the
regulation of smooth muscle tone. Regional differences have been
described for the innervation of the bladder (Fowler et al., 2008). For
example, a prominent suburothelial plexus of sensory nerves is
described in the bladder base and neck, whereas such nerves are
relatively sparse at the bladder dome (Gabella and Davis, 1998).
Parasympathetic nerves that mediate contraction during micturition
are dominant in the detrusor of the bladder body but sympathetic
nerves that contribute to continence are widespread in the bladder
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neck, but sparsely distributed in the muscle (Beckel and Holstege,
2011).Very little is known about regional differences in purinergic
signaling in the bladder. Experiments in pigs and mini-pigs have
suggested that purinergic innervation may play a role at the start of
micturition by activation of P2X receptors and inducing the initial
detrusor muscle contraction and at the same time relaxing the
bladder neck via P2Y receptor stimulation to facilitate
micturition (Hernández et al., 2009; Burnstock, 2014). It is
possible that lower Entpd1 expression is associated with higher
preservation of ATP concentrations at P2Y purinergic receptors
that mediate relaxation of the bladder neck and proximal urethra
during micturition.

Here, we report that Entpd2mRNA transcripts are present in all
layers, including urothelium, with identical levels of expression.
In immunohistochemical studies it was suggested that
ENTPD2 proteins are localized between smooth muscle bundles
and in the lamina propria, but not in the urothelium (Yu et al., 2011;
Babou Kammoe et al., 2021). However, ENTPD2 was found in low
concentration in ILS of detrusor-free bladder preparations, which
supports protein expression in the urothelium and regulated release
into the lumen (Gutierrez Cruz et al., 2022). ENTPD2 was also
found expressed in mucosa homogenates and cELS of detrusor-free
bladder preparations using Wes (Aresta Branco et al., 2022). RT-
qPCR performed in smooth muscle cells of the detrusor also
confirmed Entpd2 expression in this layer (Babou Kammoe et al.,
2021). Additionally, pharmacological studies showed a stronger
inhibition of ATP degradation in cELS and cILS by POM-1 (a
polyoxometalate that inhibits ENTPD1, 2 and 3 (Müller et al., 2006))
more than ARL67156 (a competitive inhibitor of ENTPD1,
ENTPD3, and ENPP1 (Lévesque et al., 2007)), which can in part
be explained by differences in specificity towards ENTPD2 (Aresta
Branco et al., 2022). ENTPD2 is expected to promote the activation
of ADP specific receptors, because in the presence of ATP it
produces a sustained accumulation of ADP (Kukulski et al., 2005;
Zimmermann et al., 2012).

Entpd3 mRNA expression was restricted to the urothelium and
was the most prevalent in this layer. Signal appeared to be greater in
intermediate and umbrella cells than in basal urothelial cells. Entpd3
expression in the urothelium was slightly lower in the bladder neck
and proximal urethra than in the bladder body, which might be
relevant in specialized regional regulation of purines.
ENTPD3 immunolocalization has also been reported to be
limited to the urothelium (Yu et al., 2011; Yu, 2015; Babou
Kammoe et al., 2021), although signal distribution across the
urothelial layers seems to differ slightly depending on the
antibody used. In agreement with our results, ENTPD3 was the
major soluble ectonucleotidase released into the bladder lumen of
detrusor-free preparations at the end of bladder filling (Gutierrez
Cruz et al., 2022). ENTPD3 was also detected using Wes in bladder
mucosa preparations and was the second largest soluble
ectonucleotidase released into the lamina propria space (Aresta
Branco et al., 2022), which might have originated from regulated
release by the basal urothelial layer. ENTPD3 shows substrate
preference of ATP over ADP, and causes moderate accumulation
of ADP in the presence of ATP. Therefore it is likely to lead to
transient ADP accumulation and activation of ADP-specific
receptors (Kukulski et al., 2005). Overall, these findings suggest
that ENTPD3 is the major ATPase and ADPase produced in the

urothelium, which not only contributes to urothelial hydrolysis of
ATP to AMP but is also likely aiding the regulation of purines
availability and subsequent activity in the lamina propria as a result
of urothelial enzyme release.

ENPPs exhibit nucleotide pyrophosphatase and
phosphodiesterase enzymatic activity to generate nucleoside 5′-
monophosphates (Borza et al., 2022). To our knowledge the
distribution of ENPP1 and ENPP3 in the bladder has not been
described previously. In this study we report that Enpp1 transcripts
are mostly expressed in the urothelium, with similar levels of
expression as Entpd2. In agreement with this result, we have
previously shown that ENPP1 is the second most prevalent
enzyme in the pool of soluble ectonucleotidases released into the
bladder lumen (Gutierrez Cruz et al., 2022). ENPP1 has also been
detected by PCR in porcine bladder (Petersen et al., 2007) and by
Wes in the mucosa of murine bladder (Aresta Branco et al., 2022).
ENPP1 displays a high catalytic efficiency in hydrolyzing ATP to
AMP with formation of inorganic pyrophosphate (Borza et al.,
2022). Therefore, ENPP1 is likely to play a role in hydrolysis of
ATP to AMP in the urothelium and bladder lumen, without
accumulation of ADP.

In situ hybridization also revealed low to very low levels of
expression of Enpp3 in the bladder. We previously reported low
levels of ENPP3 protein expression in the murine bladder mucosa
(Aresta Branco et al., 2022), as well as a low release of this enzyme into
the lamina propria and luminal spaces. ENPP3 shows low specificity for
the different nucleotides, presenting only a two-fold preference for ATP
(Borza et al., 2022). It is possible that ENPP3 has only a minor role in
bladder purinergic signaling.

Nt5e transcripts were found in the detrusor layer primarily. This
is in agreement with immunohistochemical findings (Yu et al., 2011;
Babou Kammoe et al., 2021) and RT-qPCR results showing that
Nt5ewas the secondmost expressed ectonucleotidase in the detrusor
(Babou Kammoe et al., 2021). Therefore, NT5E is likely the major
AMPase in the detrusor. Nt5e mRNA expression was difficult to
resolve in the urothelium or LP in the present study. However, low
levels of NT5E in the mucosa of the bladder, cELS and cILS of
detrusor-free bladder preparations were detected previously using
Wes methodology (Aresta Branco et al., 2022; Gutierrez Cruz et al.,
2022). Remarkably, degradation of 1,N6-etheno-AMP (eAMP, a
highly fluorescent analog of AMP) to eADO was significantly
hampered in ILS of Nt5e−/− preparations, when compared to
wild-type (Aresta Branco et al., 2022). This suggests that even at
low levels of expression, the catalytic activity of NT5E may be a
determining factor of the AMP/ADO ratio in the bladder mucosa.

Expression of Alpl mRNA was higher in basal and intermediate
urothelial cell than in umbrella cells, which was in agreement with
immunohistochemical observations (Yu, 2015). However, this is in
discrepancy with our Wes data that showed low expression of this
enzyme in the bladder mucosa (Aresta Branco et al., 2022). It is possible
that the antibody for ALPL/TNAPwas not of sufficient quality to detect
the enzyme accurately. ALPL/TNAP shows wide substrate specificity,
thus it is able to sequentially hydrolyze ATP all the way to ADO
(Zimmermann et al., 2012). Differential distribution of ALPL in the
urothelium can help explain asymmetries in purine metabolism in the
basal and apical layers of the urothelium.

In conclusion, this study highlights the differences in gene
expression of the main ectonucleotidases in the murine bladder
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and provides a rationale for regional and layer-specific asymmetries
in the metabolism of purines and resultant function. Based on our
results, a compartmentalized regulation of extracellular purine
concentrations in the layers of the bladder wall should be
expected (Figure 10). This provides a solid foundational work for
future studies aimed at understanding a possible role of
ectonucleotidases in bladder dysfunction.
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Introduction: The transient receptor potential ankyrin 1 channel (TRPA1) is
expressed in urothelial cells and bladder nerve endings. Hyperglycemia in
diabetic individuals induces accumulation of the highly reactive dicarbonyl
compound methylglyoxal (MGO), which modulates TRPA1 activity. Long-term
oral intake of MGO causes mouse bladder dysfunction. We hypothesized that
TRPA1 takes part in the machinery that leads to MGO-induced bladder
dysfunction. Therefore, we evaluated TRPA1 expression in the bladder and the
effects of 1 h-intravesical infusion of the selective TRPA1 blocker HC-030031
(1 nmol/min) on MGO-induced cystometric alterations.

Methods: Five-week-old female C57BL/6 mice received 0.5% MGO in their
drinking water for 12 weeks, whereas control mice received tap water alone.

Results: Compared to the control group, the protein levels and immunostaining
for the MGO-derived hydroimidazolone isomer MG-H1 was increased in bladders
of theMGOgroup, as observed in urothelium and detrusor smoothmuscle. TRPA1
protein expression was significantly higher in bladder tissues of MGO compared to
control group with TRPA1 immunostaining both lamina propria and urothelium,
but not the detrusor smooth muscle. Void spot assays in conscious mice revealed
an overactive bladder phenotype in MGO-treated mice characterized by
increased number of voids and reduced volume per void. Filling cystometry in
anaesthetized animals revealed an increased voiding frequency, reduced bladder
capacity, and reduced voided volume in MGO compared to vehicle group, which
were all reversed by HC-030031 infusion.

Conclusion: TRPA1 activation is implicated in MGO-induced mouse overactive
bladder. TRPA1 blockers may be useful to treat diabetic bladder dysfunction in
individuals with high MGO levels.

KEYWORDS

urothelium, lamina propria, cystometry, void spot assay, MG-H1, glyoxalase

Introduction

Diabetes Mellitus (DM) is a metabolic disease associated with high blood glucose levels
and affects an increasing number of individuals worldwide (American Diabetes Association
ADA, 2018). Life-threatening multi-organ complications associated with DM include
cardiovascular diseases such as hypertension, stroke, and myocardial infarction, as well
as conditions like retinopathy, peripheral neuropathy, and nephropathy (Wittig et al., 2019).
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Besides, diabetic bladder dysfunction (DBD) or diabetic cystopathy
is a prevalent urological complication that refers to a group of
bladder symptoms mainly found in long-standing and poorly
controlled diabetic patients (Golbidi and Laher, 2010). Clinical
symptoms of DBD can range from bladder overactivity, which
includes urinary urgency, urge urinary incontinence, frequency,
and nocturia during the early stages of the disease, to impaired
bladder contractility during the late stages (Daneshgari et al.,
2017; Song et al., 2022).

Elevated glycemic levels in diabetic patients lead to the
accumulation of highly reactive dicarbonyl compounds in both
plasma and urine, such as methylglyoxal (MGO) (Harkin et al.,
2023). MGO is formed endogenously from 3-carbon glycolytic
intermediates of glycolysis, despite it can be also generated as a
byproduct of protein, lipid, and ketones (Kalapos, 1999; Thornalley
et al., 1999; Lai et al., 2022). Once generated, MGO initiates post-
translational modification of peptides and proteins, ultimately
resulting in the generation of advanced glycation end products
(AGEs), such as the arginine-derived hydroimidazolone (MG-H1).
These AGEs interact with the cell membrane-anchored ligand
receptor RAGE, triggering multiple signaling pathways that lead to
production of inflammatory and pro-oxidant mediators (Schalkwijk
and Stehouwer, 2020; Zhang et al., 2023). The enzymatic
detoxification systems glyoxalase 1 (Glo1) and glyoxalase 2 (Glo2)
play a pivotal role in converting MGO into its end-product, D-lactate
(Rabbani and Thronalley, 2019). Recent studies revealed that
supplementing the drinking water of both non-diabetic male and
non-diabetic female mice with MGO for 4–12 weeks results in an
overactive bladder phenotype, as assessed by voiding behavior and
cystometric assays in awake and anesthetized animals, as well as by
in vitro bladder contractility to electrical-field stimulation (EFS) and
muscarinic receptor activation with carbachol (de Oliveira et al., 2020;
Oliveira et al., 2021; Oliveira et al., 2022). Furthermore, diabetic obese
ob/ob mice displaying high levels of MG-H1 and RAGE in bladder
tissues also exhibit voiding dysfunction, suggesting that activation of
theMGO-AGEs-RAGE pathway in the bladder wall contributes to the
pathogenesis of diabetes-associated bladder dysfunction (Oliveira
et al., 2023).

TRPA1 is embedded in the cell membrane and presents itself as a
tetrameric form of a Ca2+ influx channel (Brauchi and Rothberg,
2020). Consequently, upon TRPA1 activation, the influx of Ca2+,
along with other extracellular cations such as Na+ and H+, plays a
pivotal role in triggering noxious responses, mostly associated with
pain, cold, and itch (Gao et al., 2020). A large array of endogenously
released chemical mediators, including nitric oxide, hydrogen sulfide,
hydrogen peroxide, prostaglandin J, among others, as well as
exogenous stimuli like cinnamaldehyde, allicin, allyl isothiocyanate,
ligustilide, and acrolein can modulate the activity of TRPA1 channels
(Gao et al., 2020). Additionally, MGO has been shown to activate the
TRPA1 channel, particularly in diabetic neuropathic pain conditions
(Ohkawara et al., 2012; Andersson et al., 2013; Huang et al., 2016;
Griggs et al., 2017; Becker et al., 2023). The TRPA1 channel is
expressed in the lower urinary tract, including nerve endings of
the bladder wall (Andrade et al., 2011; Steiner et al., 2018;
Andersson, 2019; de Oliveira et al., 2020; Kudsi et al., 2022; Zhao
et al., 2022; Hayashi et al., 2023), and is believed to mediate bladder
sensory transduction and contractility in diabetes (Philyppov et al.,
2016; Blaha et al., 2019; Vanneste et al., 2021). TRPA1 mRNA

expression has been detected in the bladder mucosa and bladder
muscular layer, with upregulation seen in tissues obtained from
patients with bladder outlet obstruction (Du et al., 2008). Given
the implication of the TRPA1 channel in diabetes-related
complications, we hypothesized that the TRPA1 channel plays an
important role in the pathophysiology of urinary bladder dysfunction
induced by chronic MGO intake. Therefore, the main objectives of
this study were to identify alterations in TRPA1 expression in the
bladder wall (mucosa and detrusor smooth muscle), and to evaluate
the effects of the TRPA1 antagonist HC-030031 (Eid et al., 2008) on
the in vivo and in vitro bladder dysfunction resulting from a 12-week
treatment with MGO in female mice.

Materials and methods

Animals

Five-week-old female C57BL/6 mice weighing 19 ± 0.30 g at the
beginning of the study were provided by Multidisciplinary Center for
Biological Research on LaboratoryAnimal Science (CEMIB) of the State
University of Campinas (UNICAMP, Sao Paulo, Brazil). Mice were
housed in cages made of polypropylene with dimensions 30 × 20 ×
13 cm placed in ventilated cage shelters with a constant humidity of
55% ± 5% and temperature of 24°C ± 1°C under a 12 h light-dark cycle.
The animals (three mice per cage) were acclimated for 10 days before
starting the treatments. Animals received standard food and filtered
water ad libitum. Animal procedures and experimental protocols were
approved by Ethics Committee in Animal Use of UNICAMP (CEUA-
UNICAMP; protocol numbers 5443-1/2019 and 5842-1/2021). Animal
studies follow the ARRIVE guidelines.

Experimental design

We initially employed a randomization calculator, which is available
at https://www.graphpad.com to allocate the mice into two groups,
namely, Control group (n = 51) and MGO group (n = 51). In the
MGO group, the animals received 0.5%MGO (Sigma Aldrich, Missouri,
United States) in their drinking water for a duration of 12 weeks, as
outlined in our previous study (Medeiros et al. 2021). The control group
received only tapwater. In thefirst part of this study, animals in theMGO
group exhibiting voiding dysfunction through the void spot assay in filter
paper were anesthetized using isoflurane and subsequently euthanized by
cervical dislocation. Their bladders were then exposed and removed for
the subsequent immunohistochemical and Western blotting assays, as
described below. The same procedure was carried out in the control
group. In the second phase of this study, filling cytometry in anesthetized
animals and in vitro bladder contractility were selected to test the
TRPA1 blocker HC-030031 in both control and MGO groups. The
HC-030031 dose was set at 1 nmol/min for the 1-h intravesical infusion
during cystometry or 10 µM for the in vitro assays.

Void spot assay in filter paper

The objective of this test was to analyze the voiding behavior of
animals that had been chronically administered MGO for 12 weeks.
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The analyzed parameters included the total void volume (the overall
volume voided in 3 h), volume per void (average volume per void),
and the total number of voids. Additionally, the number of voids was
categorized based on volumes lower than 25 μL, volumes between
25 and 100 µL, and volumes higher than 100 µL. We also registered
the distribution of voids in the center and corner of the filter paper to
observe changes in spot distribution and normal micturition
behavior, which involves animals seeking the corners of the cage,
a phenomenon known as thigmotaxis (Hill et al., 2018). As such, the
animals were individually housed in clean cages, each covered with a
filter paper measuring 25 × 15 cm (qualitative filter paper 250 g
Unifil®, Cod. 502.1250). Animals had no access to water but were
provided with unrestricted access to food. The experiment was
consistently conducted during a specific time window (9–10 a.m.
to 12–13 p.m.), lasting for a duration of 3 h within the cages. The
temperature of the roomwasmaintained at 24 ± 1°C with a humidity
level of 53% ± 1%. The animals were acclimated to the filter paper for
2 days, and void measurements were performed on the third day. At
the conclusion of the assay, the animals were returned to their
regular housing condition. Following the test, the voiding points
were encircled with a pencil, and overlapping points were marked
for subsequent quantification. The filter papers were dried and
imaged using UV light (Photo-documenter Chemi-Doc, Bio-Rad,
California, United States). The filter papers were then analyzed using
the Fiji version of ImageJ Software (version 1.46r) (http://fiji.sc/wiki/
index.php/Fiji), as previously described (Oliveira et al., 2021).
Particles smaller than 0.20 cm2 (equivalent to 2 μL) were
disregarded from consideration to minimize potential
interference related to the paws or tail marks of the animals.

Filling cystometry in anesthetized mice and
TRPA1 antagonism with HC-030031

Filling cystometry was conducted following the method outlined
as previously described (Oliveira et al., 2021). The animals were
anesthetized using a rodent inhalation anesthesia system (Harvard
Apparatus) and were maintained under anesthesia with a mixture of
2% isoflurane and 98% oxygen at a rate of 2 L/min. An abdominal
incision was made to expose the urinary bladder. A PE10 catheter
was carefully inserted into the apex of the bladder and fixed in place
using a 6-0 nylon suture. Subsequently, the bladder was
repositioned, and the surrounding musculature and skin were
sutured closed. Following the completion of this surgical
procedure, isoflurane anesthesia was discontinued, and an
intraperitoneal injection of urethane (1.2 g/kg) was administered.
The cannula was then connected to a 3-way tap, with one port linked
to an infusion pump via a PE-10 catheter. Before initiating
cystometry, a 10-min stabilization period was observed, after
which continuous intravesical saline infusion was maintained at a
rate of 0.6 mL/h for 1 h. Subsequently, the animals underwent
continuous intravesical infusion for 1 h with either saline
(0.01 mL/min), vehicle (0.001% DMSO) or the selective
TRPA1 channel blocker HC-030031 (1 nmol/min; Catalogue No.
H4415, Sigma-Aldrich, United States). Data acquisition was carried
out using PowerLab system, and subsequent analyzes were
performed using LabChart® Software (ADInstruments Inc.,
Sydney, AU, https://www.adinstruments.com/products/labchart).

The following parameters were assessed during the first hour of
data acquisition: voiding frequency (number of voids/minute),
bladder capacity (functional bladder capacity, which represents
the volume infused during the intermicturition interval), voided
volume (volume released during a voiding event), compliance (the
ratio between capacity and threshold pressure, expressed in µl/
mmHg), basal pressure (the minimum pressure observed between
two voiding events), threshold pressure (the intravesical pressure
immediately before voiding events), and maximum pressure (the
highest bladder pressure recorded during a void). All the parameters
were evaluated across all micturition cycles during the first hour of
data acquisition. At the conclusion of the experimental protocols,
the animals were euthanatized and disposed of accordingly.

Exploring the effects of HC-030031 on the
bladder contractions induced by electrical-
field stimulation (EFS) and carbachol

At the conclusion of the 12-week MGO treatment, the animals
were anesthetized with isoflurane, administered at a concentration
exceeding 5%. Subsequently, cervical dislocation was performed to
confirm euthanasia. The bladder was then removed and carefully
divided into two strips, each representing an intact portion of the
bladder. Strips were mounted in 10-mL organ baths containing
Krebs-Henseleit solution, composed of the following constituents:
117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4,
1.2 mMKH2PO4, 25 mM NaHCO3 and 11 mM Glucose, pH 7.4.
The solution was continuously oxygenated with a mixture of 95%O2

and 5% CO2. The tissues were allowed to equilibrate for 45 min
under resting tension and were subsequently adjusted to a force of
5 mN. Changes in isometric force were recorded using a PowerLab
system (ADInstruments Inc., Sydney, AU). After the stabilization
period, one strip was incubated with the vehicle (0.001% DMSO)
while the other was exposed to the selective TRPA1 antagonist HC-
030031 (10 µM) for a duration of 30 min. Following the incubation
period, EFS was applied using platinum ring electrodes placed
between two strips, and connected to a stimulator (Grass
Technologies, RI, United States). EFS was conducted at 80 V,
with a pulse width of 1 ms pulse width, and trains of stimuli
lasting 10 s were administered at varying frequencies ranging
from 1 to 32 Hz, with 2-min intervals between each stimulation.
Subsequently, cumulative concentration-response curves were
generated for the muscarinic receptor agonist carbachol ranging
from 1 nM to 100 μM (Sigma Aldrich, MI, United States). Non-
linear regression analysis to determine the potency (pEC50) of
carbachol was carried out using GraphPad Prism (GraphPad
Software, Inc., CA, United States) with the constraint that F = 0.
The concentration-response data were fitted to a logarithmic dose-
response function with a variable slope in the form: E = Emax/([1 +
(10c/10x) n] + F), where E is the effect of above basal, Emax is the
maximum response produced by agonists; c is the logarithm of the
pEC50, the concentration of drug that produces a half maximal
response; x is the logarithm of the concentration of the drug; the
exponential term, n, is a curve-fitting parameter that defines the
slope of the concentration–response line, and F is the response
observed in the absence of added drug. The contractile responses to
EFS or carbachol were expressed as mN/mg.
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Immunohistochemistry for MG-H1 in
bladder tissues

Bladder immunoperoxidase reactions were processed based on a
previous study (Oliveira et al., 2022). Briefly, whole bladders were
removed, immersed in 10% formalin fixative solution for 48 h, and
embedded in paraffin. Five-micron sections were mounted onto
aminopropyltriethoxysilane-coated glass slides. Sections were
deparaffinized, rehydrated, and washed with 0.05 M Tris buffer
solution (TBS) at pH 7.4. Subsequently, for antigen retrieval,
sections were treated with 0.01 M citrate buffer containing 0.05%
Tween-20 (pH 6.0) for 40 min at 98°C. Endogenous peroxidase
activity was inhibited with 0.3% hydrogen peroxide (H2O2) solution.
For blocking the non-specific sites, a 5% bovine serum albumin
(BSA) solution containing 0.1% Tween-20 for 60 min was used.
Sections were incubated with mouse monoclonal anti-MG-
H1 primary antibody (1:90; Cell Biolabs, INC., Catalogue No.
STA-011, San Diego, United States) diluted in TBS containing
3% BSA overnight at 4°C. Subsequently, sections were washed,
and incubated with biotinylated goat anti-mouse IgG, avidin and
biotinylated HRP (1:20; Catalogue No. EXTRA2, Sigma Aldrich, St
Louis, MO, United States) following themanufacturer’s instructions.
For detection of the immunostained area with MG-H1, a
3.3′diaminobenzidine solution (DAB; Catalogue No. D4293,
Sigma Aldrich) was employed. As a negative control, a section
was used in parallel to primary antibody omission. All slides
were counterstained with hematoxylin and mounted for
observation by microscopy. Representative images were acquired
using a light microscope (OPTIKA ITALY B-1000 Series, OPTIKA
S.r.l., Ponteranica, BG, Italy) equipped with a digital camera under a
4 × and 10 × objective.

Immunohistochemistry for TRPA1 in bladder
tissues

For immunohistochemistry of TRPA1, we followed the
manufacturer’s instructions. The sections were deparaffinized,
rehydrated, and washed with 1× phosphate buffered saline
containing 0.1% Tween-20 (PBS-T). For antigen retrieval, the
slides were boiled in 0.01 M sodium citrate buffer (pH 6.0) for
10 min, then cooled on bench top for 30 min. The sections were
washed in distilled H2O (dH2O) three times for 5 min each, followed
by a washing section 1 × PBS-T for 5 min. Endogenous peroxidase
activity was inhibited with a 0.3% H2O2 solution. Each section with
blocking solution (5% BSA) was blocked in 1× PBS-T solution for
1 h at room temperature. The blocking solution was then removed,
and the primary antibody was diluted in 1× PBS-T with 5% BSA and
added to each section and incubated overnight at 4°C with
TRPA1 antibody (1:60; Catalogue No. 40763, Novus Biologicals,
LLC, United States). The antibody solution was removed by washing
1 × PBS-T; and biotinylated secondary antibody diluted in 1 × PBS-
T with 5% BSA was incubated for 30 min at room temperature (1:20;
Catalogue No. EXTRA2, Sigma Aldrich, St Louis, MO,
United States). The secondary antibody was removed by washing
1 × PBS-T and 100 µL streptavidin HRP reagent (1:20) was
incubated for 30 min at room temperature in each section. For
detection of the immunostained area with TRPA1, a

3.3′diaminobenzidine solution (DAB; Catalogue No. D4293,
Sigma Aldrich) was employed, and sections were immersed in
dH20. The sections were counterstained in hematoxylin and
mounted for observation by microscopy. Representative images
were acquired using a light microscope (OPTIKA ITALY B-1000
Series, OPTIKA S.r.l., Ponteranica, BG, Italy) equipped with a digital
camera under a 40 × objective.

Western blot analysis of MG-H1, Glo1 and
TRPA1 in bladder tissues

Total protein extracts were obtained from homogenized
bladders using RIPA buffer (Catalogue No. R0278, Sigma-
Aldrich, Darmstadt, Germany) containing protease inhibition
cocktail (10 μL/mL; Catalogue No. P8340, Sigma-Aldrich,
Darmstadt, Germany). The samples were incubated for 1 h at 4°C
and then centrifuged at 12.000 g for 15 min at 4°C. Protein
concentrations in the supernatants were determined using the
DC Protein Assay Kit I (Catalogue No. 5000111EDU, BioRad,
Hercules, CA, United States). An equal amount of protein
(30 µg) from each sample was treated with 4× Laemmli buffer
containing 355 mM of 2-mercaptoethanol (Catalogue No. 161-
0747, BioRad, Hercules, CA, United States). The samples were
heated in boiling water bath for 5 min and resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins were then electrotransferred to a nitrocellulose
membrane at 20 V for 20 min using a semi-dry device (Bio-Rad,
Hercules, CA, United States). To reduce nonspecific protein binding,
the membrane was pre-incubated overnight at 4°C in blocking buffer
(0.5% non-fat dried milk, 10 mM Tris, 100 mM NaCl, and 0.02%
Tween 20). Primary antibodies for mousemonoclonal MG-H1 (1:1000;
Cell Biolabs, INC., Cat. No STA-011, San Diego, United States), Glo1
(Cat. No. ab96032, Abcam), TRPA1 (cat. No. 40763, Novus Biologicals,
LLC, United States) and monoclonal β-actin peroxidase (1:50000,
Catalogue No. A3854, Sigma-Aldrich, Darmstadt, Germany) were
diluted in basal solution containing 3% BSA. These primary
antibodies were validated and tested according to previous studies
(Lee et al., 2016; Jandova and Wondrak, 2021; Smith et al., 2022;
Chandrakumar et al., 2023; Luostarinen et al., 2023). The antibody was
incubated overnight at 4°C, while the β-actin antibodywas incubated for
1 h at room temperature. Subsequently, the membranes were incubated
with the secondary antibody HRP-linked anti-rabbit IgG (1:5000;
Catalogue No. 7074S, Cell Signaling Technology, Massachusetts,
United States) diluted in basal solution for 1 h. Immunoreactive
bands were detected using the Clarity Western ECL Substrate
(Catalogue No. 1705061, BioRad, Hercules, CA, United States), an
enhanced BioRad chemiluminescence system. Densitometry analysis
was performed using the Image Lab Software Version 6.1 (BioRad,
Hercules, CA, United States). The results were represented as the ratio
of protein expression relative to β-actin.

Assessment of Glo 1 activity in bladder
tissues

The bladders were isolated, homogenized in 350 µL of PBS
(pH 7.0), and then centrifuged at 2000 × g for 30 min at 4°C.
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Following centrifugation, the supernatant was removed and placed
on ice. Glyoxalase I activity was assessed in duplicate using the
Glyoxalase activity assay kit (Catalogue No. MAK114, Sigma-
Aldrich, United States), following the manufacturer’s instructions.
To normalize the results, the total protein content of the samples was
determined in triplicated using the DC™ Protein Assay Kit II
(Catalogue No. 5000112, Bio-Rad Laboratories, Inc. California,
United States).

Statistical analysis

The GraphPad Prism Version 6 Software (GraphPad Software,
Inc., San Diego, CA, United States) was used for all statistical
analysis. The parametric distribution of the data was assessed
using the Shapiro test. Statistical difference between two groups
was determined using Student’s unpaired t-test. One-way ANOVA
followed by Dunnett’s multiple comparison test was used when

FIGURE 1
Void spot analysis in female mice exposed to 0.5% methylglyoxal (MGO) for 12 weeks. (A) displays representative images of the void spot assay in
both the control group (receiving tap water alone) and the MGO-exposed groups. (B–D) show data on the number of voids, volume per void, and total
void volume, respectively. The distribution of void spots across different volume ranges is shown in (E) (<25 µL), (F) (between 25 and 100 µL), and (G)
(>100 µL). The number of voids in the corner and the center on the filter paper is illustrated in (H,I), respectively. The data are expressed as the
mean ± SEM (n = 6–7 animals per group). *p < 0.05, **p < 0.01 compared to control group (unpaired t-test).
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comparing more than two groups with control group and one-way
ANOVA followed by Tukey or Bonferroni’s test were used when
comparing all groups together. All results are presented as the
means ± standard error of the mean (SEM). Results with
p-values lower than 0.05 were considered significant.

Results

Alterations in void spot patterns on the filter
paper assay

The voiding dysfunction induced by a 12-week oral intake of
MGO was initially screened in conscious mice using the void spot
assay on filter paper (Figure 1). Figure 1A shows representative
images of the void spot assays, revealing a significant increase in the
number of spots in the MGO compared to the control group (p <
0.01; n = 6–7; Figure 1B). Furthermore, the volume per void
(Figure 1C) was significantly reduced in the MGO group
compared to the control group (p < 0.01), while no significant
differences in total void volume were observed (Figure 1D). The
number of voids based on their volume sizes revealed that mice

treated with MGO exhibited a higher number of spots with volumes
lower than 25 µL (p < 0.05; Figure 1E) and between 25 and 100 µL
(p < 0.05; Figure 1F), along with a decreased number of spots with
volumes greater than 100 µL (p < 0.01; Figure 1G) compared to
control group. Notably, in the control group, void spots were
essentially concentrated in the corner of the filter paper with no
voids in the center, as expected under normal conditions. In
contrast, the MGO-treated group exhibited a different
distribution pattern of void spots, with voids now detected both
in the center and the corner of the filter (Figures 1H, I).

Protein levels and immunohistochemistry
for MG-H1 in the bladder

Higher protein levels of MG-H1 were found in MGO compared
to control group (p < 0.05; Figures 2A, B; Supplementary Figure
S1A). Immunohistochemical assays showed a marked MG-H1
immunostaining in both the urothelium and detrusor smooth
muscle layers of MGO-treated mice, whereas only minimal MG-
H1 immunostaining intensity was detected in the urothelium of the
control group (Figure 2C).

FIGURE 2
Quantification ofmethylglyoxal (MGO)-derived hydroimidazoloneMG-H1 and glyoxalase 1 (Glo1) in the bladders ofMGO-treatedmice. (A,B) display
densitometry analyses and representative Western blots of MG-H1, respectively. (C) depicts immunohistochemistry for MG-H1, demonstrating negative
staining (absence of primary antibody binding) and positive immunostainings in control and MGO groups. In the control group, there is a weak positive
staining observed in the urothelium, while in the MGO group, a strong positive staining is observed in both the urothelium and detrusor smooth
muscle. In (C), black bars represent a scale of 10 μm (×10 objectives). (D,E) display the protein expression, whereas (F) shows theGlo1 activity. The data are
expressed as mean ± SEM (n = 5–6 animals per group). *p < 0.05 compared to control group (unpaired t-test).
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Protein levels and enzyme activity of Glo1 in
the bladder

Protein levels of Glo1 in bladder tissues did not significantly
differ between the control and MGO groups (Figures 2D, E;
Supplementary Figure S1B). However, MGO treatment led to a
significant decrease in Glo1 activity in bladder tissues compared
to control group (Figure 2F).

Levels of TRPA1 are enhanced in the bladder
of MGO-Treated mice

Western blotting and immunohistochemistry assays were
carried out in bladder tissues obtained from control and
MGO-treated mice to investigate the expression of TRPA1.
The results revealed a marked increase in TRPA1 protein
levels in the bladder of MGO-treated mice compared to
control groups (p < 0.05; Figure 3A; Supplementary Figure
S2). In both control and MGO-treated groups,
TRPA1 immunostaining was detected in the bladder mucosa,
including the lamina propria and urothelial cells. Notably, the
MGO-treated group exhibited a substantially higher intensity of
TRPA1 immunostaining (Figure 3B). It is worthing mentioning
that no TRPA1 immunostaining was detected in the detrusor
smooth muscle layer of either group.

Intravesical infusion of HC-030031 reverses
cystometric alterations in MGO-Treated
mice

In order to evaluate the role of TRPA1 on voiding dysfunction
induced by chronic MGO intake, we moved to the model of filling
cystometry assays in anesthetized mice, which allowed us testing the
TRPA1 antagonist HC-030031 by intravesical infusion on the resulting
voiding dysfunction. Control andMGO-treated mice were intravesically
infused with HC-030031 (1 nmol/min), saline or vehicle (0.001%
DMSO; n = 5–7 animals per group). Compared to control group, a
different pattern of voiding was found in MGO groups infused with
either saline or vehicle, as characterized by a significantly higher voiding
frequency (Figures 4A, B), paralleling significant reductions of bladder
capacity (Figure 4C), voided volume (Figure 4D) and compliance
(Figure 4E). The basal pressure (Figure 4F), threshold pressure
(Figure 4G), and maximum pressure (Figure 4H) did not
significantly differ between control and MGO groups. In MGO-
treated mice, the infusion of HC-030031 almost completely reversed
the changes in voiding frequency, bladder capacity, voided volume, and
compliance. The basal pressure, threshold pressure, and maximum
pressure remained unaltered. Infusion of HC-030031 at the same
dose into the control group did not have a significant effect in any
of the cystometric parameters. Therewere no statistical differences in any
parameter between the saline and vehicle infusions in both the control
and MGO groups.

FIGURE 3
Protein expression of TRPA1 in the bladders of mice was assessed following a 12-week treatment with 0.5% methylglyoxal (MGO) or in control
animals receiving tap water alone. (A) illustrates the results of protein expression analysis using Western Blotting analysis. (B) displays the
immunohistochemistry for TRPA1 in bladder, showing negative immunostaining (absence of the antibody signal), and positive immunostainings in control
and MGO groups. Positive immunostaining is observed in lamina propria and urothelial cells. The black bars in (B) represent a scale of 10 μm, as
viewed under ×20 and ×40 objectives. In (A), data are expressed as mean ± SEM (n = 7–8 animals per group). *p < 0.05 compared to control group
(unpaired t-test).
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HC-030031 reduces the in vitro bladder
contractility of MGO-Treated mice

The contractile responses elicited by EFS and carbachol were
examined in intact bladder strips (Figure 5). Electrical-field
stimulation at a frequency of 1–32 Hz produced frequency-
dependent bladder contractions in both the control and MGO
groups. However, the contractions in the MGO were significantly
higher than those in the control group, as evidenced at frequencies of
1–16 Hz (Figure 5A). In the control group, the prior incubation of
bladder strips with HC-030031 (10 μM, 30 min) had no significant
effect on EFS-induced contractions. Conversely, in the MGO group,
HC-030031 completely restored the contractile responses to the
levels observed in the control group (Figure 5A).

Addition of carbachol (10−10 to 3 × 10−5 M) produced
concentration-dependent bladder contractions with no differences
between MGO and control groups (Figure 5B). However, in the
MGO group, HC-030031 (10 μM, 30 min) significantly reduced the
carbachol-induced contractions, whereas in the control group HC-
030031 had no significant effect (Figures 5B, C). The pEC50 values

for carbachol did not significantly differ between groups, with values
of 6.06 ± 0.11 for control + vehicle, 5.98 ± 0.06 for control + HC-
030031, 6.09 ± 0.10 for MGO + vehicle, and 5.85 ± 0.08 for MGO +
HC-030031.

Discussion

Chronic exposure to MGO induces an overactive bladder
phenotype in mice, as observed in previous studies (de Oliveira
et al., 2020; Oliveira et al., 2021; Oliveira et al., 2022). TRPA1 is
expressed in human (Du et al., 2008), rat (Streng et al., 2008;
Andrade et al., 2011) and mouse bladders (de Oliveira et al.,
2020) and is upregulated in pathological conditions such as
bladder outlet obstruction and spinal cord injury. We tested here
the hypothesis that TRPA1 activation in bladder tissues contributes,
at least in part, to MGO-induced bladder dysfunction in
female mice.

Initially, we assessed voiding dysfunction in MGO-treated mice
using the void spot on the filter paper assay (Hill et al., 2018). The

FIGURE 4
Effect of continuous infusion of the selective TRPA1 antagonist HC-030031 on cystometric changes inmice following 12-week treatment with 0.5%
methylglyoxal (MGO) or control animals receiving tap water alone. In control and MGO groups, animals were infused continuously with saline (0.01 mL/
min), vehicle (0.001% DMSO) or HC-030031 (1 nmol/min) for 1 h. (A) shows representative cystometric tracings from each sub-group, with arrows
indicating micturition peaks. (B–H) show data on voiding frequency, bladder capacity, voided volume, compliance, basal pressure, threshold
pressure and maximum pressure, respectively. All data are expressed as mean ± SEM (n = 5–7 animals per group). *p < 0.05, **p < 0.01, ***p <
0.001 compared to respective control group; ##p < 0.01, ###p < 0.001 compared to saline infusion in MGO group; &&p < 0.01, &&&p < 0.001 compared
vehicle infusion in MGO group (one-way ANOVA followed by Dunnett’s multiple comparisons test for comparison to the control group and Bonferroni’s
multiple comparisons test to compare all groups).
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data confirmed the presence of an overactive phenotype in MGO-
treated male mice (de Oliveira et al., 2020), as evidenced by an
increased number of urine spots together with a reduction in voided
volume per void. Furthermore, the MGO-treated group exhibited a
higher number of voids with small volumes (less than 25 µL and
between 25 and 100 µL), primarily concentrated in the center of the
filter paper. Despite the bladder weight increases by about of 20% in
female mice treated with MGO, the water consumption does not
significantly differ between MGO and vehicle groups (Oliveira et al.,
2022), suggesting that alterations of voiding behavior in MGO-
treated mice does not reflect mechanisms dependent on fluid intake,
as observed in streptozotocin-injected animals, leptin-deficient ob/
ob mice, and leptin receptor-deficient db/db mice (Suriano et al.,
2021; Yesilyurt et al., 2022). Subsequently, we evaluated the protein
levels and immunostaining of the MGO adduct MG-H1 in bladder
tissues of both controls and MGO-treated mice. Compared to
control group, the MGO-treated mice displayed higher protein
levels and increased immunostaining of the MG-H1 in both the
urothelium and detrusor smooth muscle. Dicarbonyl stress is
characterized by an abnormal glycolytic overload and elevated

cellular MGO concentration, which is critically regulated by
Glo1 activity, one of the primary enzymes involved in MGO
detoxification (Rabbani and Thornalley, 2019; He et al., 2020). In
the present study, the protein expression of Glo1 in bladder tissues
remained unchanged following MGO treatment. However,
Glo1 activity was significantly reduced in the MGO compared to
control group. This reduction in Glo1 activity in MGO-treated mice
is likely attributed to the accumulation of MGO in the bladders, as
evidenced by the higher levels of the MGO adduct MG-H1,
consistent with the presence of a true dicarbonyl stress in
bladder tissues of these animals.

We then explored the role of TRPA1 in MGO-induced voiding
dysfunction. Higher levels of TRPA1 protein were found in the
bladder tissues of MGO-treated mice as compared to control
group. Additionally, intense TRPA1 immunostaining was
detected in the lamina propria of the MGO group, despite
urothelial cells expressing TRPA1 being also observed.
Nevertheless, no TRPA1 immunostaining was detected in the
detrusor smooth muscle layer. In a separate set of experiments,
cystometric assays were conducted in anaesthetized control and

FIGURE 5
Effects of the selective TRPA1 antagonist HC-030031 on the contractile responses induced by electrical-field stimulation (EFS) and the muscarinic
agonist carbachol in intact bladder strips obtained frommice treated with 0.5%methylglyoxal (MGO, 12 weeks) or tap water (control group). (A) illustrates
the contractions induced by EFS at frequencies ranging from 1 to 32 Hz in both the control and MGO-treated groups in the presence of vehicle (0.001%
DMSO) or HC-030031 (10 μM, 30 min). (B) displays the contractions induced by carbachol at concentrations ranging from 10−10 to 3 × 10−5 M in both
the control and MGO-treated groups, in the presence of vehicle or HC-030031. (C) shows the maximal responses (Emax) to carbachol in all experimental
groups. The data are expressed as mean ± SEM (n = 7 animals per group). *p < 0.05, **p < 0.01 compared to corresponding control vehicle group. #p <
0.05 ##p < 0.01 ###p < 0.001 compared to respective MGO vehicle group (One-way ANOVA followed by the Tukey).
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MGO-treated mice, with and without intravesical infusion of the
TRPA1 blocker HC-030031, vehicle (0.001% DMSO) or saline.
Methylglyoxal-treated mice displayed increased voiding frequency
along with reductions of voided volume, bladder capacity, and
compliance, consistent with the voiding alterations observed in
conscious animals using the void spot assay. Importantly, these
MGO-induced cystometric alterations were all reversed by intravesical
infusion of HC-030031, indicating that TRPA1 activation in the
urothelium plays a role in the machinery leading to overactive bladder.

Next, we assessed in vitro bladder contractions in response to
EFS and carbachol in both control and MGO-treated mice. EFS-
induced bladder contractions are chiefly mediated by acetylcholine
release from parasympathetic fiber terminals, acting through the
activation of post-synaptic muscarinic M3 receptor in detrusor
smooth muscle (Fry et al., 2010; Sellers and Chess-Williams,
2012). Muscarinic M3 receptors coupled to phospholipase
C-dependent signals mediate bladder contractions via generation
of the second messenger inositol triphosphate (IP3), which activates
the IP receptor to release Ca2+ from internal stores, in addition to
extracellular Ca2+ influx secondary to L-type Ca2+ channel opening
(Abrams et al., 2006; Frazier et al., 2008; Leiria et al., 2011). Nerve-
mediated ATP release is also observed in mouse detrusor smooth
muscle, which is said to mediate the atropine-resistant bladder
contraction through P2X1 receptor activation (Tsai et al., 2012;
Hao et al., 2019; McCarthy et al., 2019; Chakrabarty et al., 2022). A
crosstalk between the purinergic and cholinergic transmitter
systems, where ATP appears to induce the release of
acetylcholine has also been reported (Stenqvist et al., 2020). We
then assessed in vitro bladder contractions in response to EFS and
carbachol in both control and MGO-treated mice. A previous study
of our group showed that the contractile responses to the selective
muscarinic agonist carbachol in MGO-treated mice remain
unchanged intact bladder strips, but mucosal removal
significantly increases in carbachol-induced bladder contractions
(Oliveira et al., 2022). Interestingly, however, in the present study
using intact bladder strip preparations, HC-030031 significantly
reduced the carbachol-induced contractions in MGO-treated
mice. On the other hand, MGO exposure was described to
significantly enhance the contractile responses to both EFS and α,β-
methylene ATP (a P2X1 purinergic receptor agonist) independently of
the presence or not of urothelium (Oliveira et al., 2022). In the present
study, the higher contractile response to EFS in bladders ofMGO-treated
mice was normalized by prior incubation with HC-030031. These data
are indicative that MGO exposure via TRPA1 activation leads to
enhancement of purinergic over cholinergic neurotransmission in the
bladder. Of interest, interaction of TRPA1 and purinergic P2X receptors
has been proposed to explain the pain pathophysiology in models of
formalin-induced behavioral nociceptive responses in the rat (Krimon
et al., 2013) and intracolonic administration of a low dose mustard oil in
mice (Gonzalez-Cano et al., 2021). However, future experiments
exploring the P2X1 purinergic component of the EFS-induced
excitatory transmission might help to shed some light on the
potential interactions of P2X and TRPA1 receptors in bladder of
MGO-treated mice.

Collectively, our data from molecular and functional (in vivo
and in vitro) studies support an important role of urothelial
TRPA1 in modulating the bladder contractile responses after
exposure to MGO. A previous study carried out in diabetic rats

showed an increased mRNA expression of TRPA1 in dorsal root ganglia
(DRG) that innervate the bladder and TRPA1 activation enhances the
amplitude of EFS-induced detrusor smooth muscle contractions through
mechanisms related to the activation of the tachykininergic and
prostanoid systems (Philyppov et al., 2016). Increased
TRPA1 expression was also seen in the bladders of insulin-resistant
obese Zucker rats, but EFS-induced bladder contractions were instead
reduced being this reduction attributed to excessive oxidative stress and
downregulation of the cysthathionine-γ-lyase (CSE)/hydrogen sulfide
(H2S) pathway (Blaha et al., 2019). TRPA1 has been proposed to
serve as an oxidative stress sensor (Yamamoto and Shimizu, 2016;
Anraku, 2022), and exposure to MGO increases the production of
reactive-oxygen species (ROS) that in turn leads to activation of Rho
kinase system in detrusor smooth muscle, ultimately promoting detrusor
overactivity (Oliveira et al., 2022). Therefore, further investigation is
needed to identify the intracellular signal mediated by MGO that
upregulates TRPA1 in bladder urothelium and lamina propria, thereby
enhancing detrusor smooth muscle contractility.

Conclusion

In conclusion, this study shows that prolonged exposure to
MGO inmice results in elevated levels of the advanced glycation end
product MG-H1 in bladder tissues, inducing an upregulation of
TRPA1 expression in the mucosal layer (lamina propria and
urothelium). The effective blockade of TRPA1 with HC-030031
efficiently mitigated MGO-induced overactive bladder and detrusor
hyperactivity. TRPA1 antagonists could potentially serve as a
valuable therapeutic approach for managing diabetic bladder
dysfunction in individuals with high MGO levels.
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Patients with sickle cell disease (SCD) display an overactive bladder (OAB).
Intravascular hemolysis in SCD is associated with various severe SCD
complications. However, no experimental studies have evaluated the effect of
intravascular hemolysis on bladder function. This study aimed to assess the
effects of intravascular hemolysis on the micturition process and the
contractile mechanisms of the detrusor smooth muscle (DSM) in a mouse
model with phenylhydrazine (PHZ)-induced hemolysis; furthermore, it aimed
to investigate the role of intravascular hemolysis in the dysfunction of nitric oxide
(NO) signaling and in increasing oxidative stress in the bladder. Mice underwent a
void spot assay, and DSM contractions were evaluated in organ baths. The PHZ
group exhibited increased urinary frequency and increased void volumes. DSM
contractile responses to carbachol, KCl, α-β-methylene-ATP, and EFS were
increased in the PHZ group. Protein expression of phosphorylated endothelial
NO synthase (eNOS) (Ser-1177), phosphorylated neuronal NO synthase (nNOS)
(Ser-1417), and phosphorylated vasodilator-stimulated phosphoprotein (VASP)
(Ser-239) decreased in the bladder of the PHZ group. Protein expression of
oxidative stress markers, NOX-2, 3-NT, and 4-HNE, increased in the bladder of
the PHZ group. Our study shows that intravascular hemolysis promotes voiding
dysfunction correlated with alterations in the NO signaling pathway in the
bladder, as evidenced by reduced levels of p-eNOS (Ser-1177), nNOS (Ser-
1417), and p-VASP (Ser-239). The study also showed that intravascular
hemolysis increases oxidative stress in the bladder. Our study indicates that
intravascular hemolysis promotes an OAB phenotype similar to those
observed in patients and mice with SCD.
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1 Introduction

Sickle cell disease (SCD), an autosomal recessive genetic disorder, is
characterized by abnormal hemoglobin S (HbS) production due to a
single amino acid substitution in the β-globin chain (Kato et al., 2018).
This genetic mutation triggers the polymerization of HbS under
hypoxic or dehydrated conditions, forming sickle-shaped
erythrocytes. These altered cells exhibit increased stiffness and a
reduced lifespan, leading to intravascular and extravascular
hemolysis, which are critical features of SCD and contribute to its
diverse clinical manifestations (Kato et al., 2018). A significant
molecular consequence of intravascular hemolysis is the reduction of
nitric oxide (NO) bioavailability due to direct NO-hemoglobin
interaction and increased reactive oxygen species (ROS) production,
which act as NO scavengers (Reiter et al., 2002; Vona et al., 2021). This
reduction in NO is associated with various severe SCD complications,
including leg ulceration, pulmonary hypertension, priapism, and
overactive bladder (OAB) (Nolan et al., 2005; Kato et al., 2006; Cita
et al., 2016).

The functions of the urinary bladder, encompassing urine storage
and voiding, are regulated by a complex interplay of neurotransmitters
(Andersson and Arner, 2004). OAB, a clinical condition marked by
persistent urgency to urinate, may occur with or without urge
incontinence and is commonly accompanied by increased urination
frequency and nocturia (Eapen and Radomski, 2016). Notably, in SCD
patients, the prevalence of OAB is significant, with clinical studies
suggesting that up to 40% of these patients may exhibit symptoms of
OAB (Portocarrero et al., 2012; Anele et al., 2015). A common
contributor to OAB is the heightened contraction of the detrusor
smooth muscle during the urine storage phase, leading to detrusor
overactivity (Michel and Chapple, 2009).

The NO-cyclic guanosine monophosphate (cGMP) signaling
pathway plays an essential role in the normal functioning of the
urinary tract. NO, synthesized by endothelial NO synthase (eNOS)
and neuronal NO synthase (nNOS), is crucial for maintaining the tone
and functionality of detrusor smooth muscle (Burnett et al., 1997;
Mónica et al., 2008; Karakus et al., 2019). NO deficiency has been linked
with the OAB phenotype and increased detrusor smooth muscle
contraction in SCD mice and various experimental models (Khan
et al., 1999; Mónica et al., 2011; Leiria et al., 2013; Leiria et al., 2014;
Karakus et al., 2019; Musicki et al., 2019; Karakus et al., 2020; Lee et al.,
2021). Furthermore, increased superoxide production by the NOX-2
isoform of NADPH oxidase, which acts by activating NO, also
contributes to the pathophysiology of OAB in animal models
(Alexandre et al., 2016; 2018; Akakpo et al., 2017; de Oliveira et al.,
2022) but has not yet been evaluated in the lower urinary tract in SCD.

To date, previous studies have used SCD transgenic mice to
investigate bladder alterations (Claudino et al., 2015; Karakus et al.,
2019; 2020; Musicki et al., 2019). These studies reported voiding
dysfunction and detrusor hypercontractility associated with reduced
NO bioavailability in the bladder. However, the exclusive effects of
intravascular hemolysis on the bladder have not been independently
analyzed. Given the critical role of intravascular hemolysis in SCD
and its potential impact on the NO signaling pathway in the bladder,
we hypothesize that intravascular hemolysis contributes
significantly to micturition dysfunction.

The phenylhydrazine (PHZ)-induced hemolysis model permits
precise control over the onset and intensity of hemolysis (Lim et al.,

1998; Dutra et al., 2014; Gotardo et al., 2023), enabling a direct
correlation between hemolysis and the observed functional and
molecular changes in the bladder. This model is precious when
the aim is to study the exclusive effect of intravascular hemolysis, as
SCD mice exhibit additional alterations beyond intravascular
hemolysis. This study endeavors to fill this critical gap in
knowledge, providing an in-depth understanding of the
mechanisms underlying intravascular hemolysis-induced
micturition dysfunction.

This study is designed to delineate the consequences of
intravascular hemolysis on the micturition process and the
contractile mechanisms of the detrusor smooth muscle in a mouse
model of PHZ-induced hemolysis. Furthermore, we investigate the
role of intravascular hemolysis in elevating ROS production in the
bladder, as well as to assess changes in phosphorylated eNOS (Ser-
1177), phosphorylated nNOS (Ser-1417), and phosphorylated
vasodilator-stimulated phosphoprotein (p-VASP Ser-239).

2 Materials and methods

2.1 Ethical approval

All animal study protocols in this study were approved by the
Ethics Committee on Animal Use of the University of San Francisco
(CEUA/USF, Permit number V3:008.06.2021).

2.2 Animals and treatment

Animal procedures and experimental protocols were performed
in accordance with the ethical principles in animal research adopted
by the Brazilian College for Animal Experimentation and followed
the Guide for the Care and Use of Laboratory Animals. All mouse
strains were originally purchased from Jackson Laboratories (Bar
Harbor, ME). Characterization and breeding were performed at the
Multidisciplinary Center for the Investigation of Biological Science
in Laboratory Animals of the University of Campinas. We used
C57BL/6 male mice (control), aged 3–4 months old, housed five per
cage on a 12 h light–dark cycle.

We injected PHZ at 50 mg/kg in C57BL/6 mice intraperitoneally
to induce intravascular hemolysis. The mice were reinjected with
50 mg/kg 8 h later and were sacrificed 4 days after starting PHZ
treatment. Control mice were treated with the saline vehicle
simultaneously with the PHZ group (Henrique Silva et al., 2018).

2.3 Void spot assay

Mice were moved individually to empty mouse cages with precut
qualitative filter paper (250 g) on the bottom. They were provided
with food but no water. After 4 hours, the filter papers were removed
and allowed to dry before being imaged using UV light
transillumination and captured using the ChemiDoc MP imaging
system with Image Laboratory software (Bio-Rad Laboratories,
Hercules, CA). Captured images were saved in grayscale-tagged
image file format (TIFF) (Figure 2A) and analyzed using ImageJ
Software (National Institute of Health, Bethesda-MD, United States
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of America). ImageJ particle analysis was performed on >0.02 cm2

spots to reduce areas of non-specific fluorescence and artifacts that
may have been created by debris and feces (Keil et al., 2016). A linear
standard measurement curve was used to convert void spot areas to
volumes, and total volumes were normalized to body weight. Assays
were performed for each animal between 9 a.m. and 2 p.m.

2.4 Functional studies of bladder strips and
concentration–response curves

Two longitudinal detrusor smooth muscle strips with intact
urothelium were obtained from each bladder. The strips were
mounted in 5 mL myograph organ baths (Danish Myo Technology,
Aarhus, Denmark) containing Krebs–Henseleit solution composed of
117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 25 mMNaHCO3, and 11 mM glucose, continuously bubbled
with a mixture of 95% O2 and 5% CO2 (pH 7.4) at 37°C. Changes in
isometric force were recorded using a PowerLab Data Acquisition
System (Software LabChart, version 7.0, ADInstruments, MA,
United States of America).The resting tension was adjusted to 5 mN
at the beginning of the experiments. The equilibration period was
60 min, and the bathing medium was changed every 15 min.

Cumulative concentration-response curves for the full
muscarinic agonist carbachol (1 nM–30 µM) and potassium
chloride (KCl; 1–300 mM) were obtained in detrusor strips. In
separate experiments, electrical field stimulation (EFS)-induced
contraction (20 V, 10 s of stimulation at varying frequencies, a 2-
min interval between each pulse) was carried out. Non-cumulative
concentration–response curves were also made for the purinergic
agonist (P2X), α-β-methylene-ATP (1 μM, 3 μM, and 10 µM).

Non-linear regression analysis used GraphPad Prism
(GraphPad Software, San Diego, CA, United States of America).
Maximal response (Emax) data were normalized to the wet weight of
the respective urinary bladder strips. Using GraphPad Prism
software, EC50 values, represented as the negative logarithm
(pEC50), were calculated by fitting the concentration–response
relationship to a sigmoidal model (log-concentrations vs. response).

2.5 Western blot analysis

The separation of proteins from biological samples of tissue
homogenates (detrusor) was performed through electrophoresis in
4%–20% polyacrylamide with 0.1% sodium sulfate (SDS-Page). Then,
the protein bands were transferred electrophoretically into a submerged
nitrocellulose membrane system. Non-specific protein binding to
nitrocellulose was reduced by “overnight” pre-incubation of the
membrane with a blocking solution (5% milk powder, 10 mm Tris,
100 mmNaCl, and 0.02%Tween 20). The bladder from eachmouse was
homogenized in lysis buffer and centrifuged at 12,000 g for 20 min at
4°C. Homogenates containing 70 μg of total proteins were run on 4%–
20%Tris-HCl gels (Bio-Rad Laboratories, Hercules, CA, United States of
America) and transferred to a nitrocellulose membrane. Non-fat dry
milk (5%) (Bio-Rad) in Tris-buffered saline/Tween was used for 60 min
at 24°C to block non-specific binding sites. Membranes were incubated
for 15–18 h at 4°C with the following antibodies: monoclonal anti-3-
nitrotyrosine (3-NT; 1:3000, Abcam), polyclonal anti-4-HNE antibody

(1:3000, Abcam), anti-NOX-2 antibody (1:1000, Sigma-Aldrich),
monoclonal anti-phospho(p)-eNOS (Ser-1177) antibody (1:1000, Cell
Signaling), polyclonal anti-eNOS antibody (1:1000, Cell Signaling),
polyclonal anti-phospho(p)-VASP (Ser-239) (1:1000, Cell Signaling),
monoclonal anti-VASP antibody (1:1000, Cell Signaling), polyclonal
phospho(p)-nNOS antibody (Ser-1417) (1:1000, Abcam), nNOS (1:
1000, Millipore), and β-actin (1:5000, Santa Cruz Biotechnology).
Densitometry was analyzed using ImageJ software (National Institute
of Health, Bethesda-MD, United States of America). Quantified
densitometry results were normalized to β-actin.

2.6 Drugs

Carbachol, α-β-methylene-ATP, PHZ, and KCl were purchased
from Sigma-Aldrich (St Louis, MO, United States of America. All
reagents were required to be of analytical grade. Deionized water was
used as a solvent, and working solutions were diluted prior to use.

2.7 Statistical analysis

The GraphPad Prism Program (GraphPad Software Inc.) was
used for statistical analysis. Data are expressed as the mean ± SEM of
N experiments. Statistical comparisons were made using the
Student’s unpaired t-test. A value of p < 0.05 was considered
statistically significant.

3 Results

3.1 Hematological parameters

Mice treated with PHZ exhibited significantly reduced levels of
red blood cells (Figure 1A) and total hemoglobin (Figure 1B)
compared to the control group (p < 0.05). Furthermore, there
was a marked increase in plasma hemoglobin concentrations in
the PHZ group (p < 0.05) compared to the control (Figure 1C),
confirming the occurrence of intravascular hemolysis.

3.2 Intravascular hemolysis leads to
increased urinary frequency and increased
void volumes

Figure 2A presents filter paper examples from the control and
PHZ-treated mice. The PHZ group showed a significant increase in
urinary spots compared to the control group (p < 0.05), indicating a
hyperactive voiding behavior (Figure 2B). Additionally, the total
void volumes produced by the PHZ-treated mice were significantly
greater than those of the control mice (p < 0.05) (Figure 2C).

3.3 Intravascular hemolysis leads to detrusor
hypercontractility

EFS of 4–32 Hz induced frequency-dependent contractions in
the detrusor smooth muscle in both control and PHZ-treated mice.
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Notably, the PHZ group exhibited significantly higher contractions
at all frequencies compared to the control group (p <
0.05) (Figure 3A).

Contractile response to α-β-methylene-ATP in the detrusor
smooth muscle was assessed through non-cumulative
concentration-effect curves (1 μM, 3 μM, and 10 μM) for both
groups (Figure 3B). Detrusor smooth muscle from PHZ-treated
mice displayed a significantly enhanced contractile response to α-β-

methylene-ATP at all tested concentrations compared to the control
(p < 0.05) (Figure 3B).

Contraction responses to carbachol were evaluated in detrusor
smooth muscle from both PHZ and control mice through
concentration-effect curves for the agonist (1 nM–30 μM)
(Figure 3C). The maximal contractile response (Emax) elicited by
carbachol was significantly greater in the detrusor smooth muscle of
the PHZ group (p < 0.05) than that of the control group (Figure 3D),

FIGURE 1
(A) Red blood cell, (B) hemoglobin, and (C) plasma hemoglobin. Data are shown as the mean ± SEM of 5–7 mice per group. *p < 0.05 vs.
control group.

FIGURE 2
(A) Representative void spot assays, (B) number of spots, and (C) normalized voided volume in control and PHZmice. Data are shown as the mean ±
SEM of five mice per group. *p < 0.05 vs. control group.
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with no notable differences in potency (pEC50) between the control
(6.45 ± 0.12) and PHZ-treated mice (6.62 ± 0.09). Similarly, KCl
induced concentration-dependent contractions in both groups
(Figure 3E). Notably, Emax to KCl was significantly greater in the
PHZ group than in the control group (Figure 3F). No significant
differences in potency (pEC50) for KCl were observed between the
control group (1.01 ± 0.06) and the PHZ-treated group (6.62 ± 0.09).

Representative traces of responses to EFS, α-β-methylene-ATP,
carbachol, and KCl are shown in Figure 4.

3.4 Intravascular hemolysis decreased
protein expressions of p-eNOS (Ser-1177),
p-nNOS (Ser-1417), and p-VASP (Ser-239) in
the mouse bladder

Protein expression of activated (phosphorylated) forms of
eNOS (p-eNOS Ser-1177), nNOS (p-nNOS Ser-1417), and

VASP (p-VASP Ser-239) was investigated to understand the
impact of intravascular hemolysis on signaling of nitric oxide
(NO) in the bladder. These enzymes play fundamental roles in
the regulation of smooth muscle tone: eNOS and nNOS are
responsible for the production of NO, an important mediator of
smooth muscle relaxation, while VASP is a substrate of the
cGMP-protein kinase G (PKG) pathway, reflecting the activity
of NO-cGMP-PKG signaling. PKG, activated by cGMP, is
essential for mediating the effects of NO on smooth muscle,
promoting relaxation, and directly influencing bladder
function (Oelze et al., 2000; Francis et al., 2010). In the
PHZ-treated mice, the activated (phosphorylated) forms of
p-eNOS (Ser-1177), p-nNOS (Ser-1417), and p-VASP (Ser-
239) were significantly reduced in the bladder compared to
the control group (p < 0.05), as shown in Figure 5. These results
suggest that intravascular hemolysis compromises NO
signaling in the bladder, potentially contributing to voiding
dysfunction.

FIGURE 3
Contractile responses to (A) electrical field stimulation, (B) α-β-methylene-ATP, (C) carbachol, and (E) KCl in the bladder from control and PHZmice.
(D) Emax values for (D) carbachol and (F) KCl. Data are shown as the mean ± SEM of six mice per group. *p < 0.05 vs. control group.
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3.5 Intravascular hemolysis leads to
increased oxidative stress markers in the
mouse bladder

To assess the impact of intravascular hemolysis on oxidative stress in
the bladder, the protein expression of oxidative stress markers, including

NOX-2, 3-NT, and 4-HNE, was examined. NOX-2 is an important
enzyme in ROS production, while 3-NT and 4-HNE are products of
oxidative damage to proteins, serving as markers of nitrosative and
oxidative stress, respectively (Pacher et al., 2007; Vermot et al., 2021). In
the PHZ-treated mice, there was a significant increase in the protein
expression of oxidative stress markers NOX-2, 3-NT, and 4-HNE in the

FIGURE 4
Representative tracings of contraction response to EFS, α-β-methylene-ATP, carbachol, and KCl from control and PHZ mice.
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bladder compared to the control group (p < 0.05), as shown in Figure 6.
This increase in oxidative stress markers indicates that intravascular
hemolysis promotes a pro-oxidative environment in the bladder, which
may impair organ function and contribute to the development of OAB
phenotypes such as those observed in SCD models.

4 Discussion

In this study, PHZ-induced hemolysis in mice led to significant
hematological changes, mirroring aspects of SCD. The increased

urinary frequency and volume increase in PHZ-treated mice aligns
with OAB symptoms, suggesting a link between intravascular
hemolysis and bladder dysfunction. Notably, the enhanced
contractility of the detrusor muscle in these mice indicates a
direct impact of hemolysis on bladder smooth muscle activity.
The decreased expression of p-eNOS (Ser-1177), nNOS (Ser-
1417), and p-VASP (Ser-239) in the bladder tissue indicates a
dysregulated NO signaling pathway in the impaired bladder
function. Additionally, elevated oxidative stress markers in the
bladders of PHZ-treated mice reinforce the role of oxidative
stress in OAB phenotypes.

FIGURE 5
Representative images of Western blotting (top panels) and protein values (bottom panels) for (A) p-eNOS (ser-1177) (n = 6), (B) p-nNOS (ser-1417)
(n = 4), and (C) p-VASP (Ser-239) (n = 4) in homogenates of bladder from control and PHZ mice. Data are shown as the mean ± SEM. *p < 0.05 vs.
control group.

FIGURE 6
Representative images of Western blotting (top panels) and protein values (bottom panels) of (A)NOX-2 (n = 7), (B) 3-NT (n = 7), and (C) 4-HNE (n =
4) in homogenates of the bladder from control and PHZ mice. Data are shown as the mean ± SEM. *p < 0.05 vs. control group.
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A central aspect of SCD is intravascular hemolysis, where red
blood cell contents like hemoglobin, arginase, and other cellular
components are released into the plasma (Kato et al., 2017). The
PHZ-induced intravascular hemolysis model in mice is widely
utilized for assessing the specific effects of intravascular
hemolysis (Vannucchi et al., 2001; Henrique Silva et al., 2018;
Iacopucci et al., 2022; Gotardo et al., 2023). Our study
corroborates previous findings and confirms that PHZ-induced
intravascular hemolysis in mice led to significant hematological
changes, closely replicating the hemolytic environment seen in SCD.
Free hemoglobin (HbFe2+) in the plasma or interstitial space quickly
reacts with NO, leading to nitrate production and the formation of
methemoglobin (HbFe3+), the oxidized form of hemoglobin (Reiter
et al., 2002). This process significantly reduces NO bioavailability,
contributing to tissue damage (Gladwin et al., 2012; Kato et al., 2017;
Kato et al., 2018). An efficient pharmacological strategy that has
been studied to limit the effects of hemoglobin involves treatment
with haptoglobin. This plasma protein binds to free hemoglobin,
forming a complex that is then cleared from circulation by the
macrophages of the reticuloendothelial system (Buehler et al., 2020).

NO plays a crucial role in the physiology of the lower urinary tract,
with its diminished bioavailability linked to micturition dysfunction.
The OAB in SCD mice is associated with decreased expression of
phosphorylated eNOS at its positive regulatory site Ser-1177 and
phosphorylated nNOS at its positive regulatory site Ser-1412 in the
bladder. Similarly, in our study, PHZ mice displayed decreased
expression of p-eNOS (Ser-1177) and p-nNOS (Ser-1417),
indicating lower NO production in the bladder. NO activates
soluble guanylate cyclase (sGC) in smooth muscle, enhancing cGMP
production. cGMP activates protein kinase G, which phosphorylates
VASP at Ser-239, a reliable biomarker for monitoring the NO-
stimulated cGMP-protein kinase G pathway (Oelze et al., 2000;
Francis et al., 2010). In our study, protein expression for p-VASP
(Ser-239) was lower in the bladder in the PHZ group, indicating
decreased cGMP levels. Mice lacking nNOS exhibit bladder
hypertrophy, dysfunctional urinary outlets, and increased urinary
frequency (Burnett et al., 1997). Additionally, rats treated chronically
with a NOS inhibitor develop an OAB phenotype (Mónica et al., 2008;
Mónica et al., 2011). Altered micturition patterns have been previously
reported in cGMP-dependent protein kinase I gene-deficient mice
(Persson et al., 2000). PHZ-treated mice exhibited increased urinary
spots and higher total void volumes. These results align with findings
from animalmodels lacking both eNOS and nNOS, as well as SCDmice
(Karakus et al., 2019; Musicki et al., 2019; Karakus et al., 2020),
reinforcing the importance of NO pathways in urinary function. A
prior study speculated that the augmented urine volumes observed in
double-NOS (eNOS and nNOS) or triple-NOS (eNOS, nNOS, and
iNOS) knockout mice could be attributed to impairments in renal
function, specifically in the ability to concentrate urine, leading to
polyuria (Morishita et al., 2005).

Acetylcholine, primarily through muscarinic M3 receptors, is the
primary excitatory neurotransmitter in the parasympathetic nerve
endings of detrusor smoothmuscle (Andersson andArner, 2004). Co-
stored and co-released ATP with acetylcholine also play a significant
role in nerve-mediated bladder contraction, contributing to efficient
urine elimination (Burnstock, 2011). In our study, detrusor
contractions induced by EFS were significantly higher in the PHZ-
treated group. In parallel, the responses of detrusor smooth muscle to

bothmuscarinic and purinergic receptor agonists (carbachol and α, β-
methylene-ATP, respectively), as well as to the receptor-independent
agent KCl, were also increased in PHZ-treated mice. These findings
indicate that intravascular hemolysis leads to detrusor
hypercontractility. The increase in detrusor muscle contraction is
likely secondary to the low accumulation of cGMP in bladder tissue, a
well-known secondary messenger that counteracts the contractile
mechanisms of smooth muscle (Mónica and Antunes, 2018). Rats
treated chronically with a non-selective inhibitor of NOS (L-NAME)
show increased detrusor contraction induced by muscarinic receptor
agonists (Mónica et al., 2008), as well as animal models deficient in
both eNOS and nNOS (Karakus et al., 2019), highlighting the
importance of the integrity of the NO pathway in bladder function.

Increased oxidative stress, characterized by elevated ROS
production or reduced antioxidant capacity, is associated with the
development of OAB in experimental models and participates in the
pathophysiology of SCD (Alexandre et al., 2016; Silva et al., 2016;
Akakpo et al., 2017; Alexandre et al., 2018; Vona et al., 2021; de
Oliveira et al., 2022). NOX-2, an important NADPH oxidase
isoform, catalyzes electron transfer to oxygen, generating a
superoxide anion (Vermot et al., 2021). Excess superoxide reacts
with NO, producing peroxynitrite, a highly toxic reactive nitrogen
species (Pacher et al., 2007). Increased expression of NOX-2 has
been reported in animal models with OAB (Alexandre et al., 2016;
Akakpo et al., 2017; Alexandre et al., 2018; de Oliveira et al., 2022).
Our study found increased NOX-2 expression in the bladder of
PHZ-treated mice and elevated markers of oxidative and nitrosative
stress, 4-HNE, and 3-NT. These results fit with our previous findings
that demonstrate that PHZ-treated mice exhibit increased oxidative
markers like 3-NT, 4-HNE, and NOX-2 in the penis (Iacopucci et al.,
2022). Prior research has shown NOX-2 downregulation through
NO-cGMP-dependent mechanisms (Teixeira et al., 2007). In
contrast, NO inhibits NADPH oxidase-dependent superoxide
anion production by a cGMP-independent mechanism without
altering the protein expression of NOX-2 (Selemidis et al., 2007).
In this context, this suggests that increased plasma hemoglobin may
trigger oxidative stress elevation, reducing NO and cGMP
bioavailability, as evidenced by reduced p-VASP (Ser-239).

In the present study, we used a PHZ-induced hemolysis model
instead of transgenic mice with SCD for a few fundamental reasons.
First, the PHZ-induced hemolysis model allows precise control over
the onset and intensity of hemolysis, facilitating the direct correlation
between hemolysis and the functional and molecular changes
observed in the bladder. This precise control is important, as it
allowed us to establish a direct relationship between intravascular
hemolysis and the observed dysfunctions. Furthermore, this model is
widely recognized for its ability to simulate key aspects of
intravascular hemolysis observed in sickle cell disease, allowing
specific investigation of the mechanisms underlying urinary
complications. However, we recognize the value of transgenic
models of SCD to study the disease in a broader context.

5 Conclusion

Our study is the first to show that intravascular hemolysis promotes
voiding dysfunction correlated with alterations in the NO signaling
pathway in the bladder, as evidenced by reduced levels of p-eNOS (Ser-
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1177), nNOS (Ser-1417), and p-VASP (Ser-239). The study also showed
that intravascular hemolysis increases oxidative stress in the bladder.
Our study indicates that intravascular hemolysis promotes OAB
phenotypes similar to those observed in patients and mice with
SCD, suggesting a potential mechanistic link. These findings suggest
that pharmacologic interventions targeting intravascular hemolysismay
ameliorate voiding dysfunction in SCD.
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PACAP/PAC1 regulation in
cystitis rats: induction of bladder
inflammation cascade leading
to bladder dysfunction
Hanwei Ke1,2†, Lin Zhu3†, Weiyu Zhang1,2, Huanrui Wang1,2,
Zehua Ding1,2, Dongyu Su1,2, Qi Wang 1,2* and Kexin Xu 1,2*

1Department of Urology, Peking University People’s Hospital, Beijing, China, 2Peking University
Applied Lithotripsy Institute, Peking University People’s Hospital, Beijing, China, 3Department of Plastic
Surgery, Affiliated Beijing Chaoyang Hospital of Capital Medical University, Beijing, China
Introduction: Interstitial Cystitis/Bladder Pain Syndrome (IC/BPS) is a chronic and

debilitating condition marked by bladder pain, urinary urgency, and frequency.

The pathophysiology of IC/BPS remains poorly understood, with limited

therapeutic options available. The role of Pituitary Adenylate Cyclase-Activating

Polypeptide (PACAP) and its receptor PAC1 in IC/BPS has not been thoroughly

investigated, despite their potential involvement in inflammation and sensory

dysfunction. This study aims to examine the expression and functional role of the

PACAP/PAC1 signaling pathway in the pathogenesis of IC/BPS.

Methods: Bladder tissue samples from IC/BPS patients and a rat model of cystitis

were analyzed to evaluate PACAP and PAC1 expression. Transcriptomic analysis,

immunohistochemistry, and bladder function assays were employed to assess

the correlation between PACAP/PAC1 activation, bladder inflammation, and

sensory dysfunction. Additionally, modulation of the PACAP/PAC1 pathway was

tested in rats to determine its effects on bladder inflammation and function.

Results: Our results demonstrate significant upregulation of PACAP and PAC1 in

both human bladder tissues from IC/BPS patients and in the rat cystitis model.

This upregulation was associated with increased bladder inflammation and

sensory dysfunction. Intervention with PACAP/PAC1 pathway modulation in

rats resulted in a marked reduction in bladder inflammation and improvement

in bladder function, suggesting the pathway’s pivotal role in disease progression.

Discussion: The findings provide compelling evidence that the PACAP/PAC1

pathway is involved in the inflammatory and sensory changes observed in IC/BPS.

By targeting this signaling pathway, wemay offer a novel therapeutic approach to

mitigate the symptoms of IC/BPS. This study enhances our understanding of the

molecular mechanisms driving IC/BPS and opens avenues for the development

of targeted treatments.
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Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a

complex chronic inflammatory bladder disorder, marked by

bladder pain, nocturia, urgency, sterile urine, and frequent

urination (1, 2). Despite various hypotheses, the origin of IC/BPS

remains unclear, and its pathophysiology is poorly understood (3).

IC/BPS primarily affects females, with an estimated prevalence of

6.53% among women in the U.S (4). No therapeutic approach has

yet consistently succeeded in providing lasting relief from IC/BPS

symptoms (5). The exact origin and pathophysiology of IC/BPS

remain unclear, though emerging research highlights bladder

urothelial injury or dysfunction and a sustained inflammatory

cycle as key factors (6, 7).

Pituitary adenylate cyclase-activating polypeptide (PACAP), a

neuropeptide, plays a role in regulating lower urinary tract (LUT)

functions (8–10). Part of the vasoactive intestinal polypeptide

(VIP), secretin, and glucagon hormone family, PACAP shares

about 68% homology with VIP. Neuropeptides such as PACAP

are expressed in both neural and non-neural tissues of the LUT,

including afferent neurons, neural pathways, plasma, inflammation

or injury sites, bladder fibroblasts, detrusor muscle, and urothelium

(11). PACAP immunoreactivity appears in the C-fiber bladder

afferents of the dorsal root ganglia (DRG), bladder smooth

muscle, sub-urothelial nerve plexus, and peri-vascular nerve fibers

(12). Urothelial cells express the PACAP receptor PAC1, which

releases ATP upon PACAP stimulation, activating receptors on

sub-urothelial sensory nerve fibers (13). Braas et al. demonstrated

PACAP’s role in micturition, emphasizing how inflammation-

induced changes in peripheral and central micturition pathways

can contribute to bladder dysfunction (10).

The pathophysiology of IC/BPS involves a complex sequence of

inflammatory responses, possibly initiated or aggravated by

neuropeptide dysregulation, including PACAP. However, the

exact role and regulatory mechanisms of these neuropeptides in

bladder inflammation and post-inflammatory dysfunction remain

poorly understood. Although previous research has highlighted

PACAP’s general involvement in inflammation and its potential

relevance to IC/BPS, a substantial gap remains in understanding the

specific mechanisms by which PACAP/PAC1 interactions impact

the inflammatory cascade in IC/BPS. This study aims to narrow this

gap by examining the regulatory role of PACAP/PAC1 in a rat

model of bladder cystitis, focusing on PACAP induction,

inflammation progression, and its effects on bladder function in

IC/BPS.
Materials and methods

Ethical approval and informed consent

The research protocol was approved by the Ethics Committee of

Peking University People’s Hospital and complies with the

principles outlined in the Helsinki Declaration. The ethical

approval number is 2022PHB400-001. All patients have provided

informed consent.
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Sample collection

Bladder tissue specimens were collected from patients

diagnosed with IC/BPS during cystoscopy and biopsy at Peking

University People’s Hospital. The diagnostic criteria for IC/BPS

were based on the guidelines of the American Urological

Association (14). Control bladder specimens were taken from

normal tissue adjacent to cancerous areas in patients with bladder

cancer. Six Hunner-type interstitial cystitis (HIC) samples and three

normal samples were used for transcriptome sequencing and

immunohistochemical validation.
Transcriptomic research methods of
bladder biopsy

RNA extraction and sequencing
Tissue samples were collected, and RNA was extracted using the

Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) following the

manufacturer’s guidelines. RNA quality was assessed with the

Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,

USA). After total RNA extraction, eukaryotic mRNA was enriched

using Oligo(dT). The mRNA was then fragmented and reverse-

transcribed into cDNA using the NEBNext Ultra RNA Library Prep

Kit for Illumina (NEB#7530, New England Biolabs, Ipswich, MA,

USA), and sequenced on an Illumina Novaseq6000 platform by

Gene Denovo Biotechnology Co. (Guangzhou, China).

Partial least squares-discriminant analysis
To investigate molecular differences between Hunner-type

interstitial cystitis (HIC) patients and normal controls, we

performed PLS-DA. This method identifies variables with high

separation capability, focusing on differences in gene expression

profiles from high-throughput RNA sequencing data. Before

analysis, data were log-transformed and auto-scaled to stabilize

variance and ensure comparability across samples.

Immunoinfiltration analysis
The extent and patterns of immune cell infiltration in bladder

tissues were analyzed through immunohistochemistry. Specific

markers for immune cells, such as CD4, CD8, and FoxP3, were

used to stain tissue sections. High-resolution microscope images

were captured, and the percentage of positively stained cells was

quantified with ImageJ software. This approach provided insights

into the immune landscape of HIC and normal bladder tissues.

RNA data analysis
Ribosomal RNA alignment was followed by genome alignment

using HISAT2 and quantification with StringTie. FPKM values

were calculated with RSEM software. Differential expression

analysis between groups was conducted using DESeq2, applying

criteria of fold change ≥ 2 and FDR < 0.05. Gene Ontology (GO)

and Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analyses of differentially expressed mRNAs

(DEmRNAs) were performed using hypergeometric tests.
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Additionally, gene set enrichment analysis (GSEA) was used to

determine the functions of differentially expressed genes

between groups.
Animals

Sprague-Dawley female rats (7 weeks old) were obtained from

Janvier Labs. The animals were kept at a controlled temperature (21

± 3°C) on a 12-hour light/dark cycle with free access to food and

water. Rats were acclimated to laboratory conditions for at least 3

days before the start of experiments. At the end of the procedures,

rats were euthanized humanely using CO2 inhalation (100%, 3 L/

min), followed by cervical dislocation. All animal experiments were

approved by the Medical Ethics Committee of Peking University

People’s Hospital (Approval number: 2019PHE060).
Induction of cystitis and drug treatments

Chronic cystitis was induced in Sprague-Dawley rats through

intraperitoneal injections of cyclophosphamide (CYP) from Sigma-

Aldrich, St. Louis, MO, USA, at 25 mg/kg every third day (days 0, 3,

6). Control rats received intraperitoneal injections of 0.9% NaCl

saline (5 ml/kg) under the same conditions. The study included 42

rats, randomized into six groups: Con-Con (intraperitoneal and

intravesical saline), CYP-Con (intraperitoneal CYP and intravesical

saline), CYP-PAC (intraperitoneal CYP and intravesical PACAP6-

38), Con-PAC (intraperitoneal saline and intravesical PACAP6-38),

CYP-Treated (intraperitoneal CYP and intrathecal PACAP6-38),

and CYP-Untreated (intraperitoneal CYP and intrathecal saline).

PACAP6-38, a potent PAC1 receptor antagonist (15), was

administered at 300 nM for intravesical and 50 nM for

intrathecal administration to explore its therapeutic potential in

alleviating symptoms associated with interstitial cystitis,

particularly those induced by cyclophosphamide (CYP).

Intravesical infusion was performed under anesthesia with a

clamped urethra for 30 minutes. Intrathecal injection was

conducted at the S1 spinal segment, with tail flicking indicating

successful puncture. These procedures were carried out two days

post-modeling. Intravesical infusion was performed under

anesthesia with a clamped urethra for 30 minutes. Intrathecal

injection was conducted at the S1 spinal segment, with tail

flicking indicating successful puncture. These procedures were

carried out two days post-modeling (Figure 1).
Von Frey filaments test

Following the third CYP or saline bladder instillation and

subsequent drug treatment, nociceptive responses were assessed.

Mechanical stimulation of the lower abdomen near the bladder was

conducted using eight von Frey filaments with progressively

increasing force (North Coast, USA), following previous protocols

(16). To maintain consistency in pain testing, all tests were

conducted by a single experimenter under standardized
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conditions. Before testing, the designated abdominal area on each

rat was shaved. The rats were placed in individual transparent

Plexiglas boxes on an elevated wire mesh floor and acclimated for at

least 30 minutes. During the von Frey test, each filament was

applied through the mesh for 1–2 seconds with sufficient force to

bend slightly. This process was repeated three times for each

filament with a 5-second interval between applications, and care

was taken to vary the stimulated areas near the bladder to prevent

desensitization. Nociceptive response scoring was defined as

follows: 0 = no response; 1 = abdominal retraction; 2 = retraction

plus position change; 3 = retraction, position change, licking the

stimulated area, and/or vocalization. The nociceptive score was

calculated as a percentage of the maximum possible score from the

three pooled applications (17).
Urination patterns

During the experiment, Sprague-Dawley (SD) rats were

individually placed in standard cages for 1 hour, with the bedding

replaced by Whatman Grade 3 filter paper. The rats had

unrestricted access to food and water. Urine spots were

photographed under UV light to measure the percentage of the

area they covered. The area of the urine spots was analyzed and

calculated using ImageJ software.
Filling cystometry

Before the experiment, air is removed from the infusion pump

and tubing, and the pump is set to 6 mL/h. Anesthesia is induced in

the rat using inhaled isoflurane and maintained with an animal face

mask while the rat is placed in a supine position on the platform.

The urethral orifice is disinfected, and a 19G pressure catheter is

carefully inserted 3 cm deep into the bladder through the urethra

and secured with adhesive tape. With a physiological saline

infusion, urinary dynamics are monitored via computer software,

and data is recorded using the pressure gauge. The experiment

begins once the urinary dynamic curve stabilizes.
Immunohistochemistry

Paraffin sections were deparaffinized and rehydrated using

dewaxing solution and graded ethanol. Antigen retrieval was

subsequently performed through microwave treatment in citrate

buffer (pH 6.0). After natural cooling, sections were rinsed with

PBS and blocked for endogenous peroxidase using a 3% hydrogen

peroxide solution. Serum blocking with 3% BSA was conducted, and

primary antibodies were applied and incubated overnight at 4°C.

After washing, appropriate secondary antibodies were applied, and

the sections were incubated at room temperature. DAB staining

followed, monitored under a microscope, and was stopped with

tap water rinsing. Counterstaining with hematoxylin, graded

dehydration, and mounting with coverslips were followed by

microscopic examination for results. Aipathwell software was used
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for automated positioning, positive expression determination, and

H-SCORE calculation based on staining intensity percentages.

(H-SCORE = ∑(pi × i) = (percentage of weak intensity × 1) +

(percentage of moderate intensity × 2) + (percentage of strong

intensity × 3)).
Bladder inflammation assessment
and histopathology

Animals were sacrificed at the indicated times after the first

injection of CYP or saline. Urinary bladders were quickly collected

and assessed for bladder weight, wall thickness, and edema

evaluation. Urinary bladders were quickly collected and assessed

for bladder weight, wall thickness, and edema evaluation. Each

bladder was examined macroscopically for edema and scored based

on criteria established by Gray et al. (18) as follows: absent (0), mild

(1), moderate (2), and severe (3). Edema was classified as severe

when fluid was observed both externally and internally on the

bladder wall. Edema confined to the internal mucosa was classified

as moderate. Edema between normal and moderate was defined as

mild. Bladders were fixed in 10% formalin and embedded in

paraffin. Bladder sections were stained with hematoxylin and

eosin (HE) and digitized using a slide scanner (Nanozoomer,

Hamamatsu, objective ×20).
Statistical analysis

Statistical analysis and visualization in this study were

conducted using R software (version 3.6.3). For normally

distributed quantitative data, results were presented as mean ±

standard deviation, while non-normally distributed data were
Frontiers in Immunology 04105
represented as median and interquartile range. Comparisons

between two groups with normally distributed data were assessed

using an independent samples t-test, while a paired t-test was used

for pre- and post-treatment efficacy comparisons. For data that did

not pass the Shapiro-Wilk normality test, statistical analysis was

performed using the Wilcoxon rank sum test. For data that did not

meet the normality assumptions for multiple groups, the Kruskal-

Wallis rank sum test was used, and significance was corrected with

the Bonferroni method.
Result

Elucidating the immunopathogenesis of IC/
BPS: insights from molecular profiling and
pathway analysis

PLS-DA revealed discernible differences between the two

sample cohorts, with minimal overlap, indicating statistically

significant distinctions (Figure 2A).

GO analysis highlighted significant biological processes,

molecular functions, and cellular components, especially those

related to immune processes and cell signaling. More than 11,000

entries were associated with immune system processes. KEGG

analysis demonstrated the importance of various pathways, such

as Hematopoietic cell lineage and Allograft rejection, highlighting

the immunological aspect of IC/BPS pathology (Figures 2B, C).

GSEA identified 326 enriched KEGG pathways, of which 126

were significant. Pathways related to infection and immunity, such

as Autoimmune thyroid disease and Allograft rejection, were

upregulated in IC, while pathways like Valine degradation were

downregulated, suggesting links to IC/BPS pathology

(Supplementary Figure S1). Overall, these analyses reveal a strong
FIGURE 1

Schematic diagram of methodology for animal experiments: Schematic diagram illustrating the methodology for animal experiments conducted with
Sprague-Dawley rats. This includes the steps of inducing chronic cystitis via intraperitoneal injections of cyclophosphamide (CYP), control
treatments, and subsequent administrations of PACAP6-38, both intravesically and intrathecally, with specific concentrations. Tail flicking in response
to intrathecal injections in the S1 spinal segment confirmed the accuracy of the procedure.
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FIGURE 2

Molecular and immune analysis in IC/BPS patient samples. (A) PLS-DA Plot of Molecular Profiles in IC/BPS vs. Control Groups: Partial least squares-
discriminant analysis (PLS-DA) plot showcasing the clear separation between normal controls and HIC patient groups, reflecting significant
differences in their respective molecular profiles in human subjects. (B) GO Term Enrichment Analysis for IC/BPS Samples: Gene Ontology (GO) term
enrichment analysis results, identifying key biological processes, molecular functions, and cellular components, predominantly associated with
immune response and signaling. (C) KEGG Pathway Enrichment Analysis in IC/BPS Pathology: Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis highlighting pathways relevant to hematopoietic cell lineage and allograft rejection, suggesting an immune response
involvement in interstitial cystitis/bladder pain syndrome (IC/BPS) pathology. (D) Immune Infiltration Analysis in IC/BPS vs. Control Groups: Immune
Infiltration Analysis indicating minimal alterations in most immune cell types between IC/BPS and control groups, except for resting mast cells and
monocytes, suggesting their potential role in IC/BPS pathogenesis. (E) Heatmap of Differential Gene Expression in IC/BPS: Heatmap representation
of transcriptomic data contrasting gene expression profiles between IC specimens and normal controls, emphasizing the differential expression of
ADCYAP1. (F) Volcano Plot of Gene Expression in IC/BPS Samples: Volcano plot illustrating the differential gene expression between control and
Hunner type interstitial cystitis (HIC) patient groups. Red points represent genes that are significantly upregulated, highlighting ADCYAP1 due to its
substantial upregulation in IC samples compared to controls, marking it as a prominent biomarker and potential therapeutic target for IC/BPS. Blue
points indicate significantly downregulated genes, and black points denote genes without significant changes. (G) Bar Graph of PACAP Expression in
IC/BPS vs. Control Tissues: Bar graph depicting the increased expression of PACAP in surgical specimens from IC/BPS patients compared to normal
tissues, confirming its role as a diagnostic and therapeutic marker.
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immunological component in the pathophysiology of IC/BPS, with

significant upregulation and downregulation of specific pathways,

offering insights into potential pathological mechanisms.

Immune infiltration analysis
Analysis of immune infiltration patterns within the IC/BPS

group shows that, except for resting mast cells and monocytes, most

immune cell types show minimal changes compared to the control

group. This observation highlights the potential pivotal role of

resting mast cells and monocytes in IC/BPS pathogenesis,

warranting further investigation (Figure 2D).

In transcriptomic data analysis, a notable bifurcation in gene

expression was observed using a heat map comparing six IC

specimens and a cohort of three normal specimens (Figure 2E).

The gene of interest, ADCYAP1 (commonly known as PACAP),

stood out with significant distinction, showing a marked increase in

expression in the IC group. This was prominently indicated by its

unique presence in the upper red quadrant of the volcano plot

(Figure 2F). This significant upregulation suggests that ADCYAP1

plays a pivotal role in IC/BPS pathogenesis, marking it as a potential

biomarker and therapeutic target. The pronounced disparity in

ADCYAP1 expression between IC samples and normal specimens

presents a promising avenue for elucidating the complex molecular

mechanisms underlying IC/BPS.
Surgical specimen validation

Building on the insights from the transcriptomic analysis, we

further validated the expression profile of PACAP (ADCYAP1)

through an empirical evaluation of surgical specimens from IC/BPS

patients. A collection of nine samples, consisting of three normal

specimens and six IC/BPS specimens, was subjected to PACAP

immunohistochemical staining assays (Supplementary Figure S2).

The immunohistochemical data revealed a significant increase in

PACAP expression within IC/BPS tissues compared to normal

tissues (Figure 2G). This significant elevation in PACAP levels

supports its potential as a diagnostic marker and therapeutic target

in IC/BPS pathophysiology.
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Enhancement of bladder function
following intravesical instillation of
PACAP6-38/Saline

Building on the foundational transcriptomic sequencing

analysis and subsequent immunohistochemical validation with

surgical specimens, we expanded the research to animal models.

We employed the Urine Spot Assay to analyze micturition patterns

in SD rats. The resulting data, shown graphically, indicated that rats

in the CYP-PAC cohort exhibited a statistically significant increase

in urine spot frequency post-infusion compared to the pre-infusion

baseline (P < 0.05). In contrast, as shown in Table 1, no statistical

difference was observed in urine spot area before and after

PACAP6-38 administration across the cohorts under

investigation. Notably, the urine spot frequency in the CYP-

Control group was significantly higher compared to the other

three groups (Figures 3A, B).

Further exploration involved the use of urodynamic testing to

evaluate bladder function in the SD rat cohorts. The tabulated data

showed that the CYP-Control group had a significant reduction in

both Maximum Bladder Capacity (MBC) and Bladder Compliance

(BC) compared to the other three groups (P < 0.05). However, when

evaluating Maximum Bladder Pressure (Pdet) and baseline, no

statistically significant differences were found in the intergroup

comparisons (Table 1).
Mitigation of bladder inflammation with
PACAP6-38/saline intravesical instillation

The immunohistochemical findings, presented in Figures 3C–J,

reveal a clear upregulation in the expression of several cytokines and

growth factors—specifically CCL3, IL-6, IL-8, TNF-a, and VEGF—

within the CYP-Control cohort, with statistically significant

differences (P < 0.05). Furthermore, the concentration of Nerve

Growth Factor (NGF) in the CYP-Control group was higher than

levels observed in both the CYP-PAC and Control-PAC groups.

Similarly, PACAP expression levels were higher in the CYP-Control

and CYP-PAC groups compared to the Con-PAC and Con-Con
TABLE 1 Comparison of urodynamic parameters and body weight ratios across control and cystitis-induced rat groups post-treatment.

characteristics Con-Con CYP-Con Con-PAC CYP-PAC CYP-Treated CYP-Untreated

(mL) 1.28 ± 0.38 0.63 ± 0.22*** 1.272± 0.39 1.13± 0.77 1.86 ± 0.82^^ 0.88 ± 0.13

Pdet(cmH2O) 41.77 ± 12.02 35.58 ± 3.04 39.02± 5.70 38.82 ± 12.15 40.52 (34.45, 43.88) 37.66 (31.92, 40.92)

BC(mL/cmH2O) 0.045 ± 0.010 0.026 ± 0.010* 0.046 ± 0.015 0.047 ± 0.037 0.058 ± 0.023^ 0.033± 0.008

Baseline (cmH20) 10.96 (9.58, 12.10) 10.88 (10.34, 12.33) 9.9 (9.59, 10.26) 9.56 (9.07, 12.19) 9.81 (9.72, 9.97) 10.21 (9.47, 10.82)

Pre-Body weight(g) 224.57 ± 11.63 229.57 ± 7.68 230.14 ± 4.74 227 ± 4.47 225.14 ± 9.19 234 ± 11.55

Post-Body weight(g) 249.29 ± 12.88 236.29 ± 7.63* 264.14 ± 11.13 256 ± 10.07 263 (250.5, 267.5)^^ 242 (233, 246)

Bladder weight (g) 0.12 ± 0.016 0.16 ± 0.019** 0.11 ± 0.0216 0.12 ± 0.012 0.10± 0.019^ 0.127± 0.019

Bladder(g)/Body Weight(g) 0.49 (0.43, 0.52) 0.65 (0.58, 0.72)** 0.4 (0.4, 0.5) 0.5 (0.45, 0.5) 0.402 ± 0.059^^^ 0.582 ± 0.088
MBC, maximal bladder capacity, Bladder Compliance (BC), Maximum Bladder Pressure (Pdet), *p values < 0.05, **p values < 0.01, ***p values<0.001 when compared with controls;^ p values
between CYP-Treated and CYP-Untreated.
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FIGURE 3

Effects of CYP and PACAP treatments on bladder inflammation and pain sensitivity in rat models. (A, B) Sequential Urine Spot Frequency and Area
Analysis Post-Treatment: Sequential urine spot assay results indicating a significant increase in urine spot frequency in the CYP-PAC group post-
treatment (P<0.05), without notable changes in urine spot area. (C–J) Immunohistochemical Analysis of Cytokines in Bladder Tissues:
Immunohistochemical analysis of bladder tissues showing elevated levels of cytokines and growth factors—CCL3, IL-6, IL-8, TNF-a, and VEGF—in
the CYP-Control group, with a significant increase in NGF levels compared to CYP-PAC and Control-PAC groups (P < 0.05). PACAP expression was
similarly upregulated in the CYP-Control and CYP-PAC groups relative to the Con-PAC and Con-Con groups. (K) Pre-Treatment von Frey Test
Response Curve: Assessment of bladder tissue edema scores, illustrating significant inflammation in the CYP-Con group compared to the Con-Con
group (p < 0.01) and no significant difference between the CYP-PAC and Con-Con groups. (L) Post-Treatment von Frey Test Results: von Frey test
response curves pre-treatment demonstrating increased sensitivity to stimuli in the CYP-treated groups. (M) Weight Progression of Rats Over the
Experiment Period: Post-treatment von Frey test results showing a significant reduction in visceral pain in the CYP-PAC group compared to the
CYP-Con group (p < 0.05). (N) Graph showing the weight progression of rats over the course of the experiment. Weight measurements were taken
on Day 0 and Day 11 to track growth and development during the treatment period. *: p < 0.05; **; p < 0.01; ***; p < 0.001.
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groups. Supporting the immunohistochemical results, the edema

score in the CYP-Con group was significantly higher, reinforcing

our histological findings with strong statistical significance (P <

0.01). No statistical difference was observed between the CYP-PAC

group and the Con-Con group (Figure 3K).
Improvement of general condition
following PACAP6-38/saline
intravesical instillation

Nociceptive responses were assessed using the von Frey test.

Figures 3L, M show the von Frey test performed on day 7 before

treatment after the induction of chronic cystitis. At this stage, the

CYP-PAC and CYP-Con groups, which received chronic CYP

injections, exhibited visceral pain marked by increased responses

to normally innocuous 1-8g von Frey forces (abnormal pain) and

heightened reactions to noxious 10-26g von Frey forces

(hyperalgesia) (Figure 3L). After treatment, the CYP-PAC group

showed a significant reduction in chronic visceral pain induced by

CYP compared to the control group (P < 0.05) and the sham

group (Figure 3M).

As shown in Figure 3N, all groups except the CYP-Con group

exhibited an increase in body weight at the second measurement.

Additionally, the bladder weight-to-body weight ratio was

significantly higher in the CYP-Con group compared to the other

three groups (Table 1).
Enhancement of bladder function
following intrathecal instillation of
PACAP6-38/saline

Figure 4A shows no substantial differences in the dimensions of

urine spots across the groups, both before and after the intrathecal

infusion. After intrathecal administration of PACAP6-38, the CYP-

treated cohort showed a significant reduction in urine spot

frequency compared to their pre-injection state, with statistical

significance (P < 0.01), as shown in Figure 4B. Furthermore, as

shown in Table 1, the CYP-Untreated group had reduced MBC and

BC compared to the CYP-Treated cohort, achieving statistical

significance (P < 0.05). However, the comparison of Pdet and

baseline between these cohorts did not reveal any statistically

significant differences.
Mitigation of bladder inflammation with
Pacap6-38/saline intrathecal instillation

The levels of IL-6, IL-8, NGF, TNF-a, and VEGF in the CYP-

Untreated group were higher than those in the CYP-Treated group,

with statistically significant differences (P < 0.05) (Figures 4C–J).

The edema score in the CYP-Untreated group was higher than that

in the CYP-Treated group (P < 0.01) (Figure 4K).
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Improvement of general condition
following PACAP6-38/saline
intrathecal instillation

Following CYP infusion, both the CYP-Treated and CYP-

Untreated groups showed an increase in the curves, with no

statistically significant difference between the two cohorts

(Figure 4L). After intrathecal administration of PACAP-38, the

CYP-Treated group showed a significant reduction in chronic

visceral pain induced by CYP post-treatment (P < 0.05)

(Figure 4M). As shown in Figure 4N, the CYP-Treated group

demonstrated a significant increase in weight at the second

measurement (P < 0.05). In contrast, no significant difference in

weight was observed before and after treatment in the CYP-

Untreated group. Additionally, both bladder weight and the

bladder weight-to-body weight ratio were higher in the CYP-

Untreated group compared to the CYP-Treated group (Table 1).
Discussion

PACAP and its receptor PAC1 play essential roles in regulating

urinary tract function, particularly in conditions such as bladder

pain syndrome (BPS)/interstitial cystitis (IC), which are marked by

chronic pelvic pain and urinary dysfunction. PACAP is expressed in

neurons in the brainstem and hypothalamus and activates

preganglionic sympathetic neurons in the spinal cord during

inflammatory stress. This results in PACAP influencing the

immune response in the thymus, lymph nodes, and spleen

through PAC1 receptors on sympathetic neurons (19). Blocking

PAC1 receptors could represent a novel therapeutic strategy to

improve bladder function and alleviate pelvic pain (20).

Our PLS-DA and KEGG pathway analyses revealed distinct

metabolic and immunological differences in IC/BPS, supported by

GO analysis that identified key immune components and

highlighted specific altered pathways and genes. Notably, GSEA

identified upregulation in autoimmune and infectious disease

pathways, suggesting immune system dysregulation as a primary

pathogenic mechanism in IC/BPS. Concurrently, downregulated

metabolic pathways indicate changes in energy metabolism.

Additionally, varied patterns of immune cell infiltration,

particularly by mast cells and monocytes, are crucial in IC/BPS

pathogenesis and warrant further investigation. Furthermore, our

research establishes a strong link between PACAP expression and

IC/BPS. Transcriptomic analysis revealed significant differences in

PACAP expression between healthy individuals and IC/BPS

patients, emphasizing its role in the disease’s immunological and

potential neuroinflammatory aspects. This aligns with the broader

metabolic and immunological irregularities observed in our

comprehensive analyses, underscoring the complexity of IC/

BPS pathophysiology.

In our study, the CYP-Con group exhibited significant bladder

inflammation, indicated by increased levels of CCL3, IL-6, IL-8, TNF-

a, and VEGF, highlighting the PACAP/PAC1 pathway’s role in this
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FIGURE 4

Effects of PACAP6-38 treatment on bladder function and inflammatory markers in CYP-treated rat models. (A) Urine Spot Size Analysis Pre- and
Post-Treatment: “Comparative analysis of urine spot dimensions before and after intrathecal instillation in the CYP-treated and untreated groups.
The analysis shows no significant size variation across groups, indicating that the treatment does not affect the size of urine spots. (B) Reduction in
Urine Spot Frequency Post-PACAP6-38 Treatment: Graph depicting a reduction in urine spot frequency following intrathecal instillation of PACAP6-
38 in the CYP-treated group, signifying a statistically significant improvement in bladder function (P < 0.01). This result highlights the therapeutic
potential of PACAP6-38 in modulating bladder activity post-treatment. (C–J) Quantitative Immunohistochemical Analysis of Inflammatory Markers in
CYP-Treated vs. Untreated Groups: Quantitative immunohistochemical analysis of inflammatory markers including IL-6, IL-8, NGF, TNF-a, and
VEGF, indicating a significant reduction in the CYP-Treated group as opposed to the CYP-Untreated group (P < 0.05). (K) Bladder Tissue Edema
Score: Evaluation of bladder tissue edema scores demonstrating decreased inflammation in the CYP-Treated group compared to the CYP-Untreated
group (p < 0.01). (L) von Frey Test Response Curve Post-CYP Infusion: von Frey test response curves post-CYP infusion showing elevated sensitivity
to mechanical force in both CYP-Treated and CYP-Untreated groups, with no significant difference observed between them. (M) Reduction in
Chronic Visceral Pain Post-PACAP6-38 Treatment: A significant decrease in chronic visceral pain in the CYP-Treated group following treatment with
PACAP6-38, as shown by the von Frey test (p < 0.05). (N) Body Weight Changes in CYP-Treated and Untreated Groups: The CYP-Treated group
exhibits a significant increase in body weight after treatment (p < 0.05), in contrast to the CYP-Untreated group which showed no such difference.
*: p < 0.05; **; p < 0.01; ***; p < 0.001.
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inflammation. This suggests that CYP treatment alone triggers

significant inflammation. In contrast, the CYP-PAC group, treated

with PACAP6-38, showed reduced inflammatory markers, indicating

that PACAP6-38 may counter CYP-induced inflammation by

inhibiting the PACAP/PAC1 pathway, likely through reducing

inflammatory cell recruitment and mediator regulation.

Additionally, intrathecal administration of PACAP6-38 highlighted

its significant effect in the dorsal root ganglion (DRG), which is

crucial for pain and inflammation management. This suggests its

ability to modify pain perception and inflammatory responses, as

shown by reduced pain and inflammation. This underscores its role

in managing neuroinflammation in interstitial cystitis. Intravesical

administration of PACAP6-38 effectively reduced bladder

inflammation, supporting the PACAP/PAC1 pathway’s role in

reducing inflammatory markers and improving bladder function.

These findings reveal PACAP6-38’s dual action in the DRG and

bladder, suggesting it alleviates interstitial cystitis symptoms by

reducing neuroinflammation and pain in the DRG while directly

addressing bladder inflammation to improve function.

In the CYP-PAC group, PACAP6-38 treatment significantly

reduced urine spot count without affecting the spot area, suggesting

an impact on bladder voiding function. This reduction in urine spot

count indicates decreased bladder hyperactivity, a key clinical

indicator in interstitial cystitis. Moreover, the CYP-Con group

showed lower maximum bladder capacity and compliance

compared to other groups, highlighting bladder dysfunction

caused by CYP treatment. Conversely, the improved bladder

capacity and compliance in the CYP-PAC group underscore

PACAP6-38’s effectiveness in restoring bladder function affected

by inflammation. Additionally, Von Frey test results in the CYP-

PAC group showed a significant decrease in chronic visceral pain

post-treatment, likely due to PACAP6-38’s modulation of bladder

inflammation and sensory function. This result, combined with

observed physiological weight gain, reinforces PACAP6-38’s role in

improving overall health under chronic inflammatory conditions.

Vizzard et al. demonstrated an upregulation of PACAP

expression in the DRG segments associated with the micturition

reflex in cyclophosphamide-induced chronic cystitis rats (21). Braas

et al. found that intrathecal injection or bladder instillation of the

PAC1 antagonist PACAP (6-38) reduced voiding frequency in

animals with cystitis (9). Victory May et al. noted that during

detrusor muscle contraction, PACAP promotes ATP release from

the urothelium. PACAP gene knockout mice showed increased

bladder mass, fewer but larger urine spots in the micturition

imprint test, thicker lamina propria and detrusor smooth muscle,

but no significant differences in the urothelium. Additionally,

PACAP gene knockout mice showed increased bladder capacity,

voiding volume, significantly longer voiding intervals, prolonged

detrusor muscle contraction duration, and increased residual urine

volume. PACAP (+/-) heterozygous gene knockout mice also

showed bladder dysfunction, albeit to a lesser extent (22). These

findings suggest that PACAP mediates changes in bladder function

by modulating ATP release. Recent research by Atsuko Hayata-

Takano et al. showed that PACAP-deficient mice exhibited motor
Frontiers in Immunology 10111
and cognitive abnormalities, which were improved with a 5-HT

receptor antagonist. They confirmed that PACAP induces increased

internalization of 5-HT (2A) in HEK293T cells, but not of 5-HT

(1A), 5-HT (2C), dopamine D2 receptors, or metabotropic

glutamate receptor 2, thereby attenuating 5-HT (2A)-mediated

signaling. This effect was inhibited by protein kinase C inhibitors,

b-arrestin2 silencing (a key protein regulating endothelial nitric

oxide synthase activity), the PAC1 receptor antagonist PACAP6-38,

and PAC1 silencing (23).

The urinary epithelium is a specialized epithelial tissue that lines

most urinary tract structures, forming a barrier against urine

components passing into underlying tissues and the bloodstream

(24, 25). Damage to the urinary epithelium increases its permeability,

allowing urea, potassium, and other urinary solutes to penetrate the

bladder wall. This activates an inflammatory response and mast cell

secretion, which subsequently increases the production of pro-

inflammatory mediators such as tumor necrosis factor-alpha (TNF-

a), interleukin (IL)-1b, and IL-8. These mediators sensitize nerve

endings, leading to increased release of neuropeptides that promote

mast cell degranulation and exacerbate the inflammatory process.

Inflammation directly impacts bladder function. In acute

inflammation, such as urinary tract infections (UTIs),

inflammatory mediators are released, damaging the urinary

epithelium and causing bladder wall irritation. These inflammatory

changes result in clinical symptoms such as urgency, dysuria,

frequency, nocturia, and fever. In acute inflammation, these

changes are transient and resolve once the harmful stimuli are

removed. If the harmful stimuli persist, they can lead to chronic

inflammation, causing recurrent damage to the bladder mucosa and

other functional pathological changes such as fibrosis. These

pathological changes contribute to symptoms commonly seen in

interstitial cystitis (IC), such as urgency, frequency, dysuria, and

cystoscopic findings (26). Vascular endothelial growth factor (VEGF)

is overexpressed in 58% of IC bladders (27), along with IL-6 and IL-8.

The release of vasoactive and inflammatory mediators by mast cells

accounts for many IC symptoms. IC is characterized by the

infiltration of mononuclear cells, including macrophages,

lymphocytes, eosinophils, mast cells, and plasma cells, leading to

irreversible tissue damage, functional dysregulation such as fibrosis

and poor compliance, detrusor muscle overactivity, and visceral

hypersensitivity, resulting in chronic pain and lower urinary tract

symptoms. An increase in mast cell numbers in the submucosal and

detrusor layers is particularly evident in classic IC with Hunner’s

ulcers (28).

Typically, the half-life of inflammatory mediators is short, but in

IC, prolonged exposure to harmful stimuli leads to increased

secretion of inflammatory mediators, resulting in vascular edema,

vasculitis, and neuroinflammation. This process promotes

neurotransmitter secretion, further stimulating mast cells and

creating a vicious cycle of sustained inflammation and repeated

damage to the urinary epithelium. Clinically, this manifests as

visceral hypersensitivity, leading to difficulty in urination, urgency,

and lower urinary tract symptoms. We speculate that pathological

changes, such as the loss of the urinary epithelial glycosaminoglycan
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(GAG) layer, impaired immune function, and infections, lead to

alterations in the PACAP/PAC1-related regulatory molecular

network in the bladder, resulting in inflammatory cascades and

excessive mast cell expression. This can trigger either Hunner’s

ulcerative IC or non-ulcerative IC. Simultaneously, direct

stimulation of the urinary epithelium by urine leads to C-fiber

overactivation, resulting in chronic pain symptoms. The PACAP/

PAC1 pathway further increases inflammatory mediator secretion,

promotes neurotransmitter release, and stimulates mast cells, leading

to sustained inflammation, repeated damage to the urinary

epithelium, and the development of inflammatory cascades and

bladder dysfunction.
Conclusion

In conclusion, PACAP and its receptor PAC1 play a complex and

multifaceted role in the pathogenesis of IC/BPS, influencing various

physiological systems to maintain homeostasis. Our findings, along

with previous research, highlight PACAP’s significance in IC/BPS,

particularly regarding immune and neuroinflammatory aspects. The

differential expression of PACAP observed in normal and IC/BPS

patients underscores its crucial role. Modulating the PACAP/PAC1

pathway through interventions such as PAC1 antagonists has shown

promise in reducing bladder inflammation and improving function.

PACAP’s role in sensory nerve regulation and neurotransmitter release,

along with its interaction with mast cells and inflammatory mediators,

further emphasizes its importance in IC/BPS. Chronic and neurogenic

inflammation associated with IC/BPS symptoms such as bladder pain

and urgency are linked to dysregulated pathways influenced by factors

such as immune dysfunction and infections. Our research highlights

PACAP’s complex role in IC/BPS and its therapeutic potential,

emphasizing the need for further investigation into its specific

mechanisms and interactions to develop targeted treatments.
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Gene Set Enrichment Analysis (GSEA) of KEGG pathways associated with

interstitial cystitis/bladder pain syndrome (IC/BPS).

SUPPLEMENTARY FIGURE 2

Immunohistochemical Staining of Bladder Tissue for PACAP in HIC Patients
and Normal Group. (A-F) Display PACAP immunohistochemical staining in

bladder tissues from patients with Hunner type interstitial cystitis (HIC). (G-I):
Show PACAP staining in bladder tissues from the normal control group,

serving as a baseline comparison to highlight the differential expression
observed in the HIC group.
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